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Multiple origins for Scots pine
(Pinus sylvestris L.) in Scotland: evidence

from mitochondrial DNA variation
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Data from the pollen record and from two forms of nuclear genetic markers suggest that
present-day populations of Scots pine (Pinus sylvestris L.) in Scotland were derived from more
than one refugium after glaciation. In order to clarify this issue, genetic variation for mater-
nally inherited mitochondrial DNA (mtDNA) was studied in 466 trees sampled from 20
natural populations in Scotland. A homologous probe for the cox1 mitochondrial gene of P.
sylvestris was constructed and used to detect mtDNA RFLP variation. Two common (a and b)
and one rare RFLP variant (c) were distinguished. Evidence from segregation patterns of
variants within a polymorphic population was consistent with maternal inheritance of the
RFLP variation. A survey of Scottish populations indicates that mitotype a is present at all
sites, but that mitotype b is confined to three western populations. Genetic differentiation for
mtDNA, which migrates solely by seed is much greater (FST(m) = 0.370) than for nuclear
markers (FST(b) = 0.028) which are dispersed by both pollen and seed. The geographical
distribution of mitotype b in western Scotland, and its absence from populations in northern
France and Germany, suggest that P. sylvestris has been derived not only from continental
Europe via England, but also by migration from a western refugium, probably in Ireland or
western France.
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Introduction

Much of our understanding of the postglacial inva-
sion of Britain by tree species is derived from the
pollen record (Birks, 1989). One of the most intrigu-
ing questions posed by this work concerns the
origins of Scots pine, Pinus sylvestris L., whose
natural populations in Britain are confined to high-
land Scotland. Scottish populations represent an
outlier of this most widely distributed of all conifers
(Vidakovic, 1991). This outlier is situated at the
extreme north-west of the species range, separated
by at least 500 km from the main distributions in
Continental Europe and Scandinavia. Detailed
consideration of pollen data suggests multiple
origins for Scottish populations of P. sylvestris after
glaciation (Birks, 1989). The most recent hypothesis
proposes invasion both from France northwards via

England, and from some second source along a
more westerly route possibly via the north of Ireland
into western Scotland (Bennett, 1995).
Interpretation of patterns of tree spread from

pollen analysis is notoriously problematic, especially
in a species such as P. sylvestris where copious
amounts of wind-borne pollen may be deposited
many tens of kilometres from the pollen source
(Huntley & Birks, 1983). In these circumstances
additional information may be gained by studying
the distribution of genetic variation in present-day
populations. Elements of genetic structure estab-
lished at the time of invasion may remain and
provide evidence for or against current interpreta-
tions of postglacial history (Ferris et al., 1993).
Two existing studies of genetic variation in

remnant populations of P. sylvestris in Scotland
provide tentative support for a multiple origin after
glaciation. Analysis of genetically determined resin
monoterpene composition highlights a group of
native populations in Wester Ross possessing a
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significantly lower proportion of 3-carene in their
cortical resin than those elsewhere in Scotland
(Forrest, 1980). Data on isozyme variation indicate
that the population showing greatest genetic differ-
entiation from its fellows is located at Shieldaig
within the Wester Ross group (Kinloch et al., 1986).
The inference is that these populations in Wester
Ross had a separate origin, and possessed frequen-
cies of genetic markers distinct from those in other
native populations at the time of colonization. They
retain some of this distinctiveness for genetic
markers some 50 generations later.
One of the problems with inferring history from

present-day distributions of genetic markers is that
the initial genetic structure established at coloniza-
tion breaks down over time as a consequence of
interpopulation gene flow. In plants this occurs most
rapidly for nuclear genes, such as those coding for
monoterpene and isozyme variation, where gene
flow is mediated by both seed and pollen (Petit et
al., 1993a). Pollen flow is especially extensive among
populations of pine with substantial gene transfer
occurring over tens of kilometres (Millar, 1983;
Nagasaka & Szmidt, 1985). In contrast, maternally
inherited organelle genes can only travel between
populations via seed. Interpopulation gene flow for
maternally inherited markers is likely to be substan-
tially lower than for nuclear markers. Initial genetic
structure will consequently be retained longer for
maternally inherited organelle than for biparentally
inherited nuclear genetic markers, making them
especially suitable for the study of historical
processes (Petit et al., 1993a).
Maternally inherited organelle markers may also

have advantages over nuclear markers for detecting
historical patterns of colonization because the extent
of genetic differentiation between populations invad-
ing from different refugia is likely to have been
greater for organelle than for nuclear markers. This
is because effective population size for organelle
genes is half that for nuclear genes in an outcrossing
species (Birky et al., 1989). In bottlenecked refugial
populations opportunities for differentiation of poly-
morphic organelle markers through drift would have
been much greater than for nuclear markers. A
greater degree of genetic structuring would there-
fore have resulted at maternally inherited markers
than at nuclear markers when the colonizing popula-
tions met. Thus on both counts a study of maternally
inherited organelle markers is likely to be more effi-
cient for providing information on the colonization
history of P. sylvestris than a study of nuclear
markers. The objective of this research was there-
fore to determine the genetic structure of maternally

inherited markers in native populations of P. sylves-
tris in Scotland in order to provide further insights
into the colonization history of the species.
In conifers such as P. sylvestris only the mitochon-

drial genome is maternally inherited (Neale &
Sederoff, 1989; Wagner et al., 1991). In contrast to
angiosperms, the chloroplast genome is paternally
inherited. Rates of sequence evolution in mitochon-
drial genomes of plants are very low and analysis of
DNA sequence in known mitochondrial genes is
unlikely to reveal intraspecific variation (Wolfe et
al., 1987). However, rates of structural rearrange-
ment are relatively high in the mitochondrial
genome of plants (Palmer, 1992). Such variation is
best detected by traditional RFLP analysis involving
Southern blotting and species-specific mitochondrial
DNA probes.
A mitochondrial DNA (mtDNA) RFLP marker

was therefore developed to detect intraspecific varia-
tion within P. sylvestris. The maternal inheritance of
this marker was tested. Variation and differentiation
for the mtDNA marker was measured within a
sample of 20 native pinewood populations covering
the current distribution of the species in Scotland.
The results are interpreted in terms of the coloniza-
tion history of the species after glaciation and
compared with existing data from nuclear markers.

Materials and methods

Development of mtDNA marker

For efficient RFLP analysis of the mtDNA in plants
(which represents a small fraction of the total DNA)
a homologous probe is required (Sutton et al., 1991).
Sequences of the plant mitochondrial cox1 gene
were extracted from the EMBL DNA database and
aligned. Conserved regions were identified and two
primers were designed to amplify a 710 bp region of
the cox1 gene (Isaac et al., 1985; Glaubitz &
Carlson, 1992). The sequences of the two primers
were:

5p-ATTATCACTTCCGGTACTGG

3p-AGCATCTGGATAATCTGG.

PCR amplification of the cox1 fragment was
carried out using 50 ng template DNA from P. sylves-
tris, 25 mM of each primer, 200 mM of each dNTP and
1 U Taq polymerase (Promega) in a final volume of
50 mL. A Perkin Elmer Cetus 480 thermocycler was
used with the following conditions: 94°C for 3 min
followed by 40 cycles of 60 s at 94°C, 60 s at 55°C
and 90 s at 72°C then a final extension period of
5 min at 72°C.
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The PCR product was purified after separation on
an agarose gel using the Geneclean II Kit (Bio 101,
California) following the manufacturer’s instruc-
tions. The purified PCR product (2700 bases) was
then cloned into a pBluescript vector and partially
sequenced (400 bases) using the Pharmacia T7
sequencing kit following the manufacturer’s instruc-
tions. The partial sequence showed 88 per cent
homology to the cox1 sequence of Zea mays,
confirming its identity (Isaac et al., 1985). The
excised cox1 sequence was used as a probe in subse-
quent RFLP analysis.

RFLP analysis

Total DNA was extracted from 21 g of dormant
needle and bud tissue of P. sylvestris using the CTAB
protocol of Murray & Thompson (1980). Five micro-
grams of each sample was digested to completion
with a restriction endonuclease. Digested fragments
were separated on 1 per cent agarose gels in TAE
buffer for 16 h at 0.5 V/cm. DNA was transferred to
Hybond-N membrane (Amersham) and covalently
bound to the membrane by exposure to ultraviolet
radiation at 0.4Å103J/m2.
The cox1 DNA fragment to be used as a probe

was radioactively labelled with a32P-dCTP (Amer-
sham) by the method of Feinberg & Vogelstein
(1983). The labelled mixture was then passed
through a Millipore filter and an Elutip-d column
(Schleicher and Schull) following the manufacturer’s
instructions, to purify the labelled probe.
Hybridizations with the excised cox1 probe were

conducted overnight at 65°C in a mini 10 hybrid-
ization oven (Hybaid) in a solution containing 2Å
Denhart’s solution, 4Å SSC, 1 per cent SDS, 10 per
cent Dextran sulphate and 20 mM Tris, pH 7.6.
(Sambrook et al., 1989). The hybridized blot was
then washed twice with 4ÅSSC, 1 per cent SDS for
30 min at 65°C, twice with 2ÅSSC, 0.5 per cent SDS
for 30 min at 65°C, and finally 2ÅSSC for 30 min at
room temperature. Hybridized blots were then
exposed to X-ray film in the presence of Du Pont
intensifying screens for 24–72 h.

Initial screening for variation

For initial screening 10 DNA samples were used,
five from Scottish populations of P. sylvestris (Shiel-
daig, Glen Loy, Doire Darach, Glen Strathfarrar,
Ryvoan, Table 1) and five from elsewhere in the
worldwide distribution of the species (Russia,
Germany, Sweden, Turkey and China). Five micro-
grams of each DNA sample were digested to

completion with each of the restriction enzymes
EcoRI, CfoI, BamHI, EcoRV, HindIII, SmaI, KpnI,
XbaI, TaqI and PstI and analysed for RFLP variation
as outlined above. Fragment sizes were calculated by
comparison with a 1 kb ladder.

Inheritance of RFLP variants

In the absence of controlled crosses, segregation of
RFLP variation was studied in open pollinated seed
families from the Shieldaig population which showed
polymorphism in mature trees for two restriction
fragment patterns designated a and b that were
detected by the cox1/CfoI and cox1/BamHI enzyme/
probe combinations. Twenty paired samples of
maternal bud tissue and open-pollinated seed were
collected from the Shieldaig population. DNA
extracted from bud tissue of each maternal tree was
screened for the cox1/CfoI restriction fragment poly-
morphism. One maternal parent of each restriction
fragment type was chosen. Embryos were dissected
from the seeds of these two parents and DNA was
extracted from the embryos by a modification of the
CTAB method. The DNA extracted from each
embryo was sufficient to conduct RFLP analysis
using two restriction enzymes. Five embryos from
the maternal parent of restriction type a, and 16
embryos from the maternal parent of restriction type
b were scored for their RFLP pattern using the
cox1/CfoI and cox1/BamHI enzyme/probe
combinations.

Screening of Scottish populations

Samples of needles and dormant buds were
collected from at least 30 mature trees within each
of 20 natural populations of P. sylvestris in Scotland
(Table 1, Fig. 1). Samples cover the full geographical
range of Scottish populations and include all the
‘biochemical regions’ designated by the Forestry
Commission on the basis of monoterpene variation
(Forestry Commission, 1989). DNA was extracted
from 4 to 40 individuals per population, and scored
for RFLP variation using the cox1/CfoI and
cox1/BamHI probe/enzyme combinations that
revealed polymorphism in the screening trial. The
mean number of individuals scored was 24 per
population.

Statistical analysis of variation

The significance of differences in frequency of
mtDNA RFLP types (mitotypes) among populations
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was determined with Fisher’s exact test using the
GENEPOP program (Raymond & Rousset, 1995).
Partitioning of mtDNA variation within and among
populations was quantified using Weir & Cocker-
ham’s (1984) estimator of the inbreeding coefficient
FST employing the FSTAT program modified for
analysis of haploid data (Goudet, 1995).

Results

Preliminary screening

RFLP variation was detected for the cox1/CfoI and
cox1/BamHI probe/enzyme combinations. In both
digests the Shieldaig sample contained an extra frag-
ment not present in other populations. The putative
mtDNA variant lacking the extra bands was desig-
nated as mitotype a, and that possessing the bands
as mitotype b (Table 2).

Inheritance study

All five of the open-pollinated progeny of the mito-
type a maternal tree at Shieldaig were also of mito-

type a. All 16 progeny assayed from the mitotype b
maternal parent at Shieldaig were of mitotype b.

Survey of Scottish populations

Three mtDNA RFLP patterns were detected within
Scotland corresponding to mitotypes a and b desig-
nated above, plus a single individual with a novel
mitotype c in the Glen Falloch population (Table 2).
As before this variant c shows altered banding
patterns for both restriction digests and may repre-
sent a recent mtDNA structural rearrangement.
Table 1 shows the numbers of each mitotype scored
in each population. Mitotype b is confined to three
populations in the west where it occurs at frequen-
cies of 0.16 (Shieldaig), 0.59 (Glen Loy) and 0.08
(Doire Darach) (Fig. 1). All other populations (with
the exception of Glen Falloch with its single third
variant) were monomorphic for mitotype a.
The frequency of mitotypes is highly significantly

different among populations (Ps0.001, Fisher’s
exact test). Weir & Cockerham’s (1984) estimate of
the FST value for the mitochondrial markers is 0.370
indicating strong genetic structuring for mtDNA
variants among populations.

Table 1 Scottish populations of Pinus sylvestris analysed for mtDNA variation,
and numbers of each RFLP mitotype scored

Number of each
mitotype

Population Elevation
and number Location (m) a b Total

1. Glen Einig 57°57pN, 4°46pW 100 13 0 13
2. Rhidorroch 57°54pN, 4°58pW 100 26 0 26
3. Strath Vaich 57°45pN, 4°47pW 300 13 0 13
4. Loch Maree 57°40pN, 5°25pW 20 4 0 4
5. Shieldaig 57°31pN, 5°37pW 100 38 7 45
6. Achnashellach 57°28pN, 5°17pW 150 25 0 25
7. Glen Strathfarrar 57°24pN, 4°43pW 150 30 0 30
8. Glen Affric 57°15pN, 5°04pW 250 26 0 26
9. Loch Hourn 57°10pN, 5°28pW 50 17 0 17
10. Glen Barisdale 57°04pN, 5°30pW 150 30 0 30
11. Glen Garry 57°04pN, 4°55pW 150 13 0 13
12. Glen Loy 56°55pN, 5°08pW 150 13 19 32
13. Conaglen 56°48pN, 5°21pW 200 16 0 16
14. Rannoch 56°41pN, 4°19pW 250 20 0 20
15. Doire Darach 56°32pN, 4°47pW 200 37 3 40
16. Glen Orchy 56°27pN, 4°53pW 150 24 0 24
17. Glen Falloch 56°22pN, 4°39pW 200 29 0 29*
18. Abernethy 57°14pN, 3°39pW 300 10 0 10
19. Ryvoan 57°10pN, 3°42pW 400 29 0 29
20. Glentanar 57°01pN, 2°53pW 250 24 0 24

*One additional individual of mitotype c found (see Table 2).
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Discussion

RFLP analysis using cloned mtDNA genes as probes
has been applied a number of times to detect and
survey mtDNA variation in plant populations
(Belhassen et al., 1993; Dong & Wagner, 1993;
Samitou-Laprade et al., 1993; Strauss et al., 1993;
Ronfort et al., 1995). Interpretation of such RFLP

data relies on the assumption that the fragments
detected are located in the mitochondrial genome
and do not represent sequences that have been
transferred to the nucleus (Strauss et al., 1993).
Evidence for a mitochondrial location must ulti-
mately come from proof that the variation is mater-
nally inherited.
Although controlled crosses were not available in

this study, the pattern of segregation of genetic vari-
ants in open-pollinated progeny within the poly-
morphic Shieldaig population is entirely consistent
with maternal inheritance. If the restriction pheno-
type with the extra bands (type b) resulted from a
nuclear mutation, the only explanation for the lack
of segregation among the 16 outcrossed progeny
from the maternal parent of this low frequency
variant would be that it is homozygous for the allele
concerned. In an outcrossing species (such as P.
sylvestris) where the frequency of a dominant pheno-
type with extra restriction fragments is 0.16 (as at
Shieldaig), the frequency of homozygous maternal
individuals is expected to be 7Å10µ3, and the prob-
ability of choosing a homozygous maternal indivi-
dual from within a sample of the variant phenotype
b is less than 0.05. The hypothesis of nuclear inherit-
ance is therefore an unlikely one, and maternal
inheritance of the RFLP variation is a more parsi-
monious explanation for the results. Formal proof of
maternal inheritance of cox1 variants detected by
the same form of RFLP analysis has been given for
interspecific crosses involving P. sylvestris and related
conifers (Neale & Sederoff, 1989; Sutton et al., 1991;
Wagner et al., 1991; DeVerno et al., 1993; Wang et
al., 1996). It is therefore reasonable to assume that
the variation analysed here is maternally inherited
mtDNA variation.
There is good evidence from restriction fragment

analysis of PCR amplification products that the cox1
gene is present in multiple copies in the mitochon-
drial genome of P. sylvestris (Wang et al., 1996).
Changes in the RFLP profile of cox1 on Southern
blots are likely to be caused by rearrangements in
the mitochondrial genome, relocating the cox1 gene
copies within different flanking sequences leading to
the appearance of bands of novel sizes on restriction
digestion. Such rearrangements may simultaneously
change the RFLP pattern for a number of restriction
enzymes, as found here for the enzymes CfoI and
BamHI. One consequence of this complex form of
mutation, which occurs commonly in plant mtDNA,
is that it is not possible to analyse the evolutionary
relationships of different mtDNA variants. Thus
although the plant mitochondrial genome is useful
for assessing differences in the frequency of mater-

Fig. 1 Distribution of mitotypes within 20 natural popula-
tions of Pinus sylvestris in Scotland (Steven & Carlisle,
1959). For details of populations see Table 1. Populations
are: 1, Glen Einig; 2, Rhidorroch; 3, Strath Vaich; 4, Loch
Maree; 5, Shieldaig; 6, Achnashellach; 7, Glen Strath-
farrar; 8, Glen Affric; 9, Loch Hourn; 10, Glen Barisdale;
11, Glen Garry; 12, Glen Loy; 13, Conaglen; 14, Rannoch;
15, Doire Darach; 16, Glen Orchy; 17, Glen Falloch; 18,
Abernethy; 19, Ryvoan; 20, Glentanar.

Table 2 Mitochondrial DNA variants of Pinus sylvestris
revealed by RFLP analysis, and their mitotype
designations

Size of fragments (kb) hybridizing
to cox1 probe after digestion with:

Mitotype
designation CfoI BamH1

a 1.6, 1.3 9.0, 7.0
b 1.6, 1.3, 0.9 9.0, 7.0, 4.5
c 2.6, 0.9, 0.7 9.0, 7.0, 2.6
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nally inherited variants within populations, it cannot
be used in the same way as the animal mitochondrial
or plant chloroplast genomes to reconstruct the
history of populations using a genealogical approach
(Palmer, 1992).
Two features are clearly shown by the survey of

mtDNA variation in Scottish populations of P. sylves-
tris. The first is that the mtDNA variation is highly
geographically structured, with large differences in
mitotype frequency occurring among populations
(Table 1, Fig. 1). The value of the population differ-
entiation statistic FST(m) = 0.37 is high. The second
feature concerns the geographical distribution of
variants. Mitotype b is not scattered over the
complete Scottish distribution, but is confined to
three populations in the west (Fig. 1). One of these
is Shieldaig which has been shown in previous
studies to be distinct for both monoterpene and
isozyme nuclear genetic markers (Forrest, 1980;
Kinloch et al., 1986). This geographical pattern of
variation is unlikely to be a sampling artifact
because more than 200 samples from 12 populations
to the east were scored and did not reveal a single
mitotype b variant.
A high degree of population differentiation for

maternally inherited mtDNA variants is expected
even after drift/migration equilibrium has been
reached, because migration among populations can
only occur by seed flow (Petit et al., 1993a). The
value of mtDNA differentiation (FST(m) = 0.37) is
some 13 times higher than the equivalent measure
of genetic differentiation for nuclear isozyme
markers (FST(b) = 0.028) within these same Scottish
populations of P. sylvestris (Kinloch et al., 1986). If
populations are assumed to be at drift/migration
equilibrium for these two sets of markers an esti-
mate of the ratio of pollen to seed flow among
populations can be derived from a comparison of
FST values (Ennos, 1994). Using these methods,
interpopulation pollen flow is calculated to be some
18.4 times greater than seed flow. These estimates
are likely to be overestimates because it appears that
a certain amount of structuring resulting from popu-
lation history remains. Similar results have been
found for estimates of pollen to seed flow in other
species of pines (Dong & Wagner, 1993; Strauss et
al., 1993; Ennos, 1994).
The presence of the mitotype b variant in widely

dispersed populations of P. sylvestris in western Scot-
land is intriguing and may be interpreted in terms of
the history of colonization after glaciation. A survey
of cox1 mtDNA variation in some 85 individuals
from northern Europe (northern France, Germany,
Poland, southern Sweden, Russia) reveals only mito-

type a (Sinclair & Ennos, in prep.). Because these
populations trace back to the source populations
which colonized Scotland from the south, we can
conclude that this cannot have been the only route
by which P. sylvestris reached Scotland (Birks, 1989).
Mitotype b must have been derived from some other
source.
The western location of this variant suggests that

it may have been associated with spread of P. sylves-
tris into Scotland from the west, and that its further
spread into the east was prevented by prior coloniza-
tion by another source lacking this variant. Unfortu-
nately, putative progenitor populations for this
western colonization can no longer be sampled
because of the extinction of Irish populations of P.
sylvestris between 1000 and 2000 years ago (Birks,
1989). Nevertheless, the hypothesis of a separate
western colonization route ties in well with the exist-
ing data from the monoterpene and isozyme nuclear
markers, which indicate the genetic distinctness of
north-western populations, particularly Shieldaig
(Kinloch et al., 1986). It is notable that the Shieldaig
population is also distinct in terms of its possession
of the mitotype b variant.
The presence of mitotype b in populations further

south than Shieldaig suggests a more widespread
colonization from the south-west than indicated by
the nuclear marker data alone. The contrast
between results for mitochondrial and nuclear
markers may reflect a difference in the extent to
which geographical structure of maternally and
biparentally inherited markers has been broken
down by interpopulation gene flow since coloniza-
tion. More limited gene flow by seed alone may lead
to longer retention of historical structure for the
mitochondrial marker than for the nuclear markers,
leaving more complete genetic traces of colonization
routes.
This study demonstrates the utility of studies on

maternally inherited mtDNA markers for elucidating
the postglacial history of tree species. The relatively
high rate of mutation through rearrangement in the
mitochondrial genome means that intraspecific vari-
ation is sufficient for recent genetic divergence
events, occurring over the period of a single glacia-
tion, to be studied. This contrasts with the situation
for chloroplast DNA where mutation rates are
generally much lower and long periods of genetic
isolation, amounting to many cycles of glaciation
and deglaciation, may be needed for cpDNA diverg-
ence to accumulate between refugial populations
(Ferris et al., 1993; Petit et al., 1993b). However,
mtDNA analysis in plants cannot give the powerful
phylogenetic perspective on population history
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provided by analysis of cpDNA (Demesure et al.,
1996; van Dijk & Bakx-Schotman, 1997). Neverthe-
less when used in conjunction with a range of other
markers it is a useful tool for reconstructing recent
population history.
In the present case the combination of informa-

tion from nuclear and mtDNA markers strongly
supports the hypothesis of two origins for P. sylvestris
in Scotland after glaciation. However, the source of
the refugial population to the west remains a ques-
tion for speculation. Consideration of the glacial
history of Scotland makes it highly unlikely that the
western population was an endemic one, as has been
suggested (Kinloch et al., 1986). Given the extent of
the ice sheet covering Britain in the last glaciation a
source in south-west Ireland or possibly western
France seems far more plausible (Ballantyne &
Harris, 1994; Bennett, 1995).
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QUÉTIER, F. 1993. Mitochondrial genome of Thymus
vulgaris L. (Labiate) is highly polymorphic between and
among natural populations. Heredity, 71, 462–472.

BENNETT, K. D. 1995. Post-glacial dynamics of pine (Pinus
sylvestris L.) and pinewoods in Scotland. In: Aldhous, J.
R. (ed.) Our Pinewood Heritage, pp. 23–39. Bell and
Bain, Glasgow.

BIRKS, H. J. B. 1989. Holocene isochrone maps and
patterns of tree-spreading in the British Isles. J.
Biogeography, 18, 103–115.

BIRKY, C. W., FUERST, P. AND MARUYAMA, T. 1989. Organ-
elle gene diversity under migration, mutation and drift:
equilibrium expectations, approach to equilibrium,
effects of heteroplasmic cells, and comparison to
nuclear genes. Genetics, 121, 613–627.

DEMESURE, B., COMPS, B. AND PETIT, R. J. 1996. Chloroplast
DNA phylogeography of the common beech (Fagus
sylvatica L.) in Europe. Evolution, 50, 2515–2520.

DEVERNO, L. L., CHAREST, P. J. AND BONEN, L. 1993.
Inheritance of mitochondrial DNA in the conifer Larix.
Theor. Appl. Genet., 86, 383–388.

DONG, J. AND WAGNER, D. B. 1993. Taxonomic and popula-

tion differentiation of mitochondrial diversity in Pinus
banksiana and Pinus contorta. Theor. Appl. Genet., 86,
573–578.

ENNOS, R. A. 1994. Estimating the relative rates of pollen
and seed migration among plant populations. Heredity,
72, 250–259.

FEINBERG, A. P. AND VOGELSTEIN, B. 1983. A technique for
radiolabelling DNA restriction endonuclease fragments
to high specific activity. Analyt. Biochem., 132, 6–13.

FERRIS, C., OLIVER, R. P., DAVY, A. J. AND HEWITT, G. M.
1993. Native oak chloroplasts reveal an ancient divide
across Europe. Mol. Ecol., 2, 337–344.

FORESTRY COMMISSION. 1989. Native Pinewood Grants and
Guidelines. Forestry Commission, Edinburgh.

FORREST, G. I. 1980. Genotypic variation among native
Scots pine populations in Scotland based on monoter-
pene analysis. Forestry, 53, 101–128.

GLAUBITZ, J. C. AND CARLSON, J. E. 1992. RNA editing in
the mitochondria of a conifer. Curr. Genet., 22,
163–165.

GOUDET, J. 1995. FSTAT (version 1.2), a computer program
to calculate F-statistics. J. Hered., 86, 485–486.

HUNTLEY, B. AND BIRKS, H. J. B. 1983. An Atlas of Past and
Present Pollen Maps for Europe, 0–13,000 years ago.
Cambridge University Press, Cambridge.

ISAAC, P. G., JONES, V. P. AND LEAVER, C. J. 1985. The
maize cytochrome c oxidase subunitI gene: sequence,
expression and rearrangement in cytoplasmic male
sterile plants. EMBO J., 4, 1617–1623.

KINLOCH, B. B., WESTFALL, R. D. AND FORREST, G. I. 1986.
Caledonian Scots pine: origins, and genetic structure.
New Phytol., 104, 703–729.

MILLAR, C. I. 1983. A steep cline in Pinus muricata. Evolu-
tion, 37, 311–319.

MURRAY, M. G. AND THOMPSON, W. F. 1980. Rapid isolation
of high molecular weight plant DNA. Nucl. Acids Res.,
8, 4321–4325.

NAGASAKA, K. AND SZMIDT, A. E. 1985. Multilocus analysis
of external pollen contamination of a Scots pine (Pinus
sylvestris L.) seed orchard. In: Gregorius, H.-R. (ed.)
Population Genetics in Forestry, pp. 134–138. Springer-
Verlag, Berlin.

NEALE, D. B. AND SEDEROFF, R. R. 1989. Paternal inherit-
ance of chloroplast DNA and maternal inheritance of
mitochondrial DNA in loblolly pine. Theor. Appl.
Genet., 77, 212–216.

PALMER, J. D. 1992. Mitochondrial DNA in plant system-
atics: applications and limitations. In: Soltis, P. S.,
Soltis, D. E. and Doyle, J. J. (eds) Molecular Systematics
of Plants, pp. 36–49. Chapman and Hall, New York.

PETIT, R. J., KREMER, A. AND WAGNER, D. B. 1993a. Finite
island model for organelle and nuclear genes in plants.
Heredity, 71, 630–641.

PETIT, R. J., KREMER, A. AND WAGNER, D. B. 1993b.
Geographic structure of chloroplast DNA polymorph-
isms in European oaks. Theor. Appl. Genet., 87,
122–128.

RAYMOND, M. AND ROUSSET, F. 1995. GENEPOP: population

MITOCHONDRIAL DNA VARIATION IN PINUS SYLVESTRIS 239

© The Genetical Society of Great Britain, Heredity, 80, 233–240.



genetics software for exact tests and ecumenicism
(version 1.2). J. Hered., 86, 248–249.

RONFORT, J., SAMITOU-LAPRADE, P., CUGUEN, J. AND

COUVET, D. 1995. Mitochondrial DNA diversity and
male sterility in natural populations of Daucus carota
ssp. carota. Theor. Appl. Genet., 91, 150–159.

SAMBROOK, J., FRITSCH, E. F. AND MANIATIS, T. 1989. Molec-
ular Cloning – A Laboratory Manual, 2nd edn. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor,
NY.

SAMITOU-LAPRADE, P., ROUWENDAL, G. J. A., CUGUEN, J.,
KRENS, F. A. AND MICHAELIS, G. 1993. Different CMS
sources found in Beta vulgaris ssp. maritima: mitochon-
drial variability in wild populations revealed by a rapid
screening procedure. Theor. Appl. Genet., 85, 529–535.

STEVEN, H. M. AND CARLISLE, A. 1959. The Native Pine-
woods of Scotland. Oliver and Boyd, Edinburgh and
London.

STRAUSS, S. H., HONG, Y.-P. AND HIPKINS, V. D. 1993. High
levels of population differentiation for mitochondrial
DNA haplotypes in Pinus radiata, muricata and attenu-
ata. Theor. Appl. Genet., 86, 605–611.

SUTTON, B. C. S., FLANAGAN, D. J., GAWLEY, J. R., NEWTON,

C. H., LESTER, D. T. AND EL-KASSABY, Y. A. 1991. Inherit-
ance of chloroplast and mitochondrial DNA in Picea
and composition of hybrids from introgression zones.
Theor. Appl. Genet., 82, 242–248.

VAN DIJK, P. AND BAKX-SCHOTMAN, T. 1997. Chloroplast
DNA phylogeography and cytotype geography in auto-
polyploid Plantago media. Mol. Ecol., 6, 345–352.

VIDAKOVIC, M. 1991. Conifers – Morphology and Variation.
Graficki Zavod Hrvatske, Zagreb.

WAGNER, D. B., DONG, J., CARLSON, M. R. AND YANCHUK, A.
D. 1991. Paternal leakage of mitochondrial DNA in
Pinus. Theor. Appl. Genet., 82, 510–514.

WANG, X.-R., SZMIDT, A. E. AND LU, M.-Z. 1996. Genetic
evidence for the presence of cytoplasmic DNA in
pollen and megagametophytes and maternal inheritance
of mitochondrial DNA in Pinus. Forest Genet., 3, 37–44.

WEIR, B. S. AND COCKERHAM, C. C. 1984. Estimating
F-statistics for the analysis of population structure.
Evolution, 38, 1358–1370.

WOLFE, K. H., LI, W.-H. AND SHARPE, P. M. 1987. Rates of
nucleotide substitution vary greatly among plant mito-
chondria, chloroplast, and nuclear DNAs. Proc. Natl.
Acad. Sci. U.S.A., 86, 9054–9058.

240 W. T. SINCLAIR ET AL.

© The Genetical Society of Great Britain, Heredity, 80, 233–240.


	Multiple origins for Scots pine (Pinus sylvestris L.) in Scotland: evidence from mitochondrial DNA variation
	Introduction
	Materials and methods
	Development of mtDNA marker
	RFLP analysis
	Initial screening for variation
	Inheritance of RFLP variants
	Screening of Scottish populations
	Statistical analysis of variation

	Results
	Preliminary screening
	Inheritance study
	Survey of Scottish populations

	Discussion
	Acknowledgements
	References


