
Introduction

Red pine (Pinus resinosa Ait.) is a forest tree species
endemic to eastern North America that appears geneti-
cally uniform by several measures. Although average
allozyme genetic diversity for gymnosperms is the same
as that for monocotyledonous species (HES ≈ 0.18)
(Hamrick & Godt 1990), no allozyme diversity in red pine
has been detected (Fowler & Morris 1977; Allendorf et al.
1982; Simon et al. 1986; Mosseler et al. 1991). RAPD mark-
ers, which are usually highly polymorphic in conifers,
have revealed very limited genetic diversity among red
pines (Mosseler et al. 1992; DeVerno & Mosseler 1997). The
high level of homozygosity observed in red pine could
have resulted from one, or a series of, population bottle-
neck(s) (Nei et al. 1975). The most recent drastic decrease
in population size to have affected the species is thought
to have occurred during the last Pleistocene glaciation
20 000 years ago, when red pine was restricted to refugial
populations in the Appalachian highlands of present
day West Virginia (Fowler & Morris 1977). The disjunct,

dispersed population structure found within the species’
current range promotes inbreeding which further
increases homozygosity (Fowler & Lester 1970; Mosseler
1992). This type of population structure, and low genetic
diversity, are characteristics of a metapopulation, in
which subpopulations have restricted gene flow and
undergo periodic and localized colonizations, bottlenecks
and extinctions (Pimm et al. 1989; Hedrick & Gilpin 1997).
A nonequilibrium metapopulation structure of red pine,
characterized by an excess of local extinctions over local
colonizations, has been proposed by Mosseler (1992).

In contrast to most pines, red pine also exhibits very
little inbreeding depression (Fowler 1964, 1965a,b,c), sug-
gesting that most deleterious alleles were purged through
founder effects, successive generations of inbreeding, and
selection. Some variation of growth and reproductive
traits among provenances has been reported, but it is
much less than that observed for other northern pines
such as P. strobus and P. banksiana, and the heritability of
the variation has not been established (Fowler 1965c;
Wright et al. 1972; Ager et al. 1983). Even though a few
novel mutant forms are known (Mosseler 1992), morpho-
logical and phenological uniformity are considered general
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characteristics of the species (Fowler 1964; Fowler &
Lester 1970). A narrow genetic base puts red pine at risk of
extinction from exotic pests, disease epidemics, or rapid
climate change. Thus there is a need to efficiently identify
sources of genetic diversity that may exist so that diver-
gent germplasm may be preserved in situ, as well as in
seed orchards where it could be utilized in tree improve-
ment programs.

Because of the limited genetic variation reported for
red pine, we sought a highly sensitive DNA marker
approach for measuring population diversity among red
pine stands. Microsatellites, or simple sequence repeats
(SSRs), are among the most polymorphic marker systems
in current use because of their high mutation rates (Dallas
1992; Weber & Wong 1993; Di Rienzo et al. 1994; Ellegren
1995). SSR markers also generally undergo stepwise
mutations, where the unit of variation is one repeat unit,
thus providing a linear relationship between genetic dis-
tance based on allelic length differences and time of diver-
gence (Di Rienzo et al. 1994; Slatkin 1995; Goldstein et al.
1995a,b; Feldman et al. 1997). Most mononucleotide
repeats in the chloroplast genomes of conifer species are
highly polymorphic within and among populations
(Powell et al. 1995; Vendramin et al. 1996; Vendramin &
Ziegenhagen 1997; Morgante et al. 1997), although infor-
mation on the specific rate of mutation of the repeats is
not available.

For the special case of detecting genetic variation in
populations that have passed through population bottle-
necks, DNA markers for haploid, uniparentally inherited
genomes are more sensitive indicators of large reductions
in population size because they have a twofold smaller
effective population size than diploid nuclear genomes in
monecious species (Mitton 1994). Haploid genomes that
are transmitted through only one parent also retain a
clonal record of new mutations, whereas this record is
obscured in genomes that recombine the genetic contribu-
tions of both parents in each generation.

As chloroplasts have haploid genomes that are pater-
nally inherited in pines (Neale & Sederoff 1989; Wagner
et al. 1992; Dong & Wagner 1994; Cato & Richardson 1996;
Watano et al. 1996), we used pine chloroplast SSR (cpSSR)
markers (Powell et al. 1995; Cato & Richardson 1996;

Vendramin et al. 1996) in a preliminary survey of seven
red pine populations distributed across the natural range
of the species. Here we report the first evidence of molec-
ular variation in a red pine organellar genome, and
demonstrate population genetic diversity that is consis-
tent with a metapopulation structure.

Materials and methods

Plant material

Seeds collected in bulk from seven natural populations of
red pine (Table 1, Fig. 1) were obtained from the National
Tree Seed Centre in Fredericton, New Brunswick, Canada.
For each population, DNA from 21 to 24 randomly sam-
pled seedlings was isolated using a modification of the
procedure described by Rogers & Bendich (1985).
Cotyledons and hypocotyls were ground in 2× CTAB
extraction buffer [2% hexadecylcetyltrimethylammonium
bromide (w/v), 100 mM Tris-HCL (pH 8.0), 25 mM EDTA,
1.4 mM MgCl2, 1% polyvinyl pyrrolidone (44 000 MW)],
plus a small amount of aluminium oxide to aid grinding.
After homogenization, 1/10 volume of 10% N-lauryl-sar-
cosine was added, the mixture was heated to 65 °C for
15 min, then extracted with an equal volume of chloro-
form:isoamyl alcohol (24:1). The DNA was precipitated
with ethanol from the cleared aqueous supernatant, then
resuspended in TE [10 mM Tris-HCl, 1 mM EDTA
(pH 8.0)], plus 10 ng/µl RNase.

cpSSR markers

Because the chloroplast genome does not genetically
recombine, or exist in a heterozygous state, it may be
viewed as a single ‘locus’ and all sequence variation inter-
preted as giving rise to different haplotypes of the genome.
The chloroplast genome may alternatively be viewed as a
circular haploid chromosome wherein sequence variation
generates different alleles within individual, nonrecombin-
ing loci. In either case, for ease of presentation and discus-
sion, we use the terms ‘locus’ to refer to a cpSSR site
(defined by the termini of a PCR primer pair), and ‘alleles’
to refer to length variants at a cpSSR site.
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Code Provenance Seedlot no. Latitude/longitude Elevation (m)

A Nova Scotia, Beaver Lake 7010280 44.14/65.20 140
B Ontario, Eldridge Township 7030250 47.00/79.30 310
D Ontario, Sioux Lookout 6830060 50.04/91.57 370
E Quebec, Norway Bay 7023040 45.32/76.26 80
F Michigan, Delta Co. 5780350 46.00/87.00 NA
G New Brunswick, Tracy 7010310 45.43/66.42 60
H Ontario, Macdiarmid 7030260 49.18/88.05 370

Table 1 Locations of Pinus resinosa
populations



Nine cpSSR primer pairs derived from the Pinus thun-
bergii chloroplast genome sequence were used for this
study; PT9383, PT15169, PT26081, PT30204, PT36480,
PT63718, PT71936, PT87268, and PT110048 (Vendramin et al.
1996; http://s27w007.pswfs.gov/Data/chloroplast.html).
PCR amplifications were performed by the method of
Vendramin et al. (1996), and the PCR-amplified fragments
were assayed on an automated laser fluorescence (ALF)
DNA sequencer (Pharmacia). Amplified fragments from
three cpSSR primer pairs producing fragments in three dif-
ferent size ranges were pooled and loaded along with inter-
nal size standards (50, 100, 150 and 200 bp). Markers were
separated on a 6% denaturing (7 M urea) polyacrylamide gel
(0.35 mm thick) at 35 W constant power for ≈ 80 min.
Fragment sizes were calculated using the computer pro-
gram FRAGMENT MANAGER version 1.1 (Pharmacia) by com-
parison with internal as well as external standards.
Amplification reactions and sample mixtures were pre-
pared using a Biomeck 2000 robotic workstation (Beckman).

Statistical analyses

Within-population diversity based on microsatellite data
was estimated by the D2

SH measure, which is based on the
stepwise mutation model distance measure of Goldstein
et al. (1995a), but applied to the specific case of plastid
microsatellites (Morgante et al. 1997). For this diversity
measure, the chloroplast genome was regarded as a single
nonrecombining locus and repeat length differences
between individuals were summed over all cpSSR sites.

We will refer to this as the stepwise haplotype approach.
D2

SH is the average squared sum of all length differences at
cpSSR loci among all pairs of individuals in a population,

D2
SH = 1/m ∑

i< i’
[ ∑

m

k=1
abs(aik– ai'k)] 2

where m is the number of polymorphic SSR loci and a is
the basepair length of the marker at SSR locus k in the i-th
and i’-th individuals.

Genetic diversity measures were also calculated from
haplotype frequency data. For recording haplotype fre-
quencies, each unique combination of cpSSR alleles,
across all cpSSR loci, was scored as a different haplotype.
SSR repeat lengths were thus not a factor in genetic dis-
tance measures based on haplotype frequencies, as they
were in the D2

SH measure. Haplotype variation within
populations was calculated by estimating the effective
number of haplotypes (ne), computed as ne = 1/(∑pi

2),
where p is the frequency of the i-th haplotype in a popula-
tion, and by estimating the unbiased genetic diversity
(HE), which accounts for small population sizes, com-
puted as HE = (n/(n – 1)) (1 – ∑pi

2), where n is the number
of individuals analysed in a population and p is the fre-
quency of the i-th haplotype in a population (Nei 1987).
The amount of genetic differentiation among populations
was estimated using the GST measure (Nei 1987). Genetic
differentiation based on stepwise SSR differences at indi-
vidual SSR loci was expressed using RST (Slatkin 1995).

Genetic distances among populations were deter-
mined using two measures, Da (Nei et al. 1983; Takezaki &
Nei 1996) and (δµ)2 (Goldstein et al. 1995b). Da distances
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Fig. 1 Map showing the extent of Pinus resinosa in North America, along with locations of surveyed populations. (See Table 1 for key to
population codes.) Refugial populations are not shown. The diameters of the site markers are proportional to the unbiased estimate of
diversity, HE, found in each population.



are independent of the mutation model (Nei 1987;
Takezaki & Nei 1996), while (δµ)2 distances are based on a
stepwise mutation model of SSRs. For the Da estimates,
frequency data were scored both for alleles of individual
cpSSR loci and for individual haplotypes, while for (δµ)2

only cpSSR allele data were used. Genetic distances were
calculated using the programs M I C R O S AT 1.5 (Eric Minch,
Stanford University, USA) and N J B A F D (Naoko Takezaki,
National Institute of Genetics, Japan). Neighbour-joining
analyses (Saitou & Nei 1987) were conducted with the
N J B A F D program and the resulting dendrograms were
redrawn using the DRAWTREE and DRAWGRAM mod-
ules of the P H Y L I P package (Felsenstein 1995).

Results

Gene diversity

The nine cpSSR loci examined were all variable, giving a
total of 25 cpSSR alleles and 23 chloroplast haplotypes
among the 159 individuals surveyed (Table 2). A total of
six private alleles, i.e. alleles existing only in one of the
populations sampled, were found in populations A
(PT110048:94 bp), B (PT30204:142 bp), D (PT26081:114 bp,
PT36480:142 bp), and G (PT87268:164 bp and
PT9383:93 bp). The most frequent haplotype was haplo-

type II, which was also the only haplotype found in all
populations (Table 3).

Population G, from Tracy, New Brunswick, was the
most variable and most divergent population, as revealed
by all estimated parameters (Tables 4 and 5). Compared to
the other six populations, the effective number of haplo-
types, ne, was three to six times greater for population G,
while D2

SH was three to eight times greater (Table 4). When
considering chloroplast haplotype frequencies, the mean
total genetic diversity, HT, was 0.618, while the mean diver-
sity within populations, HS, was 0.543, and the mean diver-
sity among populations, DST, was 0.075. The proportion of
gene (haplotype) differentiation residing among popula-
tions, GST, was 12%, leaving 88% of the total haplotype
variation common to all populations. No two populations
were composed of identical haplotypes. When considering
cpSSR allele frequencies, the proportion of genetic differen-
tiation residing among populations, RST, was 6.8%.

Genetic distances and bottleneck effects

Genetic distances between populations are presented in
Table 5. Phenetic trees obtained from Da distances, using
both chloroplast haplotype frequencies and cpSSR allele
frequencies, are presented in Fig. 2. As judged by inspection
of Figs 1 and 2, there was no discernible correlation between
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cpSSR locus, PT No.*

Haplotype 9383 15169 26081 30204 36480 41093 71936 87268 110048

I 92 122 113 140 141 78 147 163 95
II 91 122 113 140 141 78 147 163 95
III 91 122 113 140 141 78 147 163 94
IV 92 122 113 141 141 78 147 163 94
V 91 122 113 140 141 78 148 163 95
VI 91 122 113 142 141 79 147 163 95
VII 91 122 113 140 141 78 147 163 96
VIII 91 122 112 140 141 78 147 163 95
IX 91 122 113 140 141 78 146 163 95
X 91 124 113 140 141 78 147 163 95
XI 91 122 114 140 141 78 147 163 96
XII 91 122 113 141 141 78 147 163 95
XIII 92 122 113 140 141 78 148 163 95
XIV 92 122 113 141 141 78 147 163 95
XV 91 121 113 140 141 78 147 163 95
XVI 91 122 113 140 141 78 147 162 95
XVII 91 124 112 140 141 78 147 163 95
XVIII 93 122 113 140 141 78 147 164 95
XIX 91 124 113 140 141 78 147 163 96
XX 93 122 113 140 141 78 146 164 95
XXI 91 124 112 140 141 78 146 162 95
XXII 91 122 112 140 141 78 146 163 95
XXIII 92 122 113 140 142 78 147 163 95

*As defined by Vendramin et al. (1996).

Table 2 Haplotypes and marker sizes (bp)
found in Pinus resinosa



tion (Slatkin & Hudson 1991; see also von Haeseler et al.
1996). Distributions of pairwise cpSSR repeat length dif-
ferences among individuals, summed over all nine cpSSR
loci within an individual, are shown in Fig. 3b. Only pop-
ulation A had what appeared to be a bimodal distribution
that could be viewed as characteristic of a panmictic pop-
ulation with low diversity and constant effective popula-
tion size. Distributions in populations B, F, and H were
unimodal, but all had a mode of zero, perhaps the result
of declining population sizes. The remaining populations
D, E, and G all had unimodal distributions with varying
mean differences. Only population G had what approxi-
mated a Poisson distribution, indicative of exponential
growth from a narrow coalescence (Slatkin & Hudson
1991). Independent measures of changes in the sizes of
these populations are not available. When pairwise differ-
ences were counted among all 159 individuals, the fre-
quency distribution was unimodal, with a mode of 1, but
extending out to seven differences.

Discussion

Genetic diversity

Population genetic differences in Pinus resinosa (red pine)
have been demonstrated using cpSSR markers. The highest
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Table 3 Haplotype frequences and number of individuals (n) for
seven Pinus resinosa populations

Population

Haplotype A B D E F G H

I 1 – – 8 1 2 –
II 20 16 12 9 18 5 17
III 1 – – – – – –
IV 1 – – – – – –
V 1 1 1 – 1 – –
VI – 1 – – – – –
VII – 1 3 – – – –
VIII – 1 1 – 1 2 –
IX – 2 – – 1 2 2
X – 2 – – – 4 1
XI – – 2 – – – –
XII – – 1 2 – – –
XIII – – 1 – – – –
XIV – – – 1 – – –
XV – – – 1 1 1 –
XVI – – – – 1 – 1
XVII – – – – – 2 –
XVIII – – – – – 1 –
XIX – – – – – 1 –
XX – – – – – 1 –
XXI – – – – – 1 –
XXII – – – – – 1 –
XXIII – – 1 – – – –
n 24 24 22 21 24 23 21

Table 4 Measures of cpSSR haplotype variation within populations

Population ne fα HE D2
SH

A 1.430 0.833 0.314 0.053
B 2.153 0.667 0.559 0.160
D 2.998 0.545 0.698 0.131
E 2.924 0.429 0.691 0.157
F 1.754 0.750 0.449 0.056
G 8.397 0.217 0.920 0.443
H 1.497 0.810 0.348 0.081

fα, frequency of the most common haplotype (haplotype II). See
the Material and methods for definitions of other measures.

Population A B D E F G H

A 0.213 0.282 0.276 0.126 0.514 0.179
B 0.007 0.235 0.465 0.151 0.354 0.113
D 0.011 0.011 0.451 0.273 0.593 0.336
E 0.016 0.027 0.021 0.263 0.467 0.411
F 0.002 0.007 0.009 0.019 0.373 0.113
G 0.068 0.044 0.076 0.073 0.070 0.398
H 0.005 0.002 0.012 0.026 0.003 0.052

(δµ)2 distances among populations, based on cpSSR allele frequencies, appear below the
diagonal. Da distances among populations, based on chloroplast haplotype frequencies,
appear above the diagonal.

Table 5 cpSSR genetic distance values
among seven Pinus resinosa populations

genetic distance and geographical distance. Spatial autocor-
relation analyses were not performed because such tests
would have little significance applied to only seven loca-
tions. To more clearly reveal bottleneck effects on elongated
branch lengths of populations D, E, and G (Savard et al.
1993; Takezaki & Nei 1996), the (δµ)2 distance measure,
which varies linearly with time, was used to construct a
neighbour-joining dendrogram (Fig. 3a).

Bottleneck effects also generate unimodal distributions
of pairwise differences between individuals in a popula-



level of haplotypic diversity was concentrated in popula-
tion G from Tracy, New Brunswick, which should there-
fore deserve particular attention in genetic conservation
programs for red pine (see the Conclusions). The mean
proportion of chloroplast haplotype diversity that we
found to exist among populations was nearly twice the
average value reported for wind-pollinated conifers using
nuclear allozyme markers, where GST = 6.8% (Hamrick &
Godt 1990). However, the level of genetic differentiation
found in red pine is lower than that generally reported for

other pine species having disjunct population structures,
as measured by both chloroplast and mitochondrial
markers (Moran et al. 1988; Gibson & Hamrick 1991; Hong
et al. 1993; Strauss et al. 1993; Wang & Szmidt 1994; Powell
et al. 1995; Szmidt et al. 1996). Genetic differentiation val-
ues are generally higher using mitochondrial markers
because they are maternally inherited in conifers, and
seeds typically disperse shorter distances than pollen. It
must be stressed that direct comparisons of GST values
between different species, or between different marker
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Fig. 2 Unrooted neighbour-joining trees
for Pinus resinosa populations, based on Da

distances. The tree on the left (A) was
derived from cpSSR allele frequencies,
while the tree on the right (B) was derived
from chloroplast haplotype frequencies.
The scale bars represent distance units.
Numbers at the nodes are bootstrap values
(in percentages) based on 1000
replications. As only a single ‘locus’ was
considered for building the haplotype tree,
no bootstrap value could be estimated.

Fig. 3 Evidence of population bottleneck
events. A. Neighbour-joining dendrogram
of Pinus resinosa populations, based on
(δµ)2 distances. Populations B and H had
negative branch lengths. The scale bar
represents distance units. Numbers are
bootstrap values (in percentages) based on
1000 replications. B. Histograms showing
cpSSR repeat unit differences, across all
nine cpSSR loci, among pairs of
individuals within populations. The
values indicated above the bars are the
means of the differences.



systems, might not be informative in some cases because
GST is a function of effective population size, mutation
rate and other factors (Birky et al. 1989; Hong et al. 1993;
Petit et al. 1993). Considering the limited variation in the
red pine nuclear genome, the level of haplotype differen-
tiation found in this study is consistent with disjunct pop-
ulations having limited gene flow.

The level of within-population stepwise haplotypic
diversity of red pine (mean D2

SH = 0.154) was much lower
than that observed for cpSSRs in Pinus halepensis (mean
D2

SH = 3.58) (Morgante et al. 1997). P. halepensis (Aleppo
pine) is another species characterized by very low
allozyme diversity (Schiller et al. 1986), and is also found
in disjunct populations throughout its range in the
Mediterranean region. Most of the cpSSR diversity in P.
halepensis is attributed to just two populations in Greece,
which is thought to be the centre of diffusion for this, and
other Mediterranean species (Morgante et al. 1997). This
suggests the possibility that high levels of cpSSR diversity
may also reside in relict red pine populations found in
West Virginia, USA, an area from which the species is
thought to have expanded following the last Ice Age.

The presence of a single, common, and often frequent,
haplotype in all populations (Table 3) suggests a major
ancient population bottleneck event for red pine.
Evidence for rapid expansion from a population bottle-
neck can be seen in the unimodal distribution of pairwise
differences among all sampled individuals (Fig. 3b)
(Slatkin & Hudson 1991; von Haeseler et al. 1996).
However, differences in the levels and distributions of
diversity found among the populations (Table 4, Fig. 3)
indicate that other process affecting population genetic
structure have been at work since this initial expansion.
Indeed, if a simple, continuous expansion of red pine into
its present day range from a single Ice Age refugium had
occurred, then a ‘star-shaped’ dendrogram would be
expected (Slatkin & Hudson 1991; von Haeseler et al.
1996). Instead, the dendrograms had a number of intern-
odes (Fig. 2), indicating diverse origins of present-day
populations. Together with what is know about the life
history of red pine, these cpSSR marker data provide pop-
ulation genetic evidence for a metapopulation structure of
red pine (Pimm et al. 1989; Mosseler 1992; Hedrick &
Gilpin 1997). Present-day distribution of cpSSR diversity
is an expected result of localized colonizations with vari-
able numbers of migrants, coupled with restricted gene
flow between disjunct populations contributing to local-
ized declines and extinctions.

There was no obvious correlation between genetic and
geographical distances to suggest a general pattern of dis-
persal of the species. But then, spatial autocorrelations
would not be evident with a metapopulation structure
given our sampling strategy. More dense sampling
throughout the range of red pine will be needed to discern

geographical lineages and routes of migration, provided
that rates of extinction of local populations have not been
great enough to obscure this record.

Mutational mechanisms

A relatively constant rate of mutation among cpSSR loci
was evident, as seven polymorphic cpSSR loci had three
alleles, and two had two alleles (Table 2). The two loci
having two alleles, PT36480 and PT41093, also had the
shortest repeat lengths (Vendramin et al. 1996). This is
consistent with reports that short nuclear dinucleotide
repeats mutate more slowly than longer repeats (Jin et al.
1996; Weber 1990; Weber & Wong 1993). Although the rate
of cpSSR mutation is not known, a lower rate would be
expected because mutation of nuclear SSRs can be
enhanced by heterozygosity (Amos et al. 1996), and het-
erozygosity is absent in chloroplast genomes. Whether
the mutational mechanisms for SSRs are the same
between plastid and nuclear genomes remains to be
determined; therefore assumptions of cpSSR variability
drawn from information known about nuclear SSRs
should be used with caution.

Our data support a stepwise model for cpSSR muta-
tions within a species, as all but one allelic length differ-
ence that we observed involved a single nucleotide
change (Table 2). The 2-nucleotide length difference
between allele PT15169:124 bp and PT15169:122 bp does
not necessarily contradict a strict stepwise model. The
longer allele was present in only two populations, B and
G, where its frequency was 0.083 and 0.348, respectively.
As these two populations are separated by about 1700 km,
the missing allele of intermediate size (123 bp) may exist
in populations not included in our survey.

Phenetic relationships

Takezaki & Nei (1996) used simulations to show that for
species, such as red pine, that have survived bottlenecks,
Da distances and neighbour-joining analysis give the most
accurate phenetic tree topologies when compared to other
distance measures, including those based on stepwise
mutation models. As Da distances are independent of
mutation model, we generated neighbour-joining den-
drograms from haplotype data, which fit an infinite allele
mutation model, and cpSSR allele data, which fit a step-
wise mutation model. However, in this case, there was
very good congruence between the Da distance and (δµ)2

distance neighbour-joining trees based on cpSSR allele
data (Figs 2a and 3a). In contrast, there were notable
differences between the allelic tree and the haplotype tree
based on Da distances (Fig. 2). Perhaps the most striking
are the smaller differences among external branch lengths
found in the haplotype tree (Fig. 2b). This indicates that

CHLOROPLAST DIVERSITY IN RED PINE 313

© 1998 Blackwell Science Ltd, Molecular Ecology, 7, 307–316



cpSSR allele frequency data provided greater discrimina-
tion than haplotype data of genetic distance differences
among populations. When cpSSR repeat length differ-
ences were considered, as with (δµ)2 distances, even
greater differences among populations were evident
(Fig. 3a). Fewer differences among branch lengths were to
be expected with haplotype data (Fig. 2b) because the hap-
lotypes under-represented mutational differences at indi-
vidual cpSSR loci. For example, haplotypes I and II
differed by one repeat unit length at a single locus, while
haplotypes IV and V differed by repeat unit length
changes at each of four cpSSR loci (Table 2). In genetic dis-
tance measures based on haplotype frequencies, the single
SSR difference between haplotypes I and II would be
treated the same as multiple SSR differences between hap-
lotypes IV and V. The different placement of various popu-
lations on the two trees, most notably populations B and E,
may have resulted from this homoplastic effect of haplo-
type designations. As a final consideration, it may be that
some of the differences between the dendrograms are arte-
facts of the rather small sample sizes and few loci used (see
Takezaki & Nei 1996; Zhivotovsky & Feldman 1995).

Conclusions

We have shown that red pine chloroplast genome diver-
sity exists in contrast to a largely homozygous nuclear
genome. Moreover, variation in the distributions of pair-
wise haplotype differences among populations has
increased our knowledge of the evolutionary history of
this species, and provided the first population genetic
evidence for a metapopulation structure of red pine.
These results do not imply that the chloroplast genome is
evolving faster than the nuclear genome. Rather, they
derive from the paternally inherited chloroplast genome
of pines retaining more evolutionary information than
the nuclear genome, and from cpSSR markers being more
variable than either isozymes or RAPD markers.
Whether red pine nuclear SSR loci mutate at the same
rate as the cpSSR loci, and whether nuclear genome SSR
marker data would support these findings, remain to be
seen. Studies are in progress to obtain nuclear SSR geno-
types for red pine using SSR primer pairs that were
developed from related pine species.

More extensive cpSSR surveys should identify addi-
tional populations that have high levels of chloroplast
genetic diversity and differentiation. This information
could prove to be important for genetic resource conser-
vation programs of red pine. With proper sampling,
cpSSR marker data have the potential to trace paths of
post-Pleistocene migrations of the species, and thus effi-
ciently identify populations that are the most evolutionar-
ily divergent. It is reasonable to assume that such
populations would also be the most divergent for nuclear

genomic traits. This assumption could be tested by using
nuclear SSR markers, and provenance tests for adaptive
traits, to evaluate populations that have been selected
based on their maximum cpSSR distances. As the chloro-
plast microsatellite approach revealed population genetic
differences in a species characterized by no detectable
allozyme variation, it might also be considered for study-
ing population structures and evolutionary histories of
other conifer species that have low nuclear genome diver-
sity, such as Torrey pine, (Pinus torreyana Parry ex Carr)
(Ledig & Conkle 1983) or western red cedar (Thuja plicata
Donn ex E. Don) (Copes 1981).
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