
Introduction

Plants demonstrate an astonishing diversity of morphol-
ogy, adaptation, and ecology, the product of millions of
years of lineage divergence and diversification.
Characterizing this diversity and understanding the
mechanisms through which it arises is the realm of popu-
lation genetics and systematics alike. Avise et al. (1987)
previously presented the concept of phylogeography,
which seemed to promise an important step forward in
our quest to understand these processes. During the past
10 years phylogeography has had a major impact on
research in animal systems (see other articles in this
issue), but has produced very few explicitly phylogeo-
graphic studies in plants.

We suggest that this paucity of plant studies exists not
because phylogeography is less applicable or useful in
plants. In fact, we believe phylogeography to be espe-
cially appropriate considering some of the unique charac-
teristics of plant evolution. The problem has been a lack of
useful genetic variation applicable to a phylogeographic
analysis. In this paper, we discuss several issues in plant

evolution for which phylogeographic analyses will prove
to be an important tool, with reference to current phylo-
geographic work. We conclude with a discussion of the
search for appropriate genetic variation in plants and the
specific technical limitations and practical issues of apply-
ing phylogeographic methodology to plants.

The determinants of population genetic structure

Patterns of genetic exchange

The genetic structuring of a population of organisms, and
ultimately the establishment of independent evolutionary
lineages, is strongly influenced by the pattern of genetic
exchange (gene flow) within and between populations.
Variation in factors influencing the reproductive ecology
of plants can have profound effects on the nature of this
exchange. One such factor is breeding system. At one
extreme are taxa such as oaks (Quercus spp.), where a lack
of reproductive barriers facilitates gene flow, not only
between populations of the same species, but between
well-diverged species. Consequently, in oaks intraspecific
population structure continues to be influenced by inter-
specific genetic exchange following the phenotypic diver-
gence of species. At the other extreme are plants such as
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dandelions (Taraxacum officinale), which in the USA repro-
duce exclusively by apomixis (parthenogenesis). Each
maternal lineage within a population is genetically iso-
lated from every other lineage. Thus, in dandelions, sepa-
rate phylogenetic lineages are established within
populations, at a point where one usually expects free
genetic exchange and recombination.

The actual mechanism by which genes migrate can
also be an important determinant of genetic exchange.
Gene flow occurs through the movement of seeds and/or
pollen, and the variety of dispersal mechanisms observed
in plants effects a diverse pattern of genetic exchange.
Dispersal patterns are further influenced by spatial and
temporal variation in systems of mating (Hamrick 1987;
Hamrick & Godt 1990). For example, variation in rates of
outcrossing vs. selfing may be dependent on geographical
or seasonal variation in the distribution of pollinators,
leading to different patterns of genetic exchange between
populations within a species over time. Thus, patterns of
genetic exchange in any plant system are influenced by a
complex interaction of breeding system and patterns of
dispersal.

Patterns of historical relationship

Genetic variation is structured not only by the contempo-
rary forces of genetic exchange but also by historical pat-
terns of relationship. For a given level of current genetic
exchange, populations having recent common ancestry
will be genetically more similar than those having more
distant common ancestry. Ultimately, if genetic exchange
between two populations or species ceases altogether,
then shared common ancestry will be the sole determi-
nant of genetic similarity between them. Therefore, histor-
ical relationships will contribute in some measure to the
genetic structure of all plant species.

Traditional approaches to the study of genetic
structure

Genetic differentiation within species

Within species, genetic exchange rather than historical
relationship has traditionally been emphasized as the
determinant of genetic structure. Classical models for
describing this structure (e.g. F statistics, Wright 1951) do
not distinguish historical effects from recurrent processes.
Estimates of gene flow (Nm) derived from these models
assume that current population structure reflects an equi-
librium between genetic drift and gene flow. Such models
serve well to document population genetic structure and
its underlying causes for some plant species, specifically
those with a stable population structure. However, in
many groups genetic exchange across the species range is

severely restricted, either by the wide geographical distri-
bution of populations or by limited pollen and seed dis-
persal. In these cases historical events such as range
expansion, range fragmentation, and population bottle-
necks will be strong determinants of population genetic
structure. The observed genetic similarity between such
populations owes more to recent common ancestry than
to any ongoing process of genetic exchange. Thus, the
underlying sources of genetic cohesion in many instances
cannot be accurately portrayed with traditional popula-
tion genetic models.

Genetic differentiation among species

Above the species boundary, historical relationship has
been emphasized as the sole determinant of genetic simi-
larity. In fact, the cladistic methodology used in phyloge-
netic inference assumes that taxonomic units represent
nonreticulating lineages. Hennig (1966) was careful to
draw the distinction between the reticulate genealogical
or ‘tokogenetic’ relationships that characterize genetic
exchange among individuals or populations, and the
ordered hierarchical phylogenetic relationships character-
izing divergent species or higher taxa. Plant species, how-
ever, are singular in their ability to repeatedly violate the
assumption of nonreticulating lineages. Hybridization
involving two (or more) ancestral species has long been
recognized as an important mechanism of speciation in
plants (Stebbins 1950; Grant 1981), and the hybrid origin
of several species has been established empirically (e.g.
Wolfe & Elisens 1994; Rieseberg et al. 1995). Similarly, cur-
rent reproductive barriers vary from being incomplete to
nonexistent among many well-established plant species,
and hybrid zones and regions of introgression are fre-
quently encountered. The widespread occurrence of
chloroplast ‘capture’ illustrates the ease with which plant
interspecific hybridization and introgression may occur
(see below). Thus, just as the assumption of equilibrium
in traditional population genetic models is often not
appropriate, the assumption that interspecific relation-
ships are nonreticulating is also often inappropriate in
plants.

The phylogeographic approach

Because cladistic inference of phylogenetic relationships
requires that genetic variants do not form reticulating
lineages, phylogenetic approaches cannot be directly
applied at the level of either the individual or the popula-
tion. With few exceptions, both of these levels of biologi-
cal organization are characterized by reticulating patterns
of genetic exchange (i.e. sexual recombination and gene
flow). However, if the genetic variants being considered
are at the level of the gene instead of the individual, non-
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recombining segments of DNA can be organized into
hierarchically ordered networks of descent, and can pro-
vide historical information that individuals cannot. Gene
genealogies can therefore form the basis of historical
approaches to the study of intraspecific processes.
Moreover, such cladistic gene geneaology methods can be
applied to the study of reticulate evolution above the
species level. This analysis of the spatial distribution of
gene genealogies forms the basis of phylogeography.

While phylogeography uses the historical information
inherent in gene trees, it is not merely an extension of phy-
logenetic principles to the intraspecific level. Rather, it
characterizes population subdivision by recognizing geo-
graphical patterns of genealogical structure across the
range of a species (Avise 1994). By synthesizing the influ-
ence of both history and current genetic exchange, phylo-
geography can potentially surmount the limitations
inherent to classical population genetics and systematics.
The analysis and interpretation of allele genealogies to
infer population genetic processes has been further pro-
moted by significant advances in coalescent theory (see
reviews by Tavaré 1984; Ewens 1990; Hudson 1990).
Recent theoretical and empirical work on coalescence has
been applied to population structure (Avise et al. 1988;
Slatkin 1989, 1991; Slatkin & Maddison 1989, 1990;
Templeton et al. 1995 and references therein) and promises
to open new avenues of investigation.

Phylogeographic analysis of plant population
genetic structure

Elucidating the factors that determine genetic structure
has been of longstanding interest to plant population
geneticists. The widespread acceptance of the biological
species concept in the past led to the commonly held ideal
that species were defined by their mating relationships
and that gene flow maintains the genetic cohesion of
species. Ehrlich & Raven (1969), however, questioned the
notion of widespread gene migration and suggested that
shared common ancestry and similar selective regimes
could account for the observed genetic cohesion of plants.

Empirical evidence on the extent and influence of gene
flow in plants has been inconclusive. Direct estimates of
pollen and seed dispersal in numerous taxa indicate that
the vast majority of such movement is locally restricted
and reveal that plant populations are far from panmictic
(Levin & Kerster 1974; Schaal 1980). However, direct esti-
mates may critically underestimate the importance of
rare, long-distance gene flow in species cohesion, as these
studies are necessarily limited in both time and space.
Studies of plant paternity have suggested that long-dis-
tance gene dispersal between populations is not as infre-
quent as previously thought (Ellstrand et al. 1989; Dow &
Ashley 1996; Dawson et al. 1997). Even if rare, such gene-

flow events may potentially have great evolutionary sig-
nificance. In addition to direct estimates, gene flow has
also been estimated indirectly from studies of genetic dif-
ferentiation. Allozyme studies often reveal little popula-
tion divergence over a wide geographical area (Hamrick
1987). In the past it was common to attribute this pattern
of geographical variation to the homogenizing effects of
recurrent gene flow, and historical explanations for the
observed patterns (e.g. persistent ancestral polymor-
phisms) were typically not considered. Because of these
incomplete and often contradictory estimates, the issue of
the intensity and importance of gene flow among plant
populations remains unresolved.

Phylogeography affords new insight into the role of
gene flow in structuring plant populations. Specifically, it
provides a way of detecting historic and recurrent gene-
flow events and can potentially discriminate between
gene flow and patterns caused by ancestral polymor-
phism. Phylogeographic analysis relies on interpreting
patterns of congruence or lack of congruence between the
geographical distribution of haplotypes and their
genealogical relationships (Fig. 1). A pattern of congru-
ence is seen if clades of closely related haplotypes are geo-
graphically restricted and occur in proximity to each
other (Fig. 1b). Such congruence indicates a longstanding
pattern of highly restricted gene flow. Assuming that pop-
ulations are not panmictic, this pattern arises because
novel mutations remain localized within the geographical
context of their origins (Neigel et al. 1991; Slatkin 1991,
1993; Templeton et al. 1995). As a corollary, the most
ancient haplotypes should be located at the centre of the
gene tree and be geographically widespread, whereas the
most recent haplotypes should be at the tips of the gene
tree and be localized geographically (Golding 1987;
Castelloe & Templeton 1994; Templeton et al. 1995). This
basic pattern of congruence will be violated if polymor-
phisms persist and are differentially sorted following the
divergence of populations (Fig. 1c), or if interpopulation
gene flow occurs (Fig. 1d).

Among the limited number of studies in plants that
might be considered phylogeographic, so far there has
been little evidence for long-distance gene flow. For
example, in our own laboratory, Matos (1992) examined
gene flow among geographically isolated mountain pop-
ulations of Pinus hartwegii occurring in Mexico. Using a
gene tree based on chloroplast DNA (cpDNA) restriction
site analysis, she found that the most closely related hap-
lotypes were restricted to a given mountain top, indicat-
ing that these populations have been genetically isolated
for a long time, despite the potential for long-distance
gene flow (this example is discussed in detail in
Templeton 1994). Similar geographical structuring of
cpDNA haplotype diversity has also been revealed in
other species, such as wild yam (Dioscorea bulbifera;
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Terauchi et al. 1991), closed-cone pines (Hong et al. 1993),
and Streptanthus glandulosus (Mayer & Soltis 1994).
While these results appear to support the conclusion of
restricted gene flow from seed and pollen dispersal stud-
ies, the resolution of cpDNA variation in many cases has
not been sufficient to assess more-local patterns of gene
flow within species.

In some studies, the pattern of haplotype distribution
reveals that a sizeable portion of a species range contains

little or no genetic variation relative to the rest of the
species range. Such a pattern is consistent with a rapid
range expansion in that region. Because of the profound
effect of glaciation on plant distributions, this pattern
might be expected in many native temperate and tropi-
cal species. The widespread distribution of individual
haplotypes is clearly concordant with rapid range
expansion from known refugia following Pleistocene
glaciation in both Europe (e.g. Fagus sylvatica (Demesure
et al. 1996), Quercus (Ferris et al. 1993)) and North
America (e.g. north-western USA species in the Heuchera
group of the Saxifragaceae (Soltis et al. 1989, 1991a,
1992a; reviewed in Soltis et al. 1997)). In other cases, wide
geographical distributions of a single haplotype may
reflect even more rapid historical dispersal by humans,
as in the legume Gliricidia (Lavin et al. 1991) and wild
yams (Terauchi et al. 1991).

In cases where incongruencies exist between haplo-
type tree and geographical pattern, it is desirable to dis-
tinguish between gene flow and the sorting of persistent
ancestral polymorphism as alternative causes. One poten-
tial way to accomplish this is to examine the position of
the geographically incongruent haplotypes within the
gene tree. Haplotypes that are ancient will represent inter-
nal nodes of the gene tree. If these haplotypes predate the
divergence of populations, then we may infer that the dis-
tribution of these haplotypes owes more to the persistence
of ancestral polymorphisms than to recent gene flow
(Fig. 1c). Alternatively, if the geographically incongruent
haplotypes are derived (represented as ‘tips’ in a gene
tree), gene flow is the more likely explanation for their
distribution (Fig. 1d) (Templeton 1994). This method for
discriminating between the two alternatives has proved
useful in several phylogeographic studies of animals
(Templeton 1993, 1994; Templeton et al. 1995).

Patterns of incongruence between gene trees and their
geographical distributions have been observed in several
plant studies. In Eucalyptus nitens, 13 chloroplast haplo-
types formed two clades that were not segregated by
geography (Byrne & Moran 1994). A similar pattern was
observed for Phacelia dubia, where one haplotype occurred
in combination with other haplotypes in two disjunct
regions (Levy et al. 1996). In this latter case, the haplotype
responsible for the incongruence is a ‘tip’ in the gene tree
which, by the methods described above, would implicate
gene flow as the more plausible explanation for its distri-
bution. However, the authors favour ancestral polymor-
phism based upon the geographical distribution of the
haplotypes and improbability of gene migration between
the populations in question. In such cases, distinguishing
between these hypotheses is difficult. Ambiguity results
because these gene trees are derived from loci with rela-
tively low mutation rates (discussed below), so that the
distinction between ‘tip’ and ‘internal’ nodes is unclear. In
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Fig. 1 Hypothetical single-mutational step tree of haplotypes
A–G and example of geographic distributions expected to result
from different phylogeographic histories. (a) One-step gene tree
of haplotypes A–G. Each branch represents one mutational step.
Internal nodes (inferred or occupied by extant haplotypes) are
considered ancestral to terminal nodes (tips). (b) Congruence of
geography and gene tree as expected to result from highly
restricted gene flow. Ancient haplotypes have more widespread
distributions. (c) Incongruence of geography and gene tree
resulting from persistence and differential sorting of ancestral
polymorphism (haplotypes C and G) among descendant popula-
tions. (d) Incongruence of geography and gene tree resulting
from interpopulational gene flow. Where such gene flow
involves ‘tip’ haplotypes (as illustrated here), it may be distin-
guished from the incongruence illustrated in (c).



addition, even a well-resolved phylogeny provides but a
single assessment of genetic structure, which may or may
not be congruent with gene trees based on other loci (see
below).

Genetic vs. morphological/taxonomic
differentiation in plants

A second issue relevant to the discussion of phylogeogra-
phy in plants is the relationship between genetic and mor-
phological differentiation. Although taxonomy has
traditionally been based on morphology, botanists have
long recognized that significant morphological variation
can be accounted for by a relatively small number of
genes (reviewed by Hilu 1983; Gottlieb 1984). This obser-
vation is supported by more recent molecular genetic
studies examining the basis of morphology and develop-
ment. For example, large phenotypic differences, such as
determinate vs. indeterminate flowering (Bradley et al.
1997) or flower colour and shape (Bradshaw et al. 1995),
may be due to variation in few genes.

This genetic architecture has important implications
for evolutionary studies in plants. Because morphological
divergence may have little relationship to the degree of
genetic differentiation between lineages, it can be difficult
to predict the genetic cohesiveness of a group based on its
morphological differentiation or taxonomic status alone.
The phenomenon of adaptive radiation exemplifies this
pattern well. Groups such as the Hawaiian silversword
alliance (Argyroxiphium spp.) (Carr 1987; Baldwin et al.
1990) and the Espeletia radiation of northern South
America (Cuatrecasas 1986; Monasterio & Sarmiento
1991) demonstrate unusually rapid speciation and mor-
phological evolution given their suspected time of origin,
and yet may show little genetic divergence between
species (e.g. Witter & Carr 1988) and few reproductive
barriers to hybridization (Carr & Kyhos 1981, 1986; Berry
& Calvo 1994). For example, in the case of the Espeletia
radiation, species vary from tiny herbaceous rosettes to
branched trees over 20 m tall, yet hybrids are known
between many of these morphologically divergent
species (Berry & Calvo 1994).

As a result of this lack of genetic differentiation and
the subsequent potential for interspecific hybridization,
genetic exchange may be occurring between what
appear to be independent lineages. Introgression has
been observed in many groups (e.g. maize (Doebly 1989)
and irises (Anderson 1949; Arnold et al. 1992); reviewed
by Rieseberg and Wendell 1993). It has been most clearly
documented in the phenomenon known as ‘chloroplast
capture,’ whereby the chloroplast genome of one species
introgresses into populations of another following inter-
specific hybridization; plants are morphologically iden-
tifiable to one species but have the chloroplast genome

of another species. Several outstanding examples of
chloroplast capture have been documented, including
sunflowers (Rieseberg et al. 1990), poplars (Smith &
Sytsma 1990), species in the Heuchera group of the
Saxifragaceae (Soltis et al. 1991b), and oaks (Whittemore
& Schaal 1991). In the study by Whittemore and Schaal,
chloroplast capture was so common in eastern USA
species of oaks that the geographical location of a given
plant was a better predictor of chloroplast haplotype
than was taxonomic designation.

Phylogeography, when applied across a broad taxo-
nomic range, provides a theoretical framework with
which one can test ideas of genetic isolation without
being restricted to taxonomic preconceptions based on
morphological divergence. Several studies have used
phylogeography to lend insight into the relationship
between phenotypic differentiation and genetic isola-
tion. In a study of Dioscorea bulbifera, chloroplast haplo-
types were much more strongly correlated with
geographical position than with morphologically based
subspecies designation (Terauchi et al. 1991). Other stud-
ies in species such as Streptanthus glandulosus (Mayer &
Soltis 1994) have shown similar patterns at the varietal
or subspecific level.

At the interspecific level, an example of the use of a
phylogeographic approach is a study by Matos (1992; see
Templeton 1994) of hybridization and introgression in
species of the Pinus montazumae complex of Mexico. In
this case, several chloroplast haplotypes were found to be
shared between species in sympatric populations. A
reconstruction of the gene tree for the chloroplast haplo-
types indicated that the shared haplotypes were not
internal in the gene tree (Templeton 1994). Based on coa-
lescent theory, one can infer that these shared haplotypes
are not the most ancestral haplotypes within the popula-
tions. Rather, shared haplotypes tended to be near the
tips of the gene tree, suggesting that introgression was
the most likely explanation for shared polymorphisms.
Such phylogeographic studies hold great promise for
understanding hybridization and introgression and their
role in plant evolution.

As the above examples indicate, the point at which
plants establish isolated lineages can occur across a wide
range of evolutionary divergence. Isolation is found well
below the species level in some species. On the other
hand, genetic exchange can also occur between well-
established, morphologically distinct species. This varia-
tion in the tempo and mode of evolution in plants has
hindered the study of plant genetic structure. Since phylo-
geography is applicable both above and below the species
boundary, it offers for the first time a single method of
analysis that will cover the range of plant evolutionary
patterns and not be confounded by the taxonomic, spatial
and temporal variability of plant populations.
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The search for variable loci for phylogeographic
analysis

It is clear that gene geneaologies offer great promise for
furthering our understanding of plant evolution. In order
to construct gene trees, however, significant genetic varia-
tion must occur at the appropriate level (i.e. among the
populations or taxonomic units being investigated). The
detection of phylogenetically informative intraspecific
variation is probably the single most difficult problem fac-
ing plant population biologists interested in using the
techniques of phylogeography. While phylogeographic
studies in animal systems rely heavily on the mitochon-
drial genome (mtDNA), plant mtDNA genes exhibit low
rates of nucleotide substitution, such that specific loci do
not contain adequate variation for generating intraspe-
cific gene phylogenies. Moreover, plant mtDNAs are
prone to extensive intramolecular recombination, causing
heteroplasmy and hindering investigation of variation at
the whole genome level (reviewed by Palmer 1992). We
must therefore look towards alternative genomes in the
search for informative variation.

Chloroplast genome

Although levels of genetic variation in plant cpDNA are
lower than in animal mtDNA, intraspecific variation has
been reported in a growing number of species (reviewed
by Soltis et al. 1992b; see also Levy et al. 1996 and refer-
ences therein). Virtually all published plant phylogeogra-
phy studies have relied on the chloroplast genome as their
sole source of genetic variation. Similar to mtDNA, the
chloroplast genome may be considered a single, nonre-
combining unit of inheritance. The mutation rate of
cpDNA varies for different regions of the genome, with
most variation apparently occurring within the large sin-
gle-copy regions and not in the inverted repeats. Taxa
lacking the inverted repeats, such as gymnosperms,
appear to be particularly variable (e.g. Wagner et al. 1991).

In species where sufficient genetic variation has been
detected to permit phylogeographic analysis, this varia-
tion has been revealed by restriction enzyme digests of
cpDNA. Most studies have used traditional restriction
fragment analysis of the entire chloroplast genome, in
which genetic variants reflect the gain or loss of retriction
sites or length variation (e.g. Soltis et al. 1989; Lavin et al.
1991; Matos 1992; Byrne & Moran 1994; Mayer & Soltis
1994; Levy et al. 1996; Terauchi et al. 1991; Van Dijk &
Bakx-Schotman 1997).

A more recent restriction enzyme-based approach
involves digestion of particular PCR-amplified chloro-
plast loci to reveal fragment length polymorphisms
within the amplified fragment (e.g. Demesure et al. 1996;
El Mousadik & Petit 1996). Large portions of the chloro-

plast genome may be evaluated in numerous individuals
using these readily accessible laboratory techniques.
Furthermore, as at least 50% of all cpDNA variation may
be attributable to small insertion/deletion mutations
(Gaut et al. 1993; Gielly & Taberlet 1994), this method is
more likely than restriction site analysis to reveal varia-
tion. However, concerns about the homology of length
variants associated with simple-sequence repeat poly-
morphisms need to be addressed before this technique
can be widely applied to construct gene trees.

Ultimately, direct knowledge of the sequences underly-
ing cpDNA restriction site variation would be most desir-
able for gene tree construction. However, unlike restriction
enzyme analyses, direct sequencing of cpDNA loci so far
has not yielded optimal levels of variation for phylogeo-
graphic analysis. Although several small regions of the
chloroplast genome (such as some intergenic spacers)
show potential for phylogeographic analysis (Taberlet
et al. 1991; Demesure et al. 1995; Dumolin-Lapegue et al.
1997), attempts by our laboratory as well as others indicate
that single cpDNA loci are only occasionally useful at the
intraspecific level. With present techniques, it is difficult to
sequence more than small portion of the chloroplast
genome, which limits the probability of detecting varia-
tion. As technology progresses and the sequencing of
larger fragments of DNA becomes feasible, it seems likely
that studies will utilize more of the variation potentially
available in the chloroplast, allowing finer phylogeo-
graphic resolution.

Nuclear genome

The remaining alternative is the nuclear genome, which
is largely unexplored in plants but which offers a poten-
tially inexhaustible source of phylogenetically informa-
tive genetic variation. Many investigators are developing
techniques and strategies for locating and efficiently
sampling appropriate variation in nuclear DNA (nDNA).
The internal transcribed spacer (ITS) region of ribosomal
DNA, useful for plant systematics, is generally not con-
ducive to phylogeographic study. First, for most species
examined, intraspecific variation has not been detected
in this region. Furthermore, as part of a multicopy gene
family, the ITS region is subject to the poorly understood
processes of concerted evolution, confounding interpre-
tation of sequence polymorphism at the intraspecific
level. A more promising source of nDNA variation may
be provided by single-copy (or low-copy number)
nuclear genes (Palumbi & Baker 1994; Slade et al. 1993,
1994; Strand et al. 1997). Nevertheless, at this early stage
no single locus appears to be universally useful in all
species of plants.

Use of nDNA for phylogeographic analyses requires
that additional features of this genome be taken into
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account. As the nuclear genome is diploid, complications
involving interallelic recombination and heterozygosity
can arise. Recombinant alleles arise from crossover events
among alleles of a locus, resulting in chimeric haplotypes.
If relatively few in number, these can be detected by their
lack of phylogenetic congruence with other haplotypes.
Several algorithms have been developed for their detec-
tion during cladogram construction (Templeton et al.
1992; Hein 1993). For heterozygous individuals, the two
alternative alleles (haplotypes) must be analysed individ-
ually as operational taxonomic units (OTUs). In cases
where the two alleles differ appreciably in size, they may
be separated by gel electrophoresis prior to sequencing.
Alleles of similar size can be isolated either by separation
by chemical properties (Lessa 1992; Lessa & Applebaum
1993) or by cloning. Alternatively, if identical in size (i.e.
no indels), the two alleles may be sequenced together and
double bands at variable sites assigned to haplotypes pre-
viously identified from homozygous individuals (Clark
1990; Slade et al. 1993).

Another concern when using the nuclear genome
involves the homology of loci. Some (and perhaps many)
‘single-copy’ nuclear genes exist as part of small gene
families consisting of two to 10 expressed loci and possi-
bly additional pseudogenes (Palumbi 1996). When a locus
is part of a multicopy gene or multigene family, PCR
amplification with conserved primers may produce a
suite of fragments, including duplicated gene copies,
pseudogenes, and even recombinant PCR artifacts
(Palumbi 1996; Hillis et al. 1996). Care must therefore be
taken to avoid comparing paralogous loci, which may be
especially difficult to detect in cases where there has been
differential homogenization of gene copies among popu-
lations (a phenomenon analogous to lineage sorting of
alleles). If the different gene copies amplified by a set of
primers are not consistently distinguishable and separa-
ble by size, the safest way to assure orthologous compar-
isons is to design locus-specific primers (Hillis et al. 1996).
Despite these potential problems the nuclear genome rep-
resents perhaps the most fruitful avenue for study of
plant phylogeography.

Inferences from loci differing in modes of inheritance

Ultimately, the potential of phylogeography will be fully
realized when multiple loci are considered. As has been
shown by both theoretical and empirical work, indepen-
dent gene trees often do not reveal congruent phylogeo-
graphic patterns because polymorphisms present in
independent loci will be sorted differently. Therefore, it
would be ideal to consider the multiple gene trees which
may be provided by both the chloroplast and multiple loci
within the nuclear genome. In order to interpret compar-
isons between the chloroplast and nuclear loci, certain

characteristics that will influence the structure of their
gene trees must be taken into account.

The mode of inheritance of the genome has important
implications for the structure of gene trees. In most plants,
a migrant seed carries with it complete chloroplast and
nuclear genomes; in contrast, pollen carries only half a
nuclear genome, and it may or may not transmit a chloro-
plast genome, depending on whether the species shows
maternal, paternal, or biparental cpDNA transmission.
(As reviewed by Harris & Ingram (1991), there are many
documented exceptions to the rule that angiosperms
show maternal chloroplast inheritance. In conifers, inheri-
tance of cpDNA is typically paternal.) If the mode of
inheritance is known, comparison of nuclear and chloro-
plast data can potentially reveal insights into the relative
roles of pollen vs. seed movement as sources of gene flow
(Ennos 1994; McCauley 1994; El Mousadik & Petit 1996).
Strictly maternal inheritance of the chloroplast genome in
many angiosperms limits chloroplast dispersal to seeds.
When seed dispersal is limited, chloroplast differentiation
will exclusively reflect this limited dispersal mechanism.
Examples may be most evident in wind-pollinated trees
with large seeds. Alternatively, seeds may be very well
adapted to long-distance dispersal while pollen dispersal
is quite limited.

Additional factors to consider are the difference in effec-
tive population size between the chloroplast and nuclear
genomes and how such a difference is influenced by breed-
ing system. As in the mitochondrion, the chloroplast
genome is effectively haploid whereas nuclear genomes are
diploid or polyploid. Thus, in a monoecious species, the
effective population size of the nuclear genome is at least
twice that of the chloroplast genome. Because the effects of
genetic drift are greater as effective population size
decreases, genetic drift will be a stronger force in shaping
the population structure of the chloroplast genome than for
nuclear genes. As a consequence, a cpDNA gene tree is
more likely to reveal patterns of population differentiation
and less likely to reflect ancestral polymorphisms than is a
nuclear gene tree. If a species is dioecious, only half the
population transmits a chloroplast genome, resulting in an
effective population size of roughly one quarter that of the
nuclear genome (assuming equal sex ratios in a population
and uniparental cpDNA inheritance). Therefore, in a dioe-
cious species, the differential effects of genetic drift on the
chloroplast genome will be intensified.

We are not aware of any published intraspecific studies
that have examined both cpDNA and nDNA phylogenies.
However, a number of studies have compared cpDNA
phylogenies with patterns of genetic differentiation
inferred from allozyme allele frequency data (e.g. Soltis
et al. 1997). Such studies typically find more evidence for
population differentiation with chloroplast gene tree data
than for nuclear genes. This pattern is consistent with
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expectations, regardless of whether the lack of differentia-
tion in the nuclear genes is the result of ancestral poly-
morphism maintained by the larger effective population
size or higher rates of dispersal of nuclear genes. In order
to understand the genetic structure of plant populations,
comparative studies making use of multiple nDNA
phylogenies, as well as phylogenies from cpDNA, are
needed.

Conclusion

The application of phylogeography for studying plant
evolution is still in its infancy. The few studies conducted
to date demonstrate how this approach may be used to
address unresolved issues concerning genetic exchange
and differentiation within and among plant species. In
the future, as technical advances facilitate the detection
and measurement of DNA variation, we can expect more
studies of diverse plant taxa to be initiated and ulti-
mately to provide a more comprehensive picture of plant
evolution.
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