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Abstract

The ability to discriminate between species using barcoding loci has proved more difficult
in plants than animals, raising the possibility that plant species boundaries are less well
defined. Here, we review a selection of published barcoding data sets to compare species
discrimination in plants vs. animals. Although the use of different genetic markers, analytical
methods and depths of taxon sampling may complicate comparisons, our results using
common metrics demonstrate that the number of species supported as monophyletic using
barcoding markers is higher in animals (> 90%) than plants (~70%), even after controlling
for the amount of parsimony-informative information per species. This suggests that more
than a simple lack of variability limits species discrimination in plants. Both animal and plant
species pairs have variable size gaps between intra- and interspecific genetic distances, but
animal species tend to have larger gaps than plants, even in relatively densely sampled
genera. An analysis of 12 plant genera suggests that hybridization contributes significantly
to variation in genetic discontinuity in plants. Barcoding success may be improved in some
plant groups by careful choice of markers and appropriate sampling; however, overall
fine-scale species discrimination in plants relative to animals may be inherently more
difficult because of greater levels of gene-tree paraphyly.
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Introduction

Efforts to identify a DNA barcode for discriminating among
recognized species have been more successful in animals
than plants. Since the initial proposal for a standardized
barcoding region (Hebert et al. 2003), researchers have
reported variable but relatively high rates of species dis-
crimination (> 95%) using a portion of the mitochondrial
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gene cytochrome c oxidase subunit 1 (cox1/CO1) for animal
groups such as birds (Kerr et al. 2007), fishes (Ward et al.
2005), amphibians (Smith et al. 2008) and lepidopterans
(Hajibabaei et al. 2006a).

In contrast, plant studies report a more modest ability to
discriminate among closely related species. Kress & Erickson
(2007) found that nine plastid DNA and nuclear ribosomal
intergenic DNA regions were able to discriminate species
pairs in 40.6% to 82.6% of all genera examined, with seven
loci exhibiting under 70% resolution. Similarly, Fazekas
etal. (2008) evaluated the utility of seven plastid DNA
regions for their ability to discriminate 92 species in 32
genera of land plants. Differences in amplification success
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notwithstanding, individual plastid DNA regions resolved
between 29% and 59% of species. Combining the more
variable plastid markers provided clear benefits for species
discrimination, although with diminishing returns. All
combinations that were assessed using four to seven regions
had only marginally different success rates (69-71%), despite
an increasing amount of variation (parsimony informative
characters) (Fazekas et al. 2008).

Certainly, neither animals nor plants are homogeneous with
respect to species resolution. However, the lower rate of over-
all resolution observed in Fazekas et al. (2008) may indicate a
general limit to the precision of plant species discrimination
(relative to animal species) using markers from a single genetic
linkage group. It also raises the question of how discrete
plant species are according to plastid markers, and whether
the potential for resolving species boundaries using DNA
barcoding is fundamentally different than in animals.

There has been considerable debate regarding the
discreteness of plant species relative to animals. Botanists
have questioned whether plant species are natural, evolu-
tionarily independent entities and whether characteristics
such as polyploidy, hybridization and apomixis preclude
the application of a single species concept (Stebbins 1950;
Levin 1979). In contrast, studies based on evidence from
floras and monographs have concluded that plant species
can usually be readily separated with minimal ambiguity
(Mayr 1992; McDade 1995). More recently, Rieseberg et al.
(2006) tested for phenotypic and reproductive discreteness
of alarge sample of taxonomically recognized plant species.
They estimated that < 60% were phenotypically discrete
and 70% corresponded to reproductively isolated groups.
Significantly, plant species were no less likely to exhibit
phenetic clusters than animals, and were more likely to
exhibit reproductive discontinuity. A similar comparison
on the nature of species boundaries in plant vs. animals
using DNA sequences has not been conducted. Data from
recent barcoding research offer an opportunity to explore
this problem further.

The goals of this paper are to synthesize and compare
results on species discrimination from recent animal and
plant barcoding studies and discuss the potential causes
for their differential success. As published results are based
on different criteria for measuring species resolution, we
first re-evaluate their success in discriminating described
animal and plant species using two common criteria: (i)
support for species monophyly (e.g. Hajibabaei et al. 2006b;
Fazekas et al. 2008; Lahaye et al. 2008); (ii) differences
between intra- and interspecific genetic distances (the genetic
distance gap; see Hebert et al. 2004; Barrett & Hebert 2005).
We then consider potential causes of the differences in
genetic discreteness of plant and animal species that we
observe. Finally, we discuss the future development of
plant DNA barcodes and potential strategies that could
lead to further improvement of plant species identification.
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Genetic divergence among species in plants
vs. animals

To investigate whether plant species are less genetically
differentiated than animal species based on DNA bar-
codes, we downloaded several large barcoding projects
(Table 1) from the Barcode of Life Data Systems (BOLD)
(www.boldsystems.org/views/login.php) for comparison
with our recently published barcoding data derived from
major land-plant clades, as sampled in a regional flora
(Fazekas et al. 2008). The plant plastid and the animal
mitochondrion have very different levels of nucleotide
variability (the animal mitochondrion exhibits ~10-30 times
more nucleotide substitution; Wolfe ef al. 1987). However,
differences in nucleotide substitution rates only affect the ease
of recovering sufficient differences to discriminate species.
To ensure the number of parsimony-informative characters
(PIC) compared are similar between genomes, we compare
the resolution obtained from ~600 bp of mitochondrial
cox1 (the animal barcode) to that from ~4000 bp of plant
plastid data.

To compare species resolution among projects, we re-
analysed the animal data from BOLD using the same
criterion as used for the plant data, that being membership
in a monophyletic group, well supported by the gene tree
(bootstrap value of at least 70%) (see Fazekas et al. 2008 for
justification and limitations of this approach). We averaged
bootstrap support across all species-level monophyletic
groups as an overall measure of the ability to resolve
species (Table 1).

The re-analysis of animal data sets indicates species
resolution between 90-98% based on well-supported species
monophyly (Table 1). These values agree well with estimates
using other methods in the original publications; small
differences may be a consequence of our exclusion of species
that were represented by only a single sample, in addition
to the different measures of resolution used (e.g. clustering
methods, reciprocal monophyly, genetic distance). A plateau
in resolution of ~70% was achieved from the plant data set
using four to seven plastid regions in combination (Table 1,
Fig. 1a). Individually, none of the plastid regions achieved
resolution comparable to that obtained with the mitochon-
drial cox1 locus in animals, despite having similar levels
of parsimony informative characters per species (highest
value = 46% in plants, lowest value =90% in animals;
Table 1, Fig. 1b). This difference may be in part an artifact
of how densely closely related species were sampled.
However, many of the plant genera were sampled rela-
tively sparsely, suggesting that, if anything, the values we
obtained for plants represent upper limits.

We further explored genetic divergence among plant and
animal species by examining evidence for a ‘gap” between
intra- and interspecific genetic distances (Kimura 2-parameter
estimate) within individual genera. A gap between the
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Fig.1 Variation in barcode species resolution (percentage) as a
function of sequence variation (PIC, parsimony-informative
characters) for: (a) a selection of single and multilocus combinations
of plant plastid regions (the same species across all loci) (from
Fazekas et al. 2008), and (b) seven individual plant plastid regions
compared to mitochondrial cox1 for seven animal groups (see
Table 1). In (a), PICs represent the sum across all genus-level
comparisons. To account for differences in species number among
projects in (b), variation was expressed as the mean number of
PICs per species. For animal projects, the total number of PICs was
divided by the number of species in the data set. For the plant data
set, this was determined as the average of the number of PICs per
species (calculated within genera due to alignment difficulties
with non-coding regions). The mean number of PICs per species
for plant mitochondrial DNA is greatly inflated by the inclusion
of three species of Plantago, which has elevated rates of
mitochondrial nucleotide substitution.

largest intraspecific distance and the smallest interspecific
distance is an ideal situation for unambiguous species
assignment in the taxonomic group of interest (see also
Meier et al. 2008). We restricted the distance measure to
species within genera as it is more appropriate to calculate
distances between individuals at this level than at higher
taxonomic ranks. Fazekas ef al. (2008) found that the
individual genera they examined corresponded to well-
supported clades at current levels of taxonomic sampling.
For plants, we used our own published data set (Fazekas
et al. 2008), supplemented with data from the plant barcoding
literature, specifically studies that included multiple

Table 1 Species resolution as determined by well-supported (= 70% bootstrap support) monophyly for seven animal DNA barcoding projects on BOLD (Birds of North America — phase
II, Fishes of Australia Part I, Mosquitoes of North America, CO1 Barcoding Amphibians, Barcoding the Aphididae, Bats of Guyana, Saturniidae of the ACG 1) and one plant barcoding

project (from Fazekas et al. 2008). We estimated plant monophyly within genera due to alignment problems in non-coding regions. We report the results for plants as the mean resolution

per single locus (average of seven plastid DNA regions) or resolution based on all seven plastid DNA regions combined
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Fig. 2 Distribution of intraspecific (black broken line) and
interspecific (red solid line) pairwise Kimura 2-parameter genetic
distances for (a) pooled data from 326 animal genera across
seven projects in BOLD (see Table 1) and (b) pooled data from 49
plant genera derived from three plant barcoding publications
(Fazekas et al. 2008; Lahaye et al. 2008; Newmaster et al. 2008) (see
Appendix S1).

samples per species and at least two species per genus
(Lahaye et al. 2008; Newmaster et al. 2008, see Appendix
S1, Supporting information). Collectively, these data sets
include floristic sampling in temperate (Fazekas et al. 2008)
and tropical (Lahaye et al. 2008) locations, as well as taxo-
nomically focused sampling (Lahaye ef al. 2008; Newmaster
et al. 2008) (N = 49 genera). For comparison, we pooled the
intra- and interspecific (only within-genus) distances
generated from all animal data sets represented in Table 1
(N =326 genera). The resulting histograms illustrate a
continuum of genetic distances, with some degree of overlap
between intra- and interspecific distances in both animals
(Fig. 2a) and plants (Fig. 2b). However, two important dif-
ferences are evident between the plant and animal data
sets. The values of interspecific distance are generally
much greater in animals than in plants, and the degree of
overlap between intra- and interspecific distance is far less.
Species pairs that exhibit unusually high values of intra-
specific distance may reflect undetected cryptic species,
which could artificially reduce the discontinuity.

A closer examination of genetic distance measures on a
genus-by-genus basis reveals a more complex pattern.
Maximum and minimum levels of intra- and interspecific

© 2009 Blackwell Publishing Ltd
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distance vary among genera in both plants and animals, as
does the magnitude of any discontinuities in genetic distance
(Fig. 3). For 12 plant genera (with at least three species
each) from Fazekas et al. (2008), we find variation in gap
size, from complete overlap (e.g. Solidago, Symphyotrichumnt)
to small but distinct gaps in intra- and interspecific distances
(e.g. Polygonum, Viburnum) (see Fig. 3 for examples). It is
important to note that these patterns are based on a relatively
limited sampling of each genus. More complete taxonomic
sampling may reveal more overlap in intra- and interspecific
distance, further reducing the ability to discriminate
species in these situations. Variation in the pattern of genetic
distances is also observed in some animal groups (Fig. 3)
but the differences between intra- and interspecific dis-
tances are typically much larger.

Whether species resolution is determined using support
for monophyly or other approaches, species identification
using DNA barcodes is expected to fail when species are
paraphyletic according to gene trees, i.e. if some haplotypes
of a species are more closely related to haplotypes of another
species than to conspecifics. Our review of barcoding
studies published to date suggests that such “paraphyly’
(broadly defined, since gene-tree paraphyly may have
multiple sources, see below) may be more common among
plants than animals, which is an idea with some support.
For example, Lynch (1989) concluded that ~21% of animal
species arise through mechanisms such as sympatric or
peripheral isolation and therefore may include non-
monophyletic species, at least initially (see Olmstead 1995).
Using the same argument, Rieseberg & Brouillet (1994)
suggested that paraphyly is likely to be very common in
plants. Indeed, using recent surveys of phylogenetic data
from two plant families, Crisp & Chandler (1996) reported
that paraphyly ranged from 20% to 50% among species in
eight genera. It has been estimated that 23% of 2319 species
are paraphyletic in mtDNA phylogenies of animals (Funk
& Omland 2003). Values varied among groups but were
particularly low in mammals (17%) and birds (16.7%), two
groups commonly represented in barcoding studies. These
values are in contrast to the high species resolution reported
in most animal barcoding studies, perhaps because most
barcoding studies have been geographically focused and
taxonomically incomplete. Although additional confirmation
is required, as the methods used to estimate paraphyly
are frequently coarse, the available evidence is consistent
with the hypothesis that paraphyly is more widespread in
plants than animals.

Sources of paraphyly and modest species
discrimination in plants

Using DNA sequences as barcodes to discriminate between
species (e.g. Hebert et al. 2003) rests in part on the assumption
that species are monophyletic with respect to barcode
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Fig. 3 Distributions of intraspecific (black broken line) and interspecific (red solid line) genetic distances (K2P) for a selection of three plant
genera (from Fazekas ef al. 2008), and three animal genera (one each from Australian fish, birds of North America, and bats of Guyana).
Each genus is represented by a minimum of three species and each species by samples from multiple locations. Plant data are based on
sequences from seven plastid DNA regions, whereas animal data are based on sequences from cox1.

haplotypes. Not all species in nature are expected to be
monophyletic (e.g. Olmstead 1995), and so we may expect
an upper limit in the precision of plastid-based plant DNA
barcoding markers. Indeed, in plant barcoding studies that
have included multiple samples per species (Fazekas et al.
2008; Lahaye et al. 2008; Newmaster ef al. 2008) a significant
proportion (up to 30%) of non-monophyletic species have
been detected. A portion of these may simply reflect lack of
resolution in local subsets of a gene tree; however, some of
these may represent genuine gene-tree paraphyly.

If a particular gene is evolving slowly relative to the
speciation rate, or if too small a fragment is sequenced, there
may simply be insufficient nucleotide differences to dis-
tinguish species. This problem should be straightforward to
correct by simply increasing the number of loci examined.
However, based on Fazekas et al. (2008), it does not appear
that species discrimination in plants is always limited by
the amount of variability. By combining up to seven plastid
DNA regions, we increased the number of phylogenetically
informative characters per species to above that observed in
animal cox1 sequences, but the degree of species resolution
did not increase proportionally (Fig. 1a). It is important to note
that the approach to a limit in species resolution with increas-
ing PICs (Fig. 1a) may not hold for all plant genera considered
individually. In some cases (e.g. Solidago), the number of

informative characters does not increase when multiple
plastid regions are combined. Across all genera, however,
our data suggests that lack of monophyly is not simply the result
of insufficient variation; rather it may often reflect discrep-
ancies between the plastid gene tree and taxonomic species
boundaries (Maddison 1997). If so, this may offer important
insights into the nature of plant species boundaries.

Gene-tree paraphyly may be quite common in plants,
reflecting three distinct phenomena: (i) gene exchange
caused by hybridization and polyploidy; (ii) incomplete
sorting of ancestral polymorphisms; and (iii) imperfect
species definitions and taxonomy. None of these potential
sources of paraphyly are mutually exclusive, and several
may contribute towards reducing the power of species
discrimination in particular lineages investigated in plant
DNA barcoding studies. Furthermore, most published
barcoding studies should underestimate instances of
paraphyly (over-estimate monophyly), since they do not
exhaustively sample all species within genera, or the full
geographical ranges of individual species.

Historically, many botanists have argued that plant
species are not as sharply defined as animals due to the
incidence of reticulate evolution, facilitated by hybridization
and genome duplication (Stebbins 1950; Grant 1957). These
processes can cause differentiated species to share similar

© 2009 Blackwell Publishing Ltd
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Fig.4 Mean (+/- 95% CI) difference
between interspecific and intraspecific genetic
distances (K2P) for species in 12 plant
genera (data from Fazekas et al. (2008)).
Each genus was represented by a minimum
of three species and each species was
represented by samples from multiple
locations. Distances were based on sequences
from seven plastid DNA regions (see
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or related plastid haplotypes and result in discordance
between gene and species trees (Maddison 1997; Funk &
Omland 2003). To examine whether these processes can
account for variation in barcode resolution, we quantified
genetic discontinuity among species as the genetic distance
gap (the minimum interspecific genetic distance minus
maximum intraspecific genetic distance for each species,
averaged across congeners) for each of 12 genera from
Fazekas et al. (2008), and related those values to the incidence
of polyploidy and hybridization (see Appendix S2, Sup-
porting information). The ‘genetic distance gap’ varied
widely among genera here, from —0.0063 in the fern Dryopteris
and —0.0007 in Solidago, to 0.0260 in Polygonum (Fig. 4).

The lack of a genetic gap among congeners within
Dryopteris and Solidago mirrors the low species resolu-
tion of the plastid DNA barcodes (33% and 16.7% resolution
respectively) in these genera. The presence or absence of
polyploid variation within a genus, determined using the
inferred base number of the genus and chromosome counts
for each species [using the Index to Plant Chromosome
Numbers, IPCN, Missouri Botanical Gardens (mobot.mobot.
org/WB3T/Search/ipen/html), supplemented by some
genus-specific treatments] had no significant association
with the magnitude of the genetic distance gap (ANOvA,
F;10=0.0004, P > 0.90; Fig. 5a). In contrast, the incidence
of hybridization was a strong predictor of gap size.
Specifically, genera with published evidence of naturally
occurring hybridization (for the species in our data set),
had significantly less genetic discontinuity than genera
lacking hybridization (aNova, F, ;, = 17.35, P = 0.0019; Fig. 5b).
This association was not confounded by differences in life
history (woody vs. herbaceous), which had no association
with the genetic distance gap (ANova, F 1, = 0.0001, P > 0.90,
not shown).

Paraphyly in plant species may also arise through
incomplete sorting of ancestral polymorphisms (incomplete
lineage sorting or “deep coalescence’: Maddison 1997).
Within any given species, haplotypes will differ in their
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Fig. 5 Mean (+ SE) difference between interspecific and intraspeci-
fic genetic distance for 12 plant genera grouped according to
the incidence of: a) presence of polyploidy, and b) evidence of
hybridization (barcoding data from Fazekas et al. (2008)). The
magnitude of the genetic distance gap was significantly associated
with the incidence of hybridization (aNova, F, ;, = 17.35, P = 0.0019)
but not with polyploidy.

coalescence time (time since their common ancestral
haplotype diverged). Chance sorting events during speciation
mean that haplotypes in one species may be more closely
related to those in sister species than to other haplotypes in
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their own species (i.e. the species is not monophyletic for
the gene under consideration). The probability of retention
of an ancestral polymorphism through a speciation event
depends on the effective population size (~4Ne) of the
parental species (in turn dependent on its demographic
history and mode of inheritance), and the time in genera-
tions, T, between the two most recent speciation events
(Pamilo & Nei 1988). Both larger N, and smaller T lead to an
increased probability of incomplete lineage sorting (mis-
sorting of polymorphisms). As a result, rapidly diverged
species often contain paraphyletic gene trees (i.e. within-
species haplotype diversity that is not consistent with spe-
cies monophyly). If the time since the most recent speciation
is also short (i.e. a young species) or the modern effective
population size large, there is also a greater chance of con-
founding ancestral polymorphisms being retained to the
present day. Ancestral polymorphisms may therefore have
a profound influence on the ability to discriminate species
in barcoding studies, at least in a subset of cases.

There are few methods for reliably distinguishing the
effects of retained ancestral polymorphisms from gene flow.
The isolation-with-migration model (Wakeley 1996; Nielsen
& Wakeley 2001), distinguishes these processes (under
restrictive assumptions) based on the variance in pairwise
nucleotide differences among haplotypes (alleles) (see also
Sang & Zhong 2000). All else being equal, taxa that have
diverged genetically (i.e. gene trees are monophyletic) but
experience occasional gene flow, would be expected to
contain alleles that vary more widely in pairwise distance,
representing haplotypes of the same species and another
species. In contrast, alleles within a species that reflect
retained ancestral polymorphisms should have few
mutational differences and a narrower distribution of
pairwise differences.

Several genera analysed in Fazekas et al. (2008) may bear
the signature of incomplete lineage sorting. Solidago and
Dryopteris both exhibit little or no genetic discontinuity
among species but the values of the variance of this gap
suggests a role for different mechanisms (Fig. 4). Solidago
exhibits a uniformly small number of nucleotide differences
among plastid DNA haplotypes within multiple spe-
cies, reflecting a pattern of rapid successive speciation and
recent divergence relative to coalescence time. In contrast,
haplotype differences observed in Dryopteris (Fazekas et al.
2008) are more distinct and the gene tree supports paraphyly
quite strongly, as might be expected with hybridization.
Without more analyses of this kind, it is difficult to know
whether incomplete lineage sorting is more likely in plants
than animals.

Finally, beyond any biological attributes of plant species
or technical limitations of barcoding, it is conceivable that
past taxonomic practices may have contributed to the
discordance between current taxonomy and genetic dis-
continuities in some plant groups. Incongruence between

the taxonomic circumscription and historical patterns of gene
flow can occur when species limits are either too inclusive
(lumping) or too limited (splitting) (Funk & Omland 2003).
For example, lumping of taxa into single species creates
strong polyphyly, especially when taxa are not sister species.
Incorrect splitting of a single species creates gene trees that
are intermingled among taxa. To a certain extent, plant and
animal taxonomists have adhered to different species con-
cepts. While it may be argued that both disciplines have
been reluctant to relinquish the typological representation
of species (Mayr 1992), it appears that animal taxonomists
have more generally embraced reproductive criteria, includ-
ing the biological species concept, than plant taxonomists.
In practice, species definitions in both cases are usually
based on perceived morphological discontinuities rather
than on measurements of gene flow and reproductive isola-
tion. Nonetheless, operational differences in how species
are defined may have led to delineation of plant taxa that
do not correspond as well to genetic discontinuities.

Conclusion and future prospects

Many biologists have held the view that plant species are
less well defined than vertebrate animals, due to a higher
incidence of attributes such as asexual reproduction,
polyploidy and hybridization (Stebbins 1950). While these
phenomena may indeed be more widespread in plants,
their importance has largely been inferred from case
studies rather than using large-scale comparative analyses.
Based on current barcoding data, it appears that plant
species may be genetically less discrete than animals,
although plant barcoding studies are still relatively limited
in number and scope. We find that well-supported species
monophyly is less common in plants and that the gap
between intra- and interspecific genetic distances is less
pronounced than in animal studies. As a result, discri-
minating plant species using single or multilocus barcodes
from a single linkage group (the plastid genome) is likely
to be a more challenging endeavour. Our main result for
plants is likely to be robust to increased species sampling
(logically, the upper limit to resolution can only decrease
with improved species and population sampling).

Our analysis, albeit restricted in taxonomic breadth,
suggests that species discrimination is not always limited
by inadequate variability at the chosen locus. Rather, plant
species resolution here appears constrained at a maximum
of ~70% over a wide range of variability (parsimony-based
estimates; Fazekas et al. 2008). This analysis is only based
on variation at plastid loci for genera from temperate North
America (N = 32). Nevertheless, it is consistent with values
of discrimination reported from another plant barcoding
study (Kress & Erickson 2007). Species resolution is also
similar to estimates by Rieseberg et al. (2006) of the degree
to which recognized plant species reflect reproductively
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independent lineages (70%). Therefore, it seems unlikely
that adding more plastid DNA sequences would signi-
ficantly improve this situation (although it would be of
interest to test the robustness of this limit to species dis-
crimination using taxa from other geographical regions,
where evolutionary history may differ). Arguably, discrimi-
nation success may be even lower when more sister-species
pairs and populations within species are included (Fazekas
et al. 2008). Nonetheless, at this point, our barcoding data
provide evidence that plant species boundaries are inherently
less well defined than animals.

The difficulty in discriminating among some plant species
in the study of Fazekas et al. (2008) may be related, in part,
to hybridization in the genera examined, as has been
suggested for poorly defined plant species boundaries in
general (Stebbins 1950; Grant 1957). In contrast, Rieseberg
et al. (2006) showed that polyploidy, and not hybridization,
was statistically and negatively related to the degree of
phenetic discontinuity among plant species. This difference
in the importance of hybridization may reflect our smaller
sample size, taxonomic bias or, alternatively, the higher
likelihood of observing effects of gene flow at plastid loci
compared to phenotypic characters. These factors may also
explain why Rieseberg et al. (2006) found no differences in
phenetic discontinuities between plant and animal species.
It will be particularly important to evaluate genetic dis-
continuities among species across a wider range of taxa, and
to test whether differences in hybridization can explain
the observed disparity in genetic discontinuity between
plant and animal species. Hybridization is widely viewed
as being more common among plants; however, robust
estimates of the incidence of hybridization are difficult to
obtain. Some authors suggest that its influence on plant
species delineation has been exaggerated (Mayr 1992;
McDade 1995), or that hybridization in animals may have
been underestimated (Arnold 1997).

What are the future prospects for improving barcoding
success in plants? As mentioned, our results suggest that the
problem may not be resolved simply by adding additional
plastid DNA sequence data. This may certainly improve
discrimination in some taxa — particularly those genera in
which variability was lacking (even with multiple plastid
regions sequenced). Additional sequence variation may
help to resolve these cases or it may not, depending on the
cause(s) of paraphyly. However, based on the asymptotic
relationship in Fig. la, we would predict that the
improvement in resolution would be incremental rather
than transformative.

Other genomic regions such as nuclear encoded DNA
may provide improved species resolution when used in
combination with plastid DNA. Multiple nuclear genes from
different linkage groups may offer some clear advantages.
Synonymous substitution rates of nuclear genes are generally
several times greater than plastid genes, which are three
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times greater than plant mitochondrial genes (Wolfe et al.
1987; Gaut et al. 1996; Hajibabaei et al. 2006¢). Moreover, nuclear
genes can provide a more reliable assessment of hybridiza-
tion than uniparentally inherited plastid DNA (Chase
et al. 2005). However, there are several challenges ahead in
developing nuclear gene barcoding strategies. First, it may be
difficult to find nuclear genes that are not only universally
amplified but are also single copy across a wide range of
plant taxa (e.g. Tank & Sang 2001; Mitchell & Wen 2004).
Second, the effective population size of nuclear genes is
four times higher than plastid DNA, making incomplete
lineage sorting more likely. It may be possible to compensate
for this performance advantage of organellar genes relative
to individual nuclear markers by collecting multiple nuclear
loci (accounting for ancestral polymorphisms; Pamilo &
Nei 1988). However, it is not clear how in practice this
would be implemented in a DNA barcoding context.

The benefits of nuclear DNA barcodes certainly may
exist (see Small et al. 1999) but they could take some time to
develop. In the meantime, one might consider identifying
appropriate nuclear genes specific to each major order/
family of land plants. This approach will likely yield benefits
for taxonomically complex groups that may often lack
sufficient variation at plastid DNA. However, in the longer
term we agree with Chase et al. (2005) and Cowan et al.
(2006) that the best strategy for nuclear genes may be to
target a large number of short regions. Modern platforms
such as pyrosequencing (Pacey-Miller & Henry 2003) allow
many genes to be targeted and sequenced in one reaction
(Margulies et al. 2005). Such high-throughput methods may
facilitate the use of nuclear regions for future DNA barcod-
ing efforts in plants.

This review uses plant barcoding data to explore the
question of how prevalent non-monophyly is in plants and
whether it may be inherently more common than in animals.
In conducting our analyses, it became apparent that
relatively few molecular data sets, outside of barcoding
research, exist for plants in which individuals from multiple
populations from several species within a genus are sampled.
This sampling design falls between typical studies in plant
systematics, which usually consist of many species each
with low (or no) population-level replication, and popula-
tion genetic sampling, which often focuses on one or rarely
a few species with more intensive population sampling.
Funk & Omland (2003) identified a similar problem with
animals and recognized that only by more extensive
population sampling can the hypothesis of species-level
monophyly be adequately tested. In plants, future DNA
barcoding studies with denser species sampling, more inten-
sive geographical sampling of species, and perhaps the use
of nuclear DNA sequences, will help to fill this void. In doing
so, these approaches have the potential to offer powerful
insights into the prevalence of non-monophyly and the
very nature of species boundaries in plants and animals.
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Supporting information

Additional supporting information may be found in the online
version of this article:

Appendix S1 List of genera, number of species and source of data
from which we calculated intra- and interspecific distance (K2P)
(interspecific distance only for congeneric species). We included only
genera with multiple species and species with multiple samples.

Appendix S2 Summary of the mean gap in genetic distance, inci-
dence of polyploidy and hybridization, and dominant life history
(woody; perennial; herbaceous) for 12 genera of land plants. We
used the data to determine the relation between polyploidy,
hybridization or life history and the degree of genetic discontinuity.
We estimated the genetic distance gap from data in Fazekas et al.
(2008) as the difference between the minimum interspecific genetic
distance and maximum intraspecific genetic distance for each species
within a genus, averaged across congeners. N refers to the number
of species per genus; all species were represented by at least three
barcode sequences. We determined the incidence of polyploidy by
estimating the base chromosome number per genus and the ploidy
(number of copies of the base chromosome set) in each species
using the Index to Plant Chromosome Numbers (IPCN; Missouri
Botanical Garden). We considered a genus variable in ploidy if
variation existed either within or between species in our sample.
Incidence of hybridization reflected the evidence of hybridization
in the published literature on the species in our sample. We scored
hybridization as present if any species within a genus was of
confirmed hybrid origin or was known to hybridize with other
congeners.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


