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Summary
1. A major goal of DNA barcoding is to identify species in local ﬂoras and ecological communities.
With the consensus of a two-locus DNA barcode (rbcL+matK) by the Consortium for the Barcode
of Life (CBOL) Plant Working Group (2009), barcoding eﬀorts have begun to focus on building the
barcode library for land plants.
2. Here, we establish a barcoding database for a temperate ﬂora of moderate taxonomic breadth at
the Koﬄer Scientiﬁc Reserve, Ontario, Canada based on the rbcL+matK barcode. We evaluated
the performance of this combination in comparison with three other potential supplementary
regions (the coding region rpoC1 and two non-coding intergenic spacers trnH-psbA and atpF-atpH).
We examined these markers singly and in combination to evaluate their discriminatory power
among 436 species in 269 genera of land plants.
3. Using high-throughput techniques, we recovered a high-quality sequence from at least one
region for 98.2% of the 513 samples screened; 55% had complete coverage across all ﬁve gene
regions. Sequencing success was highest for rbcL (91.4% of samples collected) and lowest for rpoC1
(74.5%). The two coding regions rbcL and matK provided a relatively high number of high-quality
bi-directional sequences compared with the non-coding intergenic spacers, and in combination were
able to correctly identify 93.1% of the species sampled. Marginal increases in species resolution
were obtained with the inclusion of the trnH-psbA intergenic spacer (95.3%), or by using all ﬁve
gene regions combined (97.3%).
4. There was a weak relation between the number of species per genus and identiﬁcation success
rate using rbcL+matK; 100% for monotypic genera (70.5% of the ﬂora) and 83.6% for polytypic
genera. Identiﬁcation success using the rbcL+matK barcode was higher (100%) for gymnosperms,
bryophytes, lycophytes and monilophytes (collectively representing 5% of the ﬂora), compared
with angiosperms (92.7%).
5. Our results indicate that the rbcL+matK barcode can provide an acceptably high rate of species
resolution in the context of this and other local northern temperate ﬂoras. It does so in a cost-eﬀective manner, with relatively modest laboratory eﬀort, and despite the presence of missing data from
individual plastid regions in a subset of samples.
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Introduction
DNA barcoding is an eﬀective method for species identiﬁcation and for documenting animal biodiversity in certain taxonomic groups (Hebert, Ratnasingham, & deWaard 2003;
Hebert et al. 2003; Borisenko, Sones, & Hebert 2009; Janzen
et al. 2009). By assessing DNA sequence variation in a short
standardized region of the mitochondrial cytochrome c oxidase 1 (COI or cox1) gene, numerous initiatives are underway
barcoding the earth’s animal biota at an unprecedented rate
[Barcode of Life Data Systems (http://www.boldsystems.org/
views/login.php); Consortium for the Barcode of Life (CBOL:
http://www.barcoding.si.edu); International Barcode of Life
(iBOL: http://ibol.org/); Ratnasingham & Hebert 2007]. However, this region is ineﬀective for barcoding plants due to generally low nucleotide substitution rates in plant mitochondria
(Chase et al. 2005; Cowan et al. 2006; Taberlet et al. 2006;
Mower et al. 2007; Fazekas et al. 2009). Although the nuclear
ribosomal internal transcribed spacer region (ITS) has been
suggested as a possible plant barcode (e.g. Kress et al. 2005;
Chen et al. 2010), individuals can host numerous paralogous
copies (Buckler, Ippolito, & Holtsford 1997; Álvarez & Wendel 2003; Bailey et al. 2003; King & Roalson 2008) resulting in
multiple barcode haplotypes per individual or inappropriate
homology assignments. Furthermore, while the nuclear genome has been posited as a source of barcoding markers (Chase
et al. 2005), the considerable ﬂuidity of this genome (e.g. Kellogg & Bennetzen 2004; Chase et al. 2005) means that there are
signiﬁcant technical hurdles to identifying appropriate regions.
As a consequence, numerous multigene approaches that use
combinations of variable non-coding and relatively conserved
coding regions of the plastid genome have been proposed (e.g.
Kress et al. 2005; Newmaster, Fazekas, & Ragupathy 2006;
Chase et al. 2007; Fazekas et al. 2008; Kress et al. 2009).
Recently, CBOL has provisionally adopted a two-locus barcode for land plants comprising portions of the rbcL and matK
coding regions (CBOL Plant Working Group: Hollingsworth
et al. 2009). These regions were chosen based on two main
criteria: a high level of recoverability of high-quality sequences
and high levels of species discrimination. The combination
rbcL+matK was adopted as a core barcode, with the recognition that in some circumstances other supplementary regions
will be necessary to provide the desired level of species resolution. With the adoption of this barcode, researchers have
begun to investigate a variety of plant barcoding applications.
DNA barcodes allow the identiﬁcation of species within a
community associated by geography or ecology (Chase et al.
2005; Kress & Erickson 2008). However, most studies to date
have involved an assessment of species resolution within
deﬁned taxonomic groups, highlighting areas of concordance
and discordance with traditional, morphological-based taxonomic approaches (e.g. Sass et al. 2007; Newmaster & Ragupathy 2009; Seberg & Petersen 2009; Starr, Naczi, &
Chouinard 2009). In addition, considerable eﬀort has been
focused on the performance of barcoding regions (and their
combinations) across diverse collections of land plants (e.g.,

Newmaster, Fazekas, & Ragupathy 2006; Kress & Erickson
2007; Fazekas et al. 2008; CBOL Plant Working Group: Hollingsworth et al. 2009), medicinal ﬂoras (Chen et al. 2010) and
mesoamerican and South African biodiversity hotspots
(Lahaye et al. 2008). Species resolution for the rbcL+matK
barcode, in particular, has been shown to plateau around 70%
across a broad sampling of land plants (CBOL Plant Working
Group: Hollingsworth et al. 2009; see also Fazekas et al.
2008).
In a recent review of the potential ecological applications of
DNA barcoding, Valentini, Pompanon, & Taberlet (2008)
highlighted how this approach can be used for biodiversity
assessments of both contemporary and past communities.
Such applications will be greatly enhanced by the development
of localized barcoding libraries for determining the identity of
unknown samples, using algorithms such as blast (Chase et al.
2005; Kress & Erickson 2008). For ecological barcoding applications, the plateau of 70% species resolution found in several studies (e.g. Fazekas et al. 2008; CBOL Plant Working
Group: Hollingsworth et al. 2009) may often be a conservative
estimate; species resolution may be higher in a geographically
restricted context because of the reduced number of closely
related species occurring within a given locale. Indeed, this was
demonstrated by Kress et al. (2009) who reported that the
rbcL+matK barcode correctly identiﬁed 92% of all woody
species in a 50 ha tropical forest plot in Panama. This value
increased to 98% with the inclusion of the supplementary
trnH-psbA region. Although they did not test this three-region
combination, Gonzalez et al. (2009) reported species resolution to be much lower (<50%) for the rbcL+matK combination in a study of tropical tree species from a 2 ha plot in
French Guiana. This ﬁnding was largely due to the presence in
their sample of species-rich genera with low sequence variation
for the plastid genome. The expected rate of species resolution
with the rbcL+matK barcode in temperate ﬂoras of similar
spatial scales is not known.
Here, we establish a plant DNA barcode database for the
Koﬄer Scientiﬁc Reserve (KSR), a 350 ha ﬁeld station
administered by the University of Toronto, Ontario, Canada,
for use in ecological applications at the site and more generally for south-central Ontario, Canada. We also evaluate the
eﬃcacy of the rbcL+matK barcode in comparison with other
proposed coding (rpoC1) and non-coding regions (trnH-psbA
and atpF-atpH) for species discrimination in this local temperate ﬂora. We use these markers singly and in combination to
evaluate sequence recoverability, species identiﬁcation success
and cost-eﬀectiveness when applied to a sample of 436 species
distributed among 269 genera of land plants. Speciﬁcally, we
focus our analyses on: (i) individual plastid regions; (ii)
rbcL+matK; (iii) this two-locus barcode combination plus a
non-coding region (trnH-psbA) previously identiﬁed as a
potential supplementary region (CBOL Plant Working
Group: Hollingsworth et al. 2009); and (iv) the combination
of this three-locus barcode plus two other previously identiﬁed candidate regions: rpoC1 and atpF-atpH (e.g. Fazekas
et al. 2008).
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Materials and methods
SAMPLING

During the summers of 2006–2008, we sampled 436 plant species
comprising 513 samples from the KSR at Jokers Hill near Newmarket, southern Ontario, Canada (44 03¢ N, 79 29¢ E; Table S1).
Our sampling represents 70% of the approximately 628 taxa on the
vascular plant species list created for this site (http://ksr.utoronto.ca/
Plants). This list includes species for which only a single record is
known and in many cases these species have not been recollected. The
taxa sampled here include a number of taxonomically complex
groups that present considerable challenges for routine morphological identiﬁcation because of hybridization, polyploidy and ⁄ or agamospermy (see Fazekas et al. 2008, 2009). Sixty-two (12%) of the
samples were from a previously published barcoding study collected
during the same time period (Fazekas et al. 2008). Seventy-ﬁve replicate samples were included in our analysis. All specimens were
mounted on herbarium sheets, photographed and stored at the University of Guelph Herbarium as barcode vouchers with duplicates
held at the Royal Ontario Museum, Toronto, Canada. For each specimen, we also sampled 3–5 cm2 of leaf tissue and stored this in silica
gel for subsequent DNA isolation.

DNA ISOLATION, AMPLIFICATION AND SEQUENCING

We isolated DNA, ampliﬁed speciﬁc regions and sequenced amplicons for each of 513 samples using modiﬁed protocols from the Canadian Centre for DNA Barcoding (CCDB) (http://www.ccdb.ca/pa/
ge/research/protocols/). Speciﬁcally, we isolated total genomic DNA
from approximately 10 mg of dried leaf material using a semi-automated, membrane-based protocol (Ivanova, Fazekas, & Hebert
2008). We then ampliﬁed DNA for three coding (rbcL, matK and
rpoC1) and two non-coding plastid regions (trnH-psbA and atpFatpH) using primers with broad taxonomic versatility (Table S2). We
ampliﬁed DNA in 12.5 lL reaction mixtures containing 0.06 lL of
Taq polymerase (5 U lL)1), 1.25 lL of 10· buﬀer, 0.625 lL
of 50 mM MgCl2, 0.0625 lL of 10 mM dNTPs, 0.125 lL of 10 lM
of each primer, 6.25 lL of 10% trehalose, 2 lL of ddH2O and 2 lL
template DNA. Ampliﬁcation of each gene region was performed
using the following protocol: initial denaturation at 95 C for 1 min,
35 cycles of 95 C for 30 s, annealing at 55 C for 40 s and extension
at 72 C for 1 min, followed by a ﬁnal extension at 72 C for 10 min
and ﬁnal hold at 4 C. We sequenced ampliﬁcation products directly
on both strands with the primers used for ampliﬁcation in sequencing
reactions containing 0.25 lL of BigDye terminator mix v3.1, 1.875
lL of 5· sequencing buﬀer (400 mM Tris-HCl pH 9.0 + 10 mM
MgCl2), 5 lL of 10% trehalose, 1 lL of 10 lM primer, 0.875 lL of
ddH2O and 0.5–1.2 lL of PCR product. Sequencing reactions were
performed using the following conditions: initial denaturation at
96 C for 2 min, 30 cycles of 96 C for 30 s, annealing at 55 C for
15 s and extension at 60 C for 4 min followed by a ﬁnal hold at 4 C.
We obtained bidirectional sequence reads from most PCR products,
but in some cases either the forward or reverse sequencing reaction
consistently failed, or only a partial sequence was recovered, frequently due to homopolymer runs in non-coding gene regions. For
these samples, a minimum of two-fold coverage was obtained by
repeating the sequencing reactions in the direction that was initially
successful (see methods in Fazekas et al. 2008). For matK in particular, PCR and sequencing success were low (60%) using the single
primer set 3F_KIM, 1R_KIM (Table S2). To increase the taxonomic
coverage for matK, we employed a second set of primers, 390F,

1326R, for use on samples that failed with the ﬁrst set (Table S2).
Using this primer set, we were able to obtain matK sequences for
approximately 20% more samples.

ANALYSIS

We assembled and base-called sequences using Sequencher 4.5 (Gene
Codes Corp, Ann Arbor, MI http://www.genecodes.com/). To determine percentage species resolution ⁄ gene region, we ﬁrst created a
local sequence database in Geneious Pro 4.8.5 (Drummond et al.
2009) based on the 504 samples for which we obtained a sequence for
at least one of the ﬁve gene regions. To determine species assignment
for each sample, we then conducted an all-to-all blast analysis for
short nearly exact searches using BLASTN (v. 2.2.22 as a plugin in
Geneious Pro 4.8.5): all sequences served as both database and query
but were queried individually to the database. Query sequences
having 100% identical sites to sequences in the database were counted
as correct assignments compared with all other sequences in the
database. This analysis was also conducted for a subset of taxa (282
samples, representing 256 species) in which we had complete sequence
coverage for all ﬁve gene regions. For both analyses, if no identical
match was found for a species other than itself, we considered it as
having a unique sequence; the species was then scored as 100%
resolved using that particular gene region. We then calculated percentage species resolution for a given gene region as the percent of
species that had unique sequences for each respective gene region in
the database. To assess the eﬀect of multiple gene-region combinations on species resolution, we calculated species resolution as a
cumulative percentage for each combination of gene regions. This
enabled us to address the extent to which species resolution (identiﬁcation) in our local context may increase with the addition of one or
more gene regions.
We used contingency analyses to further evaluate the performance
of the rbcL+matK barcode among major taxonomic groups (speciﬁcally, non-angiosperms vs. angiosperms) and mono- vs. polytypicgenera. Angiosperms are by far the most species-rich group of land
plants and the clade as a whole originated relatively recently, which
may lead to diﬀerences in ability to discriminate among close relatives
compared with other land plants. In addition, a species of a monotypic genus may be expected to be more distinctive than species
belonging to a polytypic genus if their morphological distinctiveness
parallels their genetic divergence. A nominal logistic regression was
used to evaluate the relation between the number of correctly
assigned species and the number of species ⁄ genus locally as a possible
source of variation for identiﬁcation success within genera. All statistical analyses were performed using JMP statistical software, version 5.0 (SAS Institute, 2002).

Results
RECOVERY OF SEQUENCES

In total, we obtained 2130 sequences from 436 plant species,
representing 269 genera and 90 families (Fig. 1). We recovered
one sequence for at least one of the ﬁve gene regions in 504
(98.2%) samples; only nine samples failed across all ﬁve gene
regions (Tables S1 and S3). Sequence recovery was highest for
rbcL (91.4% samples) and lowest for rpoC1 (74.5% samples)
(Fig. 1). Of the 513 samples that were initially screened, we
were unable to obtain high-quality sequences for 22 samples
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Fig. 1. Sequence recovery for ﬁve plastid regions from 436 species
(513 samples) representing 269 genera and 90 families collected from
a local ﬂora in southern Ontario, Canada. In total, 2130 sequences
were recovered (504 samples) but only a subset [282 samples (1410
sequences)] provided sequences for all ﬁve plastid gene regions.

(4.3%) for both regions of the rbcL+matK combination.
Fourteen samples (2.7%) were missing all regions of the threelocus combination, rbcL+matK+trnH-psbA. We obtained
complete coverage for all ﬁve gene regions for 55% of the samples collected, representing 58.6% of the species and 62.8% of
the genera within the ﬂora (Fig. 1; Tables S1 and S3).

50
rbcL

matK

rbcL+matK

rbcL+matK+
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All five gene
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Fig. 2. Percent species resolution for single and multigene regions
based on an all-to-all blast analysis of all 504 samples, as well as a
subset of samples (282) having complete sequence coverage for all ﬁve
gene regions, collected from a local ﬂora in southern Ontario,
Canada. Because of diﬀerential recovery of sequences across regions,
the taxonomic complement for each gene region diﬀered slightly
among regions and combinations of the subsets.

For the 504 samples for which we obtained at least one
sequence, percent species resolution (expressed relative to the
number of species that ampliﬁed for each plastid region) ranged from 88.8% (matK) to 73.1% (rpoC1) with atpF-atpH,
rbcL and trnH-psbA having intermediate values of 82.4%,
79.8% and 79.3%, respectively. Because each of the values for
the respective gene regions are based on diﬀerent subsamples,
we reduced the data set to the 282 samples that had complete
coverage for all ﬁve gene regions so that direct comparisons of
species resolution among gene regions could be made. For this
reduced data set, similar patterns were observed: matK provided the highest species resolution (88.3%) and rpoC1 the
lowest (72.7%); atpF-atpH (87.9%), rbcL (79.7%) and trnHpsbA (81.3%) gave intermediate values for species resolution.
Thus, percentage species resolution was marginally higher for
two of the ﬁve gene regions for the subset of taxa (282 samples)
compared with the data set of 504 samples in which gene region
coverage was incomplete; the increase in species resolution ranged from 2% (trnH-psbA) to 5.5% (atpF-atpH).

levels of species resolution were found, with results ranging
from 91.4% for the rbcL+matK barcode to 95.3% for the
ﬁve-locus combination (Fig. 2). Overall percentage species resolution was slightly lower for the reduced data set compared
with that for the complete sample; rbcL+matK species resolution decreased by 1.7% whereas it decreased by 2.3% and
2.0% for the three- and ﬁve-gene region combinations, respectively (Fig. 2). This was a function of the particular suite of
species included in the reduced set; in particular, the proportion of monotypic genera was slightly lower than for the complete set of samples.
The number of species that were resolved by the
rbcL+matK barcode in our entire sample of the KSR ﬂora
was signiﬁcantly lower for angiosperms (92.7%) compared
with other land plants (100%; v2 = 4.53, P < 0.05), which
only comprised 5% of our sample (Tables S1 and S3). Identiﬁcation success was signiﬁcantly lower in genera that had
more than one species (e.g. 83.6% using the rbcL+matK barcode) compared with monotypic genera (100%; v2 = 53.7,
P < 0.001). There was only a weak overall relation between
the number of species per genus and the number of correctly
assigned species (v2 = 77.7, d.f. = 8, P < 0.001; R2 = 0.27).
Using the rbcL+matK barcode, percent species resolution
for polytypic genera with at least some species unresolved
ranged from 0% to 92% (Fig. 3).

SPECIES RESOLUTION: MULTI-REGION ANALYSIS

Discussion

The rbcL+matK barcode identiﬁed 93.1% of the taxa we sampled from the local ﬂora (all samples, Fig. 2). The addition of a
non-coding region to this barcode increased resolution by
2.2% (to 95.3% for rbcL+matK+trnH-psbA; Fig. 2) and the
addition of all ﬁve gene regions resulted in 97.3% species resolution. When we reduced the data set to include only those
samples that had sequences for all ﬁve gene regions, similar

Our study represents one of the ﬁrst attempts to barcode a
local ﬂora in the temperate zone. Our results, based on ﬁve barcoding regions used singly and in combination, provide
answers to several practical questions associated with the
establishment of a barcode database for local ecological applications: (i) what proportion of samples provide high-quality
barcodes in a typical survey of a local ﬂora (recoverability);

SPECIES RESOLUTION: SINGLE-REGION ANALYSIS
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Fig. 3. Percent species resolution for polytypic genera (number of
species in brackets) that were not fully resolved using the rbcL+matK
barcode based on a survey of 269 genera at the Koﬄer Scientiﬁc
Reserve, southern Ontario, Canada.

(ii) what is the level of error in species identiﬁcation when
an unknown sample is compared with a database in which
at least some samples lack complete gene region coverage (percent species resolution), and (iii) what is the most cost-eﬀective
way to use barcoding for local ﬂoristic surveys: one, two or several regions? (cost-eﬀectiveness). We address each of these
points below.

SEQUENCE RECOVERY

We were able to recover 2130 sequences across the ﬁve gene
regions screened in this study. Sequence failures across samples
and regions were quite low (2%) and were apparently randomly distributed among taxa (Fig 1; Table S1). We therefore
were able to obtain at least one sequence for at least one of ﬁve
regions in 98% of the samples in our study. Only 22 (4.3%)
of the samples failed for both rbcL+matK and only 14 samples
(2.7%) failed for the three-locus combination, rbcL+
matK+trnH-psbA. Our recovery rate of 97.3% for at least one
of the regions for this combination is very similar to the 98%
value obtained by Kress et al. (2009). Furthermore, in a much
broader taxonomic survey, the CBOL Plant Working Group:
Hollingsworth et al. (2009) also found similar recovery rates
for angiosperms using the same three gene regions (90-98%),
although they obtained reduced values for non-angiosperm
plant taxa (<50%), largely due to a lack of suitable primers.
Although we did not identify the source of sequencing failures
in our high-throughput workﬂow, the relatively high recovery
rates we obtained across a broad range of taxa demonstrate
that when barcoding a local ﬂora only a small number of samples may fail to produce high-quality contigs. These failures
appear to arise because some specimens produce poor quality
DNA using high-throughput isolation techniques, although
we cannot rule out the possibility that primer matching may
also have been incomplete, particularly for matK.
Our recovery rate of 95.7% for samples having either component of the rbcL+matK barcode is comparable with previous results for a tropical angiosperm woody ﬂora sampled on a
similar spatial scale (94%, Kress et al. 2009). However, when

compared with the rate of the least successfully recovered
marker (matK in both cases), our recovery rate is signiﬁcantly
higher (80.5%) compared with the tropical study (69%). Overall, our higher recovery rates across a modest taxonomic
assemblage of taxa are likely due to the speciﬁc subsamples
examined, our use of multiple primers for matK (two sets,
Table S2), and increased eﬀort (multiple runs) to obtain twofold sequence coverage, compared with previous studies.
Given that the matK primers used in our study have relatively
broad taxonomic coverage, it is reasonable to suggest that the
rbcL+matK barcode can provide recovery rates approaching
95% for a local ﬂora with relatively modest eﬀort using twopass runs and alternative primer pairs for matK, although there
is still substantial room for improvement in obtaining highquality sequences for this particular gene region (see Dunning
& Savolainen 2010).

RESOLUTION

We compared identiﬁcation success (species resolution) with
two data sets: one comprising samples with a high-quality
sequence for at least one of the ﬁve regions screened (504 samples), and a reduced data set with sequences for all ﬁve regions
(N = 282 samples) (Tables S1 and S3). We made the latter
comparison because our ability to recover sequences for all ﬁve
gene regions for every species in our total sample was quite low
(55%: Fig. 1), and this permitted direct comparisons of genomic regions using an identical taxonomic complement. For
example, based on the entire sample the 79.8% of species that
were resolved using rbcL is not the same subset of species that
were resolved using matK. However, the percent species resolution in the reduced data set (Subset, Fig. 2), where there are no
missing cells, is only marginally diﬀerent from that of the entire
ﬂora for both rbcL and matK (79.7% and 88.3%, respectively).
This indicates that our estimate for the complete data set (504
samples) is likely an accurate estimate of species identiﬁcation
success for each of these gene regions. Indeed, the results we
obtained for the complete data set are similar to previous ﬁndings for a local ﬂora in both scope and magnitude [rbcL: 75%,
matK: 99% (Kress et al. 2009)], although substantially lower
values have been reported for Amazonian trees sampled at a
much smaller spatial scale [rbcL: 65%, matK: 63% (Gonzalez
et al. 2009)], or in studies with broader taxonomic and geographic coverage [rbcL: 61%, matK: 66% (CBOL Plant Working Group: Hollingsworth et al. 2009)].
The ability of the combined rbcL+matK barcode to identify
species in our local ﬂora (93%) matched that found for a
local tropical angiosperm ﬂora (92%, Kress et al. 2009) and
exceeded that of a broader taxonomic survey where only 72%
of species surveyed were successfully discriminated (CBOL
Plant Working Group: Hollingsworth et al. 2009). Although
we found that identiﬁcation success was higher in non-angiosperms (100%) compared with that for angiosperms (92.7%),
probably because non-angiosperm taxa are more phylogenetically isolated, angiosperms represented 95% of our sample.
These results are encouraging and suggest that high rates of
species resolution may be expected in a localized ﬂora typiﬁed
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by a high proportion of diverse monotypic genera (Table S3;
Kress et al. 2009; although see Gonzalez et al. 2009). For our
study, species identiﬁcation was 100% for monotypic genera,
which comprise 70.5% of the genera sampled. Furthermore,
species resolution for the rbcL+matK barcode was higher than
that obtained for each region separately for both the entire
sample, where there are missing cells in the data set (93.1%),
and the reduced data set where we had complete sequence coverage for all samples (91.4%). Collectively, our results indicate
that substantial eﬀort (and resources) to obtain complete coverage for every sample may not be necessary when establishing
and querying a barcoding database for many ecological and
ﬂoristic applications on a local scale.
Identiﬁcation success of species in monotypic genera
(100%) was signiﬁcantly higher than that within polytypic genera (83.6%) using the rbcL+matK barcode. This result can be
explained because species of monotypic genera would be
expected to be more distinctive at both morphological and
phylogenetic levels. However, this relation was quite weak;
only 13% of polytypic genera contained species that were not
fully resolved using the rbcL+matK barcode (Fig. 3). A closer
look at the unresolved genera in our study revealed that they
were taxa that are likely to have had a recent history of hybridization and ⁄ or polyploidy, which may be contributing an
important source of variation to the resolution rates among
these taxa (e.g. Symphyotrichum, Solidago; see Fazekas et al.
2008, 2009; Fig. 3). The relatively high incidence of paraphyly
for these groups may also be due to coalescence failure of the
plastid genome, or a simple lack of variation associated with
rapid or recent radiations (Fazekas et al. 2008, 2009). Similar
results may be expected in other barcoding applications for
local ﬂoras typiﬁed by a high proportion of monotypic genera.

COST-EFFECTIVENESS

The inclusion of a third gene region – the trnH-psbA intergenic
spacer – as a candidate plant DNA barcode has been thoroughly discussed elsewhere (see Kress et al. 2005, 2009; Kress
& Erickson 2007; CBOL Plant Working Group: Hollingsworth et al. 2009). Interest in this region is due, in large part, to
historical precedence, but also the greater resolution provided
by this region over rbcL and matK in some groups, and the
availability of primers that have wide taxonomic applicability
(although the region has several potential disadvantages, see
CBOL Plant Working Group: Hollingsworth et al. 2009). In
our study, the rbcL+matK+trnH-psbA barcode increased
species resolution from 93.1% (rbcL+matK) to 95.3%
(Fig 2). Kress et al. (2009) reported a somewhat larger
improvement (6% increase) in species discrimination using this
three-locus barcode compared with rbcL+matK alone for a
tropical plot. By contrast, in a broader taxonomic survey the
increase in species resolution was only marginal (1%; CBOL
Plant Working Group: Hollingsworth et al. 2009). Several
practical issues, for example, failure to obtain full length
bi-directional reads due to homopolymer runs in many
samples, limited our ability to obtain high-quality trnH-psbA
sequences (also found by CBOL Plant Working Group:

Hollingsworth et al. 2009; although see Fazekas et al. 2010 for
a possible solution). In addition, because non-coding regions
do not align well across major taxonomic groups, and thus
may be diﬃcult to apply to additional phylogenetic or taxonomic analyses (CBOL Plant Working Group: Hollingsworth
et al. 2009; although see Kress & Erickson 2007, 2008; Kress
et al. 2009), the addition of non-coding regions to the
rbcL+matK barcode may not be worth the cost ⁄ eﬀort
involved to obtain sequences, at least for temperate local ﬂoras
with modest diversity.
The inclusion of all ﬁve gene regions in our local barcoding
database provided only marginal returns for increased percentage species resolution compared with that obtained with the
two-locus, rbcL+matK barcode (an increase of 2%, Fig. 2). In
empirical tests of the utility of ﬁve coding and three non-coding
plastid gene regions (and their combinations) in a larger regional context (ﬂora of Ontario), Fazekas et al. (2008) reported
that species resolution reached a plateau at 70% with little
diﬀerence in cost ⁄ eﬀort among the various combinations.
Although these authors had a targeted over-representation of
taxonomically complex groups in their sample, which likely
contributed to lower values for species resolution within the
same geographic region compared with those reported here,
the plateau in performance of their diﬀerent multilocus barcode combinations suggests that plant species resolution may
have a fundamental upper limit in local ﬂoras (Fazekas et al.
2008, 2009; CBOL Plant Working Group: Hollingsworth et al.
2009). Our results also highlight the disparity between increasing resolution for a data set with missing cells (where we
obtained 97.3% species resolution) vs. only marginal increases
in actual sample resolution (to 95.3%) where gene coverage
was 100% in our local ﬂora (Fig. 2). Given such diminishing
returns for increases in species resolution, the recovery and discriminatory success of the rbcL+matK barcode is encouraging
and highlights the importance of expending a modest amount
of eﬀort in trying out alternative primer sets for matK.
In conclusion, our results provide answers to several key
questions on the expected rates of sequence recovery and species resolution for recently proposed multigene barcodes, and
their cost-eﬀectiveness in local barcoding applications in which
complete coverage may be diﬃcult to achieve. In particular,
the generic methods and results described in this study directly
inform researchers interested in conducting biodiversity surveys of local temperate ﬂoras. Our study demonstrates that for
building barcoding databases for local ﬂoras in-depth sampling of multiple collections per species may not be as necessary, compared with that required for larger scale ﬂoras in
which geographical variation and a higher proportion of taxonomically complex groups are likely to occur. Furthermore,
high rates of species resolution for the rbcL+matK barcode
may be expected for local temperate ﬂoras of modest
taxonomic breadth, thus assisting in the rapid assessment of
biodiversity.
Establishing a local barcode data base will be valuable for a
broad range of potential ecological applications, including the
building of community phylogenies (Kress et al. 2009), palaeoecological investigations of past ecosystems (Valentini,
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Pompanon, & Taberlet 2008), describing insect host-plant
associations (Matheson et al. 2008; Jurado-Rivera et al.
2009; Navarro et al. 2010) or analysing the diets of mammals and birds (Bradley et al. 2007; Valentini et al. 2009).
In our case, we have used the barcode data base developed
in this study to identify root fragments in old-ﬁeld plots to
compare patterns of below- and above-ground plant diversity (Kesanakurti et al. 2011). These types of applications of
barcoding data bases are likely to provide novel insights
into plant and animal community structure and facilitate
future hypothesis testing in ecology and evolution.

Acknowledgements
We thank Peter M Kotanen, Ann Zimmerman and Art Weis and staﬀ at the
Koﬄer Scientiﬁc Reserve at Jokers Hill for allowing us to collect samples and
the Canadian Centre for DNA Barcoding at the Biodiversity Institute of
Ontario and the University of Guelph Genomics Facility for DNA extraction,
PCR and sequencing support. We also thank Annabel Por, John Gerrath and
Carole Ann Lacroix who helped with collections and identiﬁcations, and the
staﬀ of the University of Guelph Herbarium (OAC) who provided help with
collection and specimen preparation. This research was funded by a grant from
Genome Canada through the Ontario Genomics Institute to the Canadian
Barcode of Life Network.

References
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