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DNA barcoding is a technique in which species identification is
performed by using DNA sequences from a small fragment of the
genome, with the aim of contributing to a wide range of ecological
and conservation studies in which traditional taxonomic identifi-
cation is not practical. DNA barcoding is well established in ani-
mals, but there is not yet any universally accepted barcode for
plants. Here, we undertook intensive field collections in two
biodiversity hotspots (Mesoamerica and southern Africa). Using
>1,600 samples, we compared eight potential barcodes. Going
beyond previous plant studies, we assessed to what extent a “DNA
barcoding gap” is present between intra- and interspecific varia-
tions, using multiple accessions per species. Given its adequate rate
of variation, easy amplification, and alignment, we identified a
portion of the plastid matK gene as a universal DNA barcode for
flowering plants. Critically, we further demonstrate the applica-
bility of DNA barcoding for biodiversity inventories. In addition,
analyzing >1,000 species of Mesoamerican orchids, DNA barcoding
with matK alone reveals cryptic species and proves useful in
identifying species listed in Convention on International Trade of
Endangered Species (CITES) appendixes.
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NA barcoding is a diagnostic technique for species identifica-

tion, using a short, standardized DNA region, i.e., the “DNA
barcode” (www.barcoding.si.edu). It is, however, challenging to find
a suitable genomic region for DNA barcoding a wide range of taxa.
Indeed, for DNA barcoding to work, sequence variation must be
high enough between species so that they can be discriminated from
one another; however, it must be low enough within species that a
clear threshold between intra- and interspecific genetic variations
can be defined. Although the use of DNA barcoding for identifi-
cation and taxonomy has been controversial (1, 2), a growing
scientific community has embraced DNA barcoding as a practical
tool for biodiversity studies, for example to facilitate inventories of
very diverse but taxonomically poorly known regions (3—6). DNA
barcoding, using the mitochondrial cox! gene (COI) (7-10), is now
well established for animals, but the quest for a universal DNA
barcode in plants is still disputed (11, 12).

Kress et al. (13) proposed originally that the srnH-psbA plastid
region would be a suitable universal barcode for land plants.
Concurrently, the newly established “plant working group” from
the consortium for the barcoding of life tested a series of other
genomic regions at first disregarding #rnH-psbA because of its
complex molecular evolution (14). It was also proposed that,
because the plastid genome is evolving so slowly relative to other
genomes, more than one barcode may be necessary to provide
enough variation for this technique to work (15-17). However,
several competing proposals have so far been put forward, which
need thorough evaluations. Kress and Erickson (16) proposed to
combine the original #rnH-psbA barcode from Kress et al. (13) with
rbeL, following analyses from Newmaster et al. (17). By contrast,
Chase et al. (15) proposed either to combine rpocl, rpoB, and matK
or rpocl, matK, and trnH-psbA, whereas Taberlet et al. (18) sug-
gested the #rnl intron as a suitable plant barcode. Furthermore,
tests of potential DNA barcodes have been based on a taxonomic
coverage approach, necessarily encompassing just a few represen-
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tatives from a wide range of distantly related groups of land plants
(13, 15-17). However, the critical test of evaluating the applicability
of DNA barcoding for biodiversity inventories in species-rich
geographic areas has been lacking.

Here, we focus on two biodiversity hotspots (19, 20), Me-
soamerica and Maputaland—Pondoland-Albany in southern Africa,
in which we analyze >1,600 plant specimens. We test eight potential
DNA barcodes, six of which were made publicly available at the
plant working group’s website [www.kew.org/barcoding (15)],
whereas a further two were proposed by Kress and Erickson (16).
Our study sites have been chosen for their exceptional plant
diversity and contrasting habitats. Costa Rica comprises tropical
forests and has one of the richest orchid floras in the world.
Although there is a well developed network of protected areas in
Costa Rica, the orchid flora remains under constant threat from
deforestation and illegal trade. Orchids are also well known to be
difficult to identify, particularly when they are sterile, which makes
them an ideal model group in which to test DNA barcoding
techniques. In southern Africa, we have undertaken our study in the
Kruger National Park (KNP), one of the largest protected areas in
the world. The KNP is renowned for its large game animals but less
for its flora, which is under continuous pressure from mega-
herbivores. Home to ~600 species of trees and shrubs (21), the KNP
area has the highest tree diversity of any of the world’s temperate
regions.

During 2005-2007, we conducted extensive fieldwork to collect
samples for this study. We used several metrics to evaluate the
various potential barcoding regions. Intra- and interspecific genetic
divergences were assessed by using pairwise calculations (22).
Statistical tests were used to compare divergences. Phylogenetic
analyses were performed to look for species monophyly. Genetic
clustering algorithms (23, 24) were applied to test whether the
coalescent process in a given barcode matched species delimitation.

Results and Discussion

PCRs were generally successful with all potential barcodes, except
ndhJ and ycf5, which did not amplify efficiently in orchids. It is
known that rbcL is not variable enough in orchids (25), so we did
not sequence this gene in this group. The rbcL and trnH-psbA
regions did not amplify in the achlorophyllous Hydnora johanis but
amplified in other parasitic plants. A portion of the matK exon
amplified easily by using primers 390F and 1326R from Cuénoud
et al. (26). Alignment of sequences was straightforward, except for
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trnH-psbA that required the addition of several gaps. In orchids and
amaryllids, we also found that #rnH-psbA hosts a well conserved
exon, which corresponds to an extra copy of the rps/9 gene (14).

We assessed genetic divergences within and between species,
using various metrics (22). We comment here on calculations, using
the best-fit models for each barcode (Table 1). For comparison
purposes with other studies, we also provide as SI the results based
on other distances [supporting information (SI) Tables 6 and 7]. A
suitable barcode must exhibit high interspecific but low intraspecific
divergence. Here, the highest interspecific divergence is provided by
trnH-psbA (KNP and combined datasets; Table 1). The next most
variable barcode at interspecific level is matK for all datasets. Three
different metrics were used to characterize intraspecific divergence:
(i) average of all pairwise distances between all individuals sampled
within those species that had at least two representatives; (i) “mean
theta,” with theta being the average pairwise distances calculated
for each species that have more than one representative, thereby
eliminating biases associated with uneven sampling among taxa;
and (iif) average coalescent depth, i.e., the maximum distance from
tips of a node linking all sampled extend members of a species,
“book-ending” intraspecific variability (see also SI Table 8). The
results from these calculations of intraspecific differences do not
show a clear pattern. In orchids, the barcodes exhibiting the lowest
intraspecific divergence are rpoCI (average mean divergence),
accD/matK (mean theta) and matK (coalescent depth). In the KNP,
the lowest intraspecific divergence is provided by ndhJ with all three
metrics. Wilcoxon signed rank tests on combined data show that
trnH-psbA is the most variable barcode at interspecific level,
followed by matK (Table 2). At intraspecific level, Wilcoxon signed
rank tests show rpoCI and accD having the lowest level of diver-
gence, whereas the highest is provided by #rnH-psbA (Table 3).
Based on these results alone, it is difficult to decide on which
barcode is the most suited for plants.

Ideally, barcodes must exhibit a “barcoding gap” between inter-
versus intraspecific divergences (22). To evaluate whether such a
gap is present, we looked at the distribution of divergences in classes
of 0.001 distance units (Fig. 1). Median and Wilcoxon two-sample
tests were significant in each case, i.e., the distribution and mean of
intraspecific differences were lower than that of interspecific diver-
gences, with the highest significances found for matK (Wilcoxon
two-sample test, P < 0.0001), followed by #rnH-psbA (Wilcoxon
two-samples test, P < 0.0001; SI Table 9). We did not find, however,
any large barcoding gap typical of cox! in animals (22), although
with matK in the Mesoamerican orchids matrix the distributions of
intra- versus interspecific divergence are relatively well separated
(Fig. 11).

We evaluated for each barcode whether species are recovered as
monophyletic, using phylogenetic techniques and bootstrap resa-
mpling. We compared the performance of potential barcodes in
recovering species as monophyletic, using maximum parsimony
(MP), likelihood, Bayesian, and distance methods. The #rnH-psbA
and matK barcodes both recovered the highest value of species
monophyly [highest score with unweighted pair group method with
arithmetic mean (UPGMA), 90.9%; Table 4]. These two barcodes
also recovered the highest percentage of species monophyly with
other tree building techniques than UPGMA but with lower
percentages (Table 4). When we combined trnH-psbA with matK,
the percentage of species monophyly did not increase notably,
except with MP (+7%). Similarly when all barcodes were com-
bined, the percentage of monophyly did not show much increase
(93.1% recovered). Combining all potential barcodes did not
provide 100% of species monophyly, and for example Faurea
(Proteaceae), Ficus glumosa, and Ficus abutilifolia (Moraceae) were
always polyphyletic, and the multiple accessions of the palm Hy-
phaene coriacea and orchid Prosthechea radiata did not cluster as
single species.

Finally, we used coalescence analyses to compare the branching
patterns along trees and identify distinct genetic clusters (24). The
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Table 1. Measures of inter- and intraspecific divergences for eight potential barcodes sampled in Costa Rica and in the KNP of South Africa

Potential Barcode

rpoB ndhJ accD rpocl

rbcl

matK ycf5

Mean trnH-psbA

Dataset

0.0019 *+ 0.0033
0.0002 = 0.0009
0.0001 = 0.0005
0.0002 + 0.0008

0.0033 = 0.0037
0.0005 = 0.0017
0.0004 + 0.0013
0.0008 *= 0.0025

0.0029 *+ 0.004

0.0061 = 0.006
0.0007 =+ 0.0021

0.0082 * 0.0066
0.0005 = 0.001

0.0104 = 0.0092
0.0002 *+ 0.001

0.013 = 0.0126

0.0016 = 0.0057
0.0012 = 0.0012
0.0017 = 0.0017
0.0079 *+ 0.0086
0.0016 = 0.0022
0.001 * 0.001
0.0015 = 0.0015
0.0121 = 0.0121
0.0016 = 0.0042
0.001 = 0.001
0.0014 = 0.0014

0.0271 + 0.0258
0.0012 + 0.0021
0.0015 + 0.0033
0.0024 + 0.0049
0.0082 + 0.0069
0.0033 = 0.0034
0.0024 + 0.0025
0.0034 + 0.0037
0.0236 + 0.0246
0.0023 + 0.0031
0.0018 = 0.0031
0.0027 =+ 0.0046

All interspecific distances

KNP

0
0.00003 =+ 0.0001

All intraspecific distances

Theta

0.0003 = 0.0006 0.0004 =+ 0.0013

0.0004 *+ 0.001

0.0005 + 0.0017
0.0009 *+ 0.0027

0.00009 =+ 0.0005

0.0007 *+ 0.002

Coalescent depth
Costa Rican  All interspecific distances

0.0071 = 0.0069 0.0022 = 0.003

0.0163 = 0.0211
0.0077 = 0.0146
0.0132 + 0.0138

0.0174 = 0.02

0.0067 = 0.0086
0.0038 + 0.0096
0.0067 + 0.0133
0.0081 + 0.0146
0.0062 = 0.0065
0.0023 + 0.0071

0.0014 = 0.002

0.001 = 0.0019 0.0015 + 0.0018

0.0017 + 0.0038
0.0018 *+ 0.0035
0.0039 + 0.0047
0.0012 + 0.003

All intraspecific distances

Theta

0.0021 = 0.0027

Coalescent depth

0.002 + 0.0033
0.0008 = 0.0017
0.0005 = 0.0012
0.0007 = 0.0017

0.0046 = 0.0095
0.0037 = 0.0107

0.0082 = 0.0066
0.0005 *+ 0.001

0.0104 = 0.0092
0.0002 = 0.001

All interspecific distances

Combined

All intraspecific distances

Theta

0.003 = 0.0084 0.0006 + 0.0015

0.0039 = 0.0116

0.0021 = 0.0074
0.0027 = 0.0082

0.0003 + 0.0007
0.0004 = 0.001

0.0005 = 0.0017
0.0009 *+ 0.0027

0.0011 = 0.0028

Coalescent depth
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Table 2. Wilcoxon signed rank tests of inter-specific divergence among loci

W+ wW-— Relative Ranks, n, P value Result
trnH-psbA matK W+ = 21,089, W— = 3,001, n = 219, P = 5.886 X 1022 trnH-psbA >> matK
trnH-psbA ycf5 W+ = 13,226, W— = 802, n = 167, P = 3.276 X 10~ trnH-psbA > ycf5
trnH-psbA rbcL W+ = 15,878, W— = 1,327, n = 185, P = 2.001 X 1023 trnH-psbA >> rbcL
trnH-psbA rpoB W+ = 23,403, W— = 2,022, n = 225, P = 7.967 X 10~28 trnH-psbA > rpoB
trnH-psbA ndhJ W+ = 20,363, W— = 2,642, n = 214, P = 1.546 X 1022 trnH-psbA >> ndh)
trnH-psbA rpoct W+ = 23,709, W— = 162, n = 218, P = 1.55 X 10736 trnH-psbA >> rpoc1
trnH-psbA accD W+ = 23,669, W— = 1,756, n = 225, P < 3.828 X 1029 trnH-psbA >> accD
matK ycf5 W+ = 6,833, W— = 6,862, n = 165, P = 0.9818 matK = ycf5
matK rbcL W+ = 12,312, W— = 4,893, n = 185, P < 3.673 X 1077 matK > rbcL
matK rpoB W+ = 21,020, W— = 3,290, n = 220, P < 6.803 X 10-2! matK > rpoB
matK ndhJ W+ = 19,554, W— = 2,812, n = 211, P < 4.287 X 10-2! matK > ndhJ
matK rpocl W+ = 24,054, W— =477, n =221, P =3.17 X 103 matK > rpoct
matK accD W+ = 22,666, W— = 2,087, n = 222, P < 6.824 X 10~ matK > accD
rbcL ycf5 W+ = 4,564, W— = 10,487, n = 173, P < 7.186 X 1076 rbcL < ycf5
rbcL rpoB W+ = 11,985, W— = 5,220, n = 185, P = 3.536 X 10~¢ rbcL > rpoB
rbcl ndhJ W+ = 14,475, W— = 576, n = 173, P < 6.202 X 10-26 rbcL > ndh)J
rbcl rpoct W+ = 14,908, W— = 143, n = 173, P = 4.702 X 10~2° rbcL > rpoci
rbcL accD W+ = 15,215, W— = 1,438, n = 182, P < 3.803 X 10~ rbcl > accD
ycf5 rpoB W+ = 10,796, W— = 2,899, n = 165, P < 1.338 X 10710 ycf5 > rpoB
ycf5 ndhJ W+ = 11,259, W— = 987, n = 156, P = 1.037 X 10~ '° ycf5 > ndh)J
ycf5 rpoc’ W+ = 11,952, W— = 294, n = 156, P < 6.297 X 10-2% ycf5 > rpoci
ycf5 accD W+ = 10,755, W— = 1,026, n = 153, P < 8.128 X 10~ "? ycf5 > accD
rpoB ndhJ W+ = 11,709, W— = 6,057, n = 188, P = 0.0001556 rpoB > ndh)J
rpoB rpoct W+ = 16,047, W— = 3,456, n = 197, P <= 3.984 X 10715 rpoB > rpoc1
rpoB accD W+ = 11,614, W— = 5,777, n = 186, P = 7.227 X 10> rpoB > accD
ndhJ rpocl W+ = 11,859, W— = 5,346, n = 185, P < 8.037 X 1076 ndhJ > rpoci
ndhJ accD W+ = 7,469, W— = 6,392, n = 166, P = 0.3857 ndhJ = accD
rpoct accD W+ = 3,891, W— = 14,064, n = 189, P = 1.447 X 10" rpoc1 < accD

highest number of independent clusters was found by using UP-
GMA with matK (SI Fig. 2), followed by rpoB and trnH-psbA (Table
5). With matK, 41 clusters were identified, of which 30 fully
correspond to previously recognized taxonomic species, 4 partially
matched taxonomic species (i.e., failed to group all representatives
into a single cluster), and 7 mixed species together (Table 5 and SI
Fig. 2). With rpoB, 36 clusters were identified, of which 20 fully

correspond to taxonomic species; whereas with #rnH-psbA, 34
clusters were identified, which a slightly higher proportion corre-
sponding to previously recognized species (i.e., 19 clusters).
Altogether, our results indicate that either matK or trnH-psbA are
the most suitable regions for plant DNA barcoding. In this sense,
we agree with previous relatively small-scale studies that focused on
the nutmeg family [Myristicaceae (27)] or the 50-acre forest of the

Table 3. Wilcoxon signed rank tests of intraspecific difference among loci

W+ W-— Relative Ranks, n, P value Result
trnH-psbA matK W+ = 1,949, W— = 826, n = 74, P = 0.002509 trnH-psbA > matK
trnH-psbA ycf5 W+ =327, W— = 108, n = 29, P = 0.01843 trnH-psbA > ycf5
trnH-psbA rbcL W+ =436, W— =92, n =32, P =< 0.001342 trnH-psbA > rbcL
trnH-psbA rpoB W+ = 1,113, W— = 483, n = 56, P = 0.01031 trnH-psbA > rpoB
trnH-psbA ndhJ W+ = 973, W— = 567, n = 55, P < 0.08976 trnH-psbA = ndhJ
trnH-psbA rpoct W+ = 1,596, W— = 234, n = 60, P < 5.464 X 1077 trnH-psbA > rpoc1
trnH-psbA accD W+ = 1,579, W— =437, n = 63, P = 9.399 X 1075 trnH-psbA > accD
matK ycf5 W+ =260, W— = 175, n = 29, P = 0.3638 matK = ycf5
matK rbcl W+ =299, W— =197, n =31, P =< 0.3224 matK = rbcL
matK rpoB W+ = 695, W— =790, n = 54, P = 0.6857 matK = rpoB
matK ndhJ W+ = 585, W— = 640, n = 49, P < 0.7883 matK = ndh)J
matK rpocl W+ = 1,220, W— = 491, n = 58, P = 0.004829 matK > rpoct
matK acch W+ = 1,059, W— =594, n = 57, P = 0.06529 matK > accD
rbcL ycf5 W+ =66, W— = 124, n = 19, P = 0.2579 rbcL = ycf5
rbcL rpoB W+ = 104, W— = 127, n = 21, P = 0.7022 rbcL = rpoB
rbcL ndhJ W+ =96, W— =9, n =14, P = 0.004028 rbcL > ndh)J
rbcL rpoct W+ =98, W— =22, n=15,P=0.03015 rbcL > rpoci
rbcL accD W+ =66, W— =105, n =18, P = 0.4171 rbcL = accD
ycf5 rpoB W+ =94, W— =96, n =19, P = 0.9843 ycf5 = rpoB
ycf5 ndhJ W+ =44, W— =1,n=9, P=0.007812 ycf5 > ndh)J
ycf5 rpoct W+ =68, W— =10,n =12, P = 0.021 ycf5 > rpoci
ycf5 accD W+ =46, W— =59, n =14, P=0.7148 ycf5 = accD
rpoB ndhJ W+ = 297, W— = 406, n = 37, P =< 0.4153 rpoB = ndhJ
rpoB rpocl W+ = 496, W— = 207, n = 37, P = 0.02982 rpoB > rpoci
rpoB accD W+ = 465, W— = 438, n = 42, P = 0.8709 rpoB = accD
ndhJ rpoct W+ =243, W— =82, n = 25, P=0.03135 ndhJ > rpoc1
ndhJ accD W+ =322, W— =174, n = 31, P = 0.1498 ndhJ = accD
rpoct accD W+ = 276, W— = 427, n = 37, P = 0.2579 rpocl = accD
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