SEE COMMENTARY

Comparative analysis of a large dataset indicates
that internal transcribed spacer (ITS) should be
incorporated into the core barcode for seed plants
China Plant BOL Group1, De-Zhu Lia,2, Lian-Ming Gaoa, Hong-Tao Lia, Hong Wanga, Xue-Jun Gea, Jian-Quan Liua,
Zhi-Duan Chena, Shi-Liang Zhoua, Shi-Lin Chena, Jun-Bo Yanga, Cheng-Xin Fua, Chun-Xia Zenga, Hai-Fei Yana,
Ying-Jie Zhua, Yong-Shuai Suna, Si-Yun Chena, Lei Zhaoa, Kun Wanga, Tuo Yanga, and Guang-Wen Duana
a

China Plant BOL Group

A two-marker combination of plastid rbcL and matK has previously
been recommended as the core plant barcode, to be supplemented
with additional markers such as plastid trnH–psbA and nuclear ribosomal internal transcribed spacer (ITS). To assess the effectiveness and universality of these barcode markers in seed plants, we
sampled 6,286 individuals representing 1,757 species in 141 genera
of 75 families (42 orders) by using four different methods of data
analysis. These analyses indicate that (i) the three plastid markers
showed high levels of universality (87.1–92.7%), whereas ITS performed relatively well (79%) in angiosperms but not so well in
gymnosperms; (ii) in taxonomic groups for which direct sequencing
of the marker is possible, ITS showed the highest discriminatory
power of the four markers, and a combination of ITS and any plastid
DNA marker was able to discriminate 69.9–79.1% of species, compared with only 49.7% with rbcL + matK; and (iii) where multiple
individuals of a single species were tested, ascriptions based on ITS
and plastid DNA barcodes were incongruent in some samples for
45.2% of the sampled genera (for genera with more than one species sampled). This ﬁnding highlights the importance of both sampling multiple individuals and using markers with different modes
of inheritance. In cases where it is difﬁcult to amplify and directly
sequence ITS in its entirety, just using ITS2 is a useful backup because it is easier to amplify and sequence this subset of the marker.
We therefore propose that ITS/ITS2 should be incorporated into the
core barcode for seed plants.
land plants
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he seed plants account for some 90% of land plant diversity,
dominating terrestrial ecosystems and providing food, timber,
drugs, ﬁbers, fuels, and ornamentals for human use (1). Identiﬁcation is an essential step for humans in using and conserving
plants. Since the time of Linnaeus, botanists have used a range of
character sources as taxonomic evidence for documenting plant
biodiversity (2), including gross morphology, anatomy, embryology,
palynology, pollination biology, chromosomes, proteins, secondary
metabolites, and ad hoc use of DNA sequence data (3). However, it
can still be difﬁcult to rapidly and accurately identify plant species.
In part, this is because of the huge diversity of plant species and the
fact that identiﬁcations are often attempted from suboptimal material that lacks the key diagnostic characters. It is especially difﬁcult in the case of closely related species where recent radiation,
frequent hybridization, and high intraspeciﬁc variation can compound identiﬁcation problems (4, 5).
DNA barcoding, an approach to identify species based on
sequences from a short, standardized DNA region, opens up a
unique avenue for the identiﬁcation of organisms (6, 7). Although
CO1, a mitochondrial marker, is known to work relatively consistently in animal barcoding, this region has not been adopted
for plants because of low substitution rates in the plant mitochondrial genome (8). A number of DNA regions, the majority
taken from the plastid genome, have instead been tested for
universality and discriminatory power in barcoding plants (8–11).
www.pnas.org/cgi/doi/10.1073/pnas.1104551108

After a joint international effort, the two-marker combination of
rbcL + matK was proposed as the core barcode for land plants in
August 2009 (12). However, this recommendation was based on
the study of only a relatively small number of species in which
multiple individuals were sampled from multiple congeneric
species. Subsequent to this study, internal transcribed spacer 2
(ITS2) was also suggested as a novel barcode for both plants and
animals (13, 14). At the Third International Barcoding of Life
Conference in Mexico City in November 2009, it was stressed that
complementary markers to the proposed core barcode of rbcL and
matK should continue to be assessed from both the plastid genome
(e.g., trnH–psbA) and the nuclear genome (e.g., ribosomal DNA
ITS or ITS2). The CBOL Plant Working Group urged the international plant barcoding community to make an effort to further evaluate these plant barcodes within 18 mo and ultimately to
standardize a DNA barcode for plants (15).
As a response to this call, a coordinated effort was made among
research groups in China. China is a megadiverse country with
28,600 species (in ∼3,200 genera) of seed plants and contains 4 of
the 34 recognized global biodiversity hotspots: the mountains of
Central Asia, the Himalayas, the Indo-Myanmar region, and the
mountains of Southwest China (16, 17). China is also the center
of distribution of many endemic-rich temperate genera, such as
Pedicularis, Primula, and Rhododendron, and is the location of
a unique evergreen broadleaved forest ecosystem dominated by
subtropical species of Fagaceae, Lauraceae, Magnoliaceae, and
Theaceae (18). Thus, a coordinated plant DNA-barcoding effort
in China is of great signiﬁcance in a global context.
The project involved 46 research groups from 17 research institutes and universities in China, all with longstanding experience in
taxonomy and extensive collections of plant material. In total, 6,286
individuals were sampled, representing 1,757 species in 141 genera
of 75 families (42 orders) of seed plants, mainly from China. All
selected species could unambiguously be identiﬁed to species based
on morphology and geography. We ampliﬁed and sequenced four
DNA-barcoding regions, i.e., plastid rbcL, matK, trnH–psbA, and
nuclear ribosomal (nr)ITS. Using combinations of the datasets and
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following the standards and guidelines of the CBOL Plant Working
Group, we tested the effectiveness and universality of the core,
complementary, and additional “novel” plant barcodes as proposed
at, and subsequent to, the Mexico City conference.
Results
Universality. All 6,286 samples were used to test universality. By
using single- or multiple-primer sets as necessary, PCR success
levels for rbcL, matK, trnH–psbA, and ITS in angiosperms were
94.5%, 91.0%, 90.2%, and 88.0%, respectively. For gymnosperms, the success levels were 98.7% (rbcL), 94.6% (matK),
98.5% (trnH–psbA), and 57.6% (ITS). Overall seed plant success
levels were 94.8% (rbcL), 91.2% (matK), 90.7% (trnH–psbA),
and 86.1% (ITS). Sequencing success rates were 97.7% (rbcL),
95.3% (matK), 97.5% (trnH–psbA), and 89.8% (ITS) in angiosperms and 99.2% (rbcL), 97.6% (matK), 99.0% (trnH–psbA),
and 67.0% (ITS) in gymnosperms. Overall sequencing success
rates for seed plants were 97.8% (rbcL), 95.5% (matK), 97.6%
(trnH–psbA), and 88.9% (ITS) (Fig. 1 A and B). Overall, the total
numbers of barcode sequences generated were 5,826 for rbcL,
5,471 for matK, 5,566 for trnH–psbA, and 4,810 for ITS (Table
S1). Ampliﬁcation success rates when using a single set of primers, as recommended by the CBOL Plant Working Group,
were 89.2% for rbcL and 79.5% for matK; a single set of primers
was used to amplify all trnH–psbA sequences.
A single set of ITS primers, ITS5 (ITS1 or ITS-Leu)/ITS4, was
tested on 82.9% of samples. Direct sequencing of single-copied
ITS sequences was successful in 71.7% of individuals and 75.5%
of species, whereas multiple copies within individuals were limited to 7.4% of individuals and 9.3% of species. Fungal contamination was detected in only 2.5% of individuals and 1.8% of
the sampled species. In addition, 18.4% of individuals and 13.4%
of species, mainly gymnosperms, were not successfully sequenced
for ITS (Table S2).
Sequence Quality. Examination of sequence quality and coverage

indicated that rbcL, matK, and ITS routinely generated highquality bidirectional sequences. The percentage of samples from
which high-quality sequences were obtained was 60.3% for rbcL,
60.2% for matK, and 58.6% for ITS; however, the sequence
quality of trnH–psbA was only 40% (Fig. 1B). The mean coverage

of bidirectional reads for the four candidate markers can be
ranked as ITS (93.6%), matK (93.5%), rbcL (93.2%), and trnH–
psbA (90.3%). Problems were encountered in assembly of the
bidirectional sequences with a few ambiguous bases in trnH–
psbA, which often had sequence runs interrupted by mononucleotide repeats. Similar problems were also found in matK for
some taxonomic groups.
Discriminatory Power. In total, we obtained 21,673 barcode
sequences from all samples, with 18,820 sequences from 5,583
individuals of 1,349 species (at least 2 individuals per species) in
141 genera of 75 families (42 orders) of seed plants, including 121
individuals of 38 species from outside China. Coverage (Table S3)
included 4 genera with >50 species, 16 genera with 20–49 species,
23 genera with 10–19 species, 72 genera with 2–9 species, and 26
genera with 1 species (17 of which are monotypic). Forty-three of
the sampled genera were represented by at least 50% of their
global species, and 17 genera were represented by 30–50% of their
global species. Sixty-eight sampled genera were represented by at
least 50% of their Chinese species, and a further 23 genera were
represented by 30–50% of the Chinese species. In total, an estimated 6.1% of species and 4.4% of genera of seed plants in China
were covered. The total number of barcoding sequences used for
species discrimination was 5,118 (representing 1,276 species) for
rbcL, 4,814 (1,197 species) for matK, 4,884 (1,206 species) for trnH–
psbA, and 4,004 (1,018 species) for ITS. To evaluate the discriminatory power of the ITS2 portion of ITS, a duplicate set of these
ITS sequences was made and truncated at the end of the 5.8S gene,
and these ITS2 sequences were included in the assessments of
discriminatory power.
Two datasets were analyzed. The ﬁrst (Dataset A) comprised
5,583 samples (representing 1,349 species in 141 genera of 42
orders) with at least two sampled individuals per species to
quantify discriminatory power based on the maximum data. A
subdataset was extracted excluding monotypic genera and those
with one sampled species (5,484 individuals representing 1,323
species in 115 genera). The second (Dataset B) comprised the
3,011 samples (representing 765 species in 83 genera of 30
orders) where at least two species were sampled per genus and
all four markers were successfully sequenced to make the levels
of species discrimination compatible with those of the CBOL

Fig. 1. Comparison of the performance of four barcoding markers (I, ITS; M, matK; P, trnH–psbA; R, rbcL). (A) Universality assessment for PCR and sequencing
success. PCR success was based on 6,286 samples representing 1,757 species (5,897 angiosperm samples and 389 gymnosperm samples); sequencing success was
based on 5,412 samples for ITS, 5,702 samples for trnH–psbA, 5,732 samples for matK, and 5,957 samples for rbcL. (B) Assessment of species discrimination
success and sequence quality based on 3,011 individuals representing 765 species, where at least 2 species were sampled per genus and all four markers were
successfully sequenced. Assessment of sequence quality with QV of ≥30 (see Materials and Methods for trace-quality criteria).
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Incongruence between nuclear ITS and plastid DNA barcode markers.

When comparing the results based on nuclear ITS and plastid
DNA markers applied to multiple individuals within morphologically deﬁned species, incongruence was observed in some
samples for 52 of 115 (45.2%) sampled genera (excluding
monotypic genera and genera with only one sampled species).
This incongruence may take three forms: ﬁrst, all individuals of
a single species were grouped as such by the ITS sequences but
were divided into two or more different entities (species) by
plastid DNA sequences [22 genera, or 19.1%, e.g., Morinda
(Rubiaceae); Fig. S3]; second, all individuals of a single species
were grouped into a species by the plastid DNA sequences but
were divided into two or more different species by ITS data [23

Fig. 2. Comparison of discrimination success for the four markers (plus ITS2, the partial sequence of ITS) and all 2- to 4-marker combinations based on 3,011
individuals representing 765 species, where at least 2 species were sampled per genus and all four markers were successfully sequenced (I, ITS; I2, ITS2; M,
matK; P, trnH–psbA; R, rbcL).
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using the proposed core barcode, matK + rbcL. A combination
of ITS and any plastid DNA marker achieved 69.9–79.1% species discrimination (any plastid marker + ITS2 was 58.5–69.7%).
Three-marker combinations generated higher discrimination
when ITS was included: matK + trnH–psbA + ITS was the
highest with 81.8% species discrimination (matK + trnH–psbA +
ITS2 was 75.0%), rbcL + matK + ITS gave 77.4% discrimination
(rbcL + matK + ITS2 was 68.5%), whereas the three plastid
DNA markers (rbcL + matK + trnH–psbA) together produced
only 62.0% species discrimination. The four-way combined barcode of rbcL + matK + trnH–psbA + ITS gave 82.8% discrimination (77.2% when ITS2 was used instead of ITS).
Based on our dataset, the four markers performed differently in
different orders of angiosperms. Of the 30 orders covered by
Dataset B, 6 were represented by fewer than ﬁve sampled species
(Alismatales and Solanales, both with four sampled species, and
Aquifoliales, Crossosomatales, Malpighiales, and Myrtales, each
with two sampled species); these orders are not discussed because
of this inadequate sampling. Laurales was the most intractable
order, with very low species discrimination when using all four
markers (1.8–14.3%). ITS generally performed well for the major
orders of seed plants, with lowest discrimination success in
Ranunculales (6.7%) and Laurales (14.3%). trnH–psbA performed
well in Saxifragales, relatively well in Brassicales, Caryophyllales,
Celastrales, and Sapindales, but worse in Dioscoreales, Poales, and
Apiales. matK performed better in Saxifragales and Asparagales
but poorly in Poales, Laurales, and Dioscoreales (Fig. 3).
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Plant Working Group. Discriminatory power was generally
higher for Dataset B with the exception of ITS2 alone and in
combination, which showed slightly higher species discrimination
in Dataset A. This trend was stable except that matK showed
a slightly higher species discrimination than trnH–psbA did in
Dataset B (45.2% versus 44.8%) compared with Dataset A
(37.1% vs. 38.2%) (Fig. S1). Because both datasets produced
similar trends in discrimination for all markers and combinations
of markers, our analyses focus on Dataset B because it is most
directly comparable across markers (Fig. 2).
We calculated levels of species discrimination based on the
same datasets by using four different analytical methods currently
used in DNA barcoding (Materials and Methods): (i) Tree-Building
and (ii) Distance (both of which are based on within-genera
multispecies alignments), (iii) Blast, and (iv) PWG-Distance, the
distance method adopted by the CBOL Plant Working Group that
uses pairwise alignments. Among these methods, Blast tended to
give higher discrimination rates, without exception. The lowest
rates were found when using Tree-Building except that rbcL, matK,
and trnH–psbA showed slightly lower rates with Distance (Fig. S2).
It is noted that, with Blast, species discrimination ranged from
29.9% (rbcL) to 81.1% (ITS) with the proposed core barcode;
matK + rbcL provided 60.8% discrimination. To ensure that our
results are comparable with the CBOL Plant Working Group, the
PWG-Distance method was hereafter adopted for discussion of
discriminatory power.
Of the four single-marker barcodes, ITS showed the highest
discriminatory power, with 67.2% of all species being discriminated. Its partial sequence, ITS2, also had a high identiﬁcation
rate (54.6%). rbcL showed the lowest discrimination rate
(26.4%). Among the four genera with more than 50 sampled
species tested, Primula showed the highest discrimination rate
(88.2% with ITS; 41.5% with rbcL), followed by Pedicularis
(86.2% with ITS; 46.0% with rbcL), with Rhododendron being
the lowest (15.3% with ITS; 10.3% with rbcL). Two-marker
combinations led to higher rates of species discrimination, with
the highest being obtained with trnH–psbA + ITS (79.1%;
compared with that of trnH–psbA + ITS2, which was 69.7%),
followed by matK + ITS (75.3%; matK + ITS2 was 66.1%), and
rbcL + ITS (69.9%; rbcL + ITS2 was 58.5%). The lowest rate
(49.7%) for pairwise combinations of markers was obtained by

Fig. 3. Discrimination success at the ordinal level (1 order of gymnosperms, 23 orders of angiosperms) for four markers (plus ITS2, the ITS partial sequence)
and all possible 2- to 4-marker combinations, based on 3,011 individuals representing 765 species, where at least 2 species were sampled per genus and all
four markers were successfully sequenced (I, ITS; I2, ITS2; M, matK; P, trnH–psbA; R, rbcL). Sequence of angiosperm orders is according to the Angiosperm
Phylogeny Group (APG) III (42).

genera, or 20%, e.g., Thladiantha (Cucurbitaceae); Fig. S4]; and
third, species could be identiﬁed and differentiated from closely
related species by the ITS sequences but could not be distinguished by plastid DNA data [15 genera, or 13%, e.g., Pugionium
(Brassicaceae); Fig. S5]. The former two scenarios clearly suggest hybridization and introgression between closely related
species or shared ancestral polymorphisms; the third scenario
indicates either a lower mutation rate in plastid DNA compared
with ITS or possible hybridization and introgression, as has been
found by numerous previous studies (9, 19, 20).
Discussion
Primer universality is an important criterion for an ideal DNA
barcode. Among the three plastid markers, rbcL showed the
highest level of universality in both angiosperms and gymnosperms, and matK and trnH–psbA performed better in gymnosperms than in angiosperms. However, nrITS performed relatively well in angiosperms, with moderately high universality
(PCR: 88%; sequencing: 89.8%) but with lower success in gymnosperms (PCR: 57.6%; sequencing: 67%). Overall, we detected
a modest frequency of multiple-copy sequences from ITS [7.4%
individuals, including species in genera such as Castanopsis and
Fagus (Fagaceae)] and only rare cases of fungal contamination
(2.5% of individuals in total). The greatest problems with ITS
were encountered in gymnosperms where the great variability in
length and lack of universal primers hampered PCR and sequencing success, although some of the problems may be alleviated with use of additional primers (only one pair of ITS
primer, ITS-Leu/ITS4, was used in this study). Furthermore,
in cases where ITS is difﬁcult to amplify and performs unsatisfactorily, ITS2 represents a useful alternative for gymnosperms, or even for other seed plants (13), because of the relative
ease of ampliﬁcation with a single set of universal primers in all
green plants (21).
The proposed core barcode, rbcL + matK, discriminated only
49.7% of the sampled species in the present study, much lower
than the 72% ﬁgure previously reported (12). There are two
19644 | www.pnas.org/cgi/doi/10.1073/pnas.1104551108

possible explanations for this discrepancy. The most obvious reason is that the focus of the study by the CBOL Plant Working
Group was to assess relative, rather than absolute, discriminatory
power of the tested barcode markers. In the present study, we
sampled many more closely related species within single genera. It
is clear that rbcL and matK discriminate well at the genus level;
however, their identiﬁcation power decreases at infrageneric levels.
The second explanation is that these two plastid DNA regions have
high species identiﬁcation power at the species level in some taxonomic groups (e.g., Orchidaceae), as suggested by previous
studies (22) and conﬁrmed by the present study, but do not perform
well in other groups such as Poales, Laurales, Dioscoreales,
Apiales, and Zygophyllales (Fig. 3). The inclusion of well-sampled
genera in certain families undoubtedly reduced the discriminatory
power of these two markers, alone and in combination.
Our study found that, of the four single markers and the
combined plastid DNA markers, for taxonomic groups in which
direct sequencing of this marker is possible, ITS had the highest
overall discriminating power (Fig. 2). This ﬁnding is consistent
with numerous previous studies showing that this nrDNA region
evolves rapidly, leading to genetic changes that can differentiate
closely related, congeneric species (9, 19, 23). This ITS region, or
a portion of it (ITS2), has already been suggested as a potential
DNA barcode for plants (9, 13, 14, 19). However, because of the
incomplete concerted evolution of this nuclear multiple-copy
region caused by hybridization or other factors, it is difﬁcult to
amplify and directly sequence the region in some taxa (20). Our
results also conﬁrm that ITS had lower ampliﬁcation and sequencing success compared with the three plastid DNA regions,
particularly in gymnosperms. Conversely, in 5–10% of the sampled angiosperm species, we found that PCR ampliﬁcation of the
three plastid DNA regions failed when the ampliﬁcation and
direct sequencing of ITS performed well.
The argument as to whether ITS or ITS2 should be a universal
or a local plant barcode has been profound (24, 25) and continual since it was ﬁrst proposed as a candidate barcode. The
limitations of ITS have been well-documented in general terms.
Li et al.
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Materials and Methods
Plant Materials. Data were pooled from research groups enrolled in the DNA
Barcoding Chinese Plants project in September 2009 (37). A total of 6,286
samples from 1,757 species (including 5,897 samples of 1,675 angiosperm
species and 389 samples of 82 gymnosperm species) was used to test the
universality of the four markers. Only those species for which sequences
were obtained for at least two individuals were used for further analysis.
Thus, 5,583 samples of 1,349 species (1,257 angiosperms and 82 gymnosperms) representing the major lineages of seed plants (40 orders, 70 families, and 131 genera of angiosperms and 2 orders, 5 families, and 10 genera
of gymnosperms) were used to evaluate the four candidate barcoding
markers. Most of the samples were collected from China. A list of the plant
samples used and their GenBank accession details are provided in Table S4.
Universality. To obtain statistics on the universality of primers and recoverability of the different markers, we assembled data on ampliﬁcation
and sequencing success across all research groups for all plant taxa studied.
Different primer sets [1F/724R for rbcL; KIM_3F/KIM_1R, 390F/1326R, and XF/
5R for matK; trnH2/psbAf for trnH–psbA; and ITS1 (or ITS5)/ITS4 for angiosperms and ITS-Leu/ITS4 for gymnosperms for ITS] were used for barcoding
in different taxa as proposed by the CBOL Plant Working Group (12). Other
alternative primers for the four markers were also used in some taxa (Table
S5). The universality of PCR was assessed simply by recording whether the
PCR products showed a clear single band on an agarose gel. Sequencing
success was measured as whether sequence data were obtained, regardless
of the amount of manual trace editing required or the extent of the bidirectional read. If the ITS sequence was “messy,” or showed polymorphism
within a single individual by a direct PCR-based sequencing approach, we
treated the ITS sequence as a sequencing failure.
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related closely to existing described species. Furthermore, because parapatric speciation is suggested to predominate in plants
(31, 32), these recently diverged species may tend to occur in the
same geographical areas as their sister species. The previously
proposed barcode of rbcL + matK alone may not show adequate
discriminatory power for this task. Second, DNA barcoding has
the potential to help identify the origin of plants and plant
products in international trade and transport, for example, protected or weedy species. However, such species may be congeneric with nonweedy or nonthreatened species (33). Without ITS
or ITS2, it may be difﬁcult to differentiate between such closely
related species. Finally, a combination of DNA markers from
different genomes, which have different modes of inheritance
and track different evolutionary histories, will further our understanding of species delimitation and evolutionary processes of
speciation, another important aim of DNA barcoding (6) that
may also be highly useful for the applications described above as
well as in monitoring community dynamics (34).
In this study, we found that incongruent species ascriptions
between plastid DNA and ITS barcodes for multiple individuals
of the same morphological species occurred in some samples for
nearly half of the sampled genera; further study is needed to
obtain an accurate ﬁgure at the species level. The incongruence
may result from hybridization and introgression or incomplete
lineage sorting (4, 20, 23). All of these phenomena are known to
occur frequently in plants (35, 36). It is now clear that using only
plastid DNA markers may not enable discrimination between
closely related species. In addition, our ﬁndings suggest that
using only plastid DNA markers may be highly misleading when
establishing a barcode database that uses a single individual for
each species. Although it is not feasible, at least in the short term,
to assess genetic variation within and between all closely related
seed plant species, the multiple-sampling strategy, as recommended by the CBOL Plant Working Group (12), will therefore
to be essential in establishing a reference database. Sampling
multiple individuals with markers from different genomes will
also allow taxonomists to double-check identiﬁcations and previous species delimitations. The follow-up and redeﬁnition of
species boundaries will reﬁne the barcode reference database and,
in turn, will lead to increased identiﬁcation accuracy by DNA
barcoding.

ECOLOGY

Key concerns regarding ITS are (i) incomplete concerted evolution can lead to divergent paralogous copies within individuals,
(ii) fungal contamination, and (iii) difﬁculties in amplifying and
sequencing the marker in diverse sample sets (15). However,
there have been few formal empirical estimates of the number of
plant groups in which these problems are likely to occur. In our
analyses of a large dataset with 6,286 individuals of 1,757 species
in 141 genera, direct sequencing of single-copy ITS sequences
were successful in 75.5% of sampled species, whereas multiple
copies within individuals were limited to 7.4% of the sampled
individuals, and fungal contamination was detected in only 1.8%
of the sampled species. It seems that the extent of the problems
concerning ITS as a standard core plant DNA barcode is not as
pervasive as previously estimated. In cases where it is difﬁcult to
amplify and directly sequence ITS in its entirety, ITS2 could be
an alternative because it is shorter and easier to sequence than
ITS (21, 26). Our study revealed that the discriminatory power of
ITS2 is higher than that of plastid markers, although it is generally 10% lower than ITS per se. Given the existing bioinformatics support, coupled with the relative ease of obtaining
comparable data and the beneﬁts of a secondary-structure approach (27, 28), ITS2 does, however, represent a useful back-up
where obtaining the entire ITS region is not possible.
An ideal DNA barcode should be universal, reliable, and costeffective and show good discriminatory power (12). Because
none of the proposed barcodes perfectly meets all these criteria,
it is generally considered necessary to use more than one marker
to barcode plants (8, 10). However, all previous protocols suggested the combination of two or three plastid DNA markers,
i.e., rbcL + matK or rbcL + matK + trnH–psbA (8, 12). Although
high-quality sequences of rbcL are easily retrievable in major
lineages of seed plants, our analyses suggest that the proposed
core barcode, rbcL + matK, or these together with plastid trnH–
psbA, produces lower levels of discrimination than ITS alone or
the combination of ITS with any plastid DNA markers (Fig. 2).
Considering the tradeoffs between universality, sequence quality,
discrimination, rate of throughput, and cost efﬁciency, we propose that ITS/ITS2 should be incorporated into the core barcode
for land plants, as suggested by earlier (9, 19) and more recent
(13, 25) studies. If a three-marker combination is adopted, ITS/
ITS2 should be added to the proposed core barcode (i.e., rbcL +
matK + ITS/ITS2). This solution has the advantage of building
on the existing system, and, in many plant groups, researchers
are already sequencing ITS anyway as a supplementary barcode.
If a two-marker barcode is preferred, our analyses suggest that
the best two-marker option is matK + ITS, which produced
75.3% species discrimination, higher than rbcL + ITS (69.9%),
while maintaining higher sequence quality than trnH–psbA +
ITS. For taxa where matK cannot be ampliﬁed and sequenced (a
rare scenario according to our data and previous reports), rbcL
could be used as a back-up marker to replace matK in a twomarker strategy. This suggestion, using rbcL + matK + ITS/ITS2
as the standard plant DNA barcode, represents a practical
tradeoff solution among the various criteria. During barcoding of
unidentiﬁed material, if both ITS and matK sequences can be
obtained, it should enable maximal identiﬁcation power, even for
recently diverged or cryptic species. However, if only one sequence, or one plus rbcL, can be obtained, material may still be
identiﬁed to a rough taxonomic position (for example, species
group or genus). This approach does require initial population of
a reference database with all three markers to a sufﬁcient density
to enable identiﬁcations to the level of species discrimination
afforded by each.
The inclusion of ITS/ITS2 as part of the core barcode is critically important to the application of DNA barcoding in seed
plants, particularly angiosperms, for the following three reasons.
First, one extensive application of DNA barcoding is in recovering unidentiﬁed or cryptic species (29, 30), which are often

Sequence Quality and Coverage. To assess suitability for bidirectional sequencing, a requirement for manual editing of sequences, we followed the
method used by the CBOL Plant Working Group (12), using a window size of
20 bp and starting reading from 40 bp. Sequence traces with >2 bp showing
a quality value (QV) of <20 were trimmed. The amount of high-quality sequence data recovered was deﬁned such that both the forward and reverse
reads had a minimum length of 100 bp and a minimum average QV of 30
and the lengths after trimming were >50% of the original sequence length.
The assembled contig was deﬁned as having >50% overlap in alignment
between the forward and reverse reads, with <1% low-quality bases (<20
QV) and <1% internal gaps and substitutions when aligning the forward
and reverse reads. These quality-control criteria were selected as a pragmatic
set of thresholds to discriminate higher-quality sequences from lowerquality sequences. Different parameters were tested but resulted in the
same general trends, i.e., rbcL, matK, and ITS performed relatively well,
whereas lower sequence quality was obtained for trnH–psbA.
Species Discrimination. To evaluate species discrimination success, we applied
four different methods (PWG-Distance, Distance, Blast, and Tree-Building) to
the single markers and to all possible 2- to 4-marker combinations. The PWGDistance method (simple pairwise matching for DNA barcoding) recommended by the CBOL Plant Working Group (12) employs distances calculated
from pairwise alignments counting unambiguous base substitutions only.
This method was used for comparison throughout the subsequent analyses
(38). For Distance analysis, sequences were aligned within genera by using
MUSCLE v3.6 (39), and p-distances were calculated with PAUP* 4.0b10 (40).
For both of the measures based on distance only, we considered discrimination to be successful if the minimum uncorrected interspeciﬁc p-distance
involving a species was larger than its maximum intraspeciﬁc distance. For
the Blast method, all sequences of the four markers and possible combinations
of 2–4 markers were used as query sequences with an E value <1 × 10−5, and
the Blast program (v2.2.17) was used to query the reference database with
each sample in turn to establish whether the closest hit was a conspeciﬁc
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species and to provide statistics for species discrimination (the query sequence
itself was excluded from the list of top hits). Species discrimination was considered successful if all individuals of a species had a top matching hit of only
a conspeciﬁc individual (41). When using the Tree-Building method, sequences
were aligned within genera by using MUSCLE v3.6 (39), and neighbor-joining
trees were constructed with p-distances in PAUP* 4.0b10 (40). Species were
considered discriminated if all individuals of a species formed a monophyletic
group (11). General assessment of species discrimination success followed the
rationale outlined by the CBOL Plant Working Group (12). Thus, for all four
methods, we used only species for which multiple individuals were sampled
from multiple congeneric species (Dataset A: 5,484 samples of 1,323 species).
Monotypic genera and genera with only a single sampled species were not
counted as potential sources of discrimination failure but were included to
serve as sequence success statistics (17 monotypic genera and 9 other genera
with only one sampled species). We evaluated species discrimination for
multiple markers by summing the components of all possible 2- to 4-marker
combinations and recording the success of each multimarker combination.
Species discrimination assessments were also repeated on samples from which
all four markers were successfully sequenced and multiple individuals were
sampled from multiple congeneric species (Dataset B: 3,011 individuals of 765
species) by using the PWG-Distance approach. Meanwhile, we also used ITS2
(extracted from the ITS dataset) in place of ITS to conduct the same analyses to
assess the discriminatory power of ITS2 by using the PWG-Distance approach.
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