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Abstract

Apiaceae (Umbelliferae) is a large angiosperm family that includes many medicinally important species. The ability
to identify these species and their adulterants is important, yet difficult to do so because of their subtle fruit morpho-
logical differences and often lack of diagnostic features in preserved specimens. Moreover, dried roots are often the
official medical organs, making visual identification to species almost impossible. DNA barcoding has been pro-
posed as a powerful taxonomic tool for species identification. The Consortium for the Barcode of Life (CBOL) Plant
Working Group has recommended the combination of rbcL+matK as the core plant barcode. Recently, the China
Plant BOL Group proposed that the nuclear ribosomal DNA internal transcribed spacer (ITS), as well as a subset of
this marker (ITS2), be incorporated alongside rbcL+matK into the core barcode for seed plants, particularly angio-
sperms. In this study, we assess the effectiveness of these four markers plus psbA-trnH as Apiaceae barcodes. A total
of 6032 sequences representing 1957 species in 385 diverse genera were sampled, of which 211 sequences from 50
individuals (representing seven species) were newly obtained. Of these five markers, ITS and ITS2 showed superior
results in intra- and interspecific divergence and DNA barcoding gap assessments. For the matched data set (173 sam-
ples representing 45 species in five genera), the ITS locus had the highest identification efficiency (73.3%), yet ITS2
also performed relatively well with 66.7% identification efficiency. The identification efficiency increased to 82.2%
when using an ITS+psbA-trnH marker combination (ITS2+psbA-trnH was 80%), which was significantly higher than
that of rbcL+matK (40%). For the full sample data set (3052 ITS sequences, 3732 ITS2 sequences, 1011 psbA-trnH
sequences, 567 matK sequences and 566 rbcL sequences), ITS, ITS2, psbA-trnH, matK and rbcL had 70.0%, 64.3%,
49.5%, 38.6% and 32.1% discrimination abilities, respectively. These results confirm that ITS or its subset ITS2 be
incorporated into the core barcode for Apiaceae and that the combination of ITS/ITS2+psbA-trnH has much potential
value as a powerful, standard DNA barcode for Apiaceae identification.
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and fruits, has led to their common use as foods and

Introduction . e o .
spices, and their distinctive chemistry is also reflected in

The flowering plant family Apiaceae (Umbelliferae)
comprises approximately 450 genera and 3700 species
(Pimenov & Leonov 1993). It is widely distributed in the
temperature zones of both northern and southern hemi-
spheres and exhibits a great diversity in Central Asia.
The aromatic nature of these plants, both in their foliage
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their toxicity and widespread medical use (Heywood
1993). Many species are of ecological importance; several
others are grown as ornamentals. Traditionally, the dis-
crimination of Apiaceae species has relied on a diverse
array of subtle fruit morphological and anatomical dif-
ferences, such as the degree and direction of fruit com-
pression, the shape and elaborations of the mericarp ribs,
the width of the mericarp commissure, and the number
of secretory ducts in the mericarp furrows (She et al.
2005). Plants not at the right stage of maturation,
however, or preserved or fragmentary specimens
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without diagnostic features are usually very difficult if
not impossible to identify (Downie et al. 2002). To cope
with these difficulties, several chloroplast genes (rbcL,
matK), introns (rpl16, rps16, rpoCI) and intergenic spacers
(e.g. psbA-trnH), as well as the nuclear ribosomal DNA
internal transcribed spacer (ITS) region, have been
employed to elucidate generic and species-level bound-
aries (reviewed in Downie et al. 2001, 2010; Degtjareva
et al. 2013). Of all the above loci, the ITS region is evolv-
ing most rapidly (Downie et al. 2001) and, at present,
these sequences comprise the most comprehensive data-
base for Apiaceae phylogenetic study (Downie et al.
2010).

There are 100 genera (10 endemic) and 614 species
(340 endemic) of Apiaceae native to China (She ef al.
2005). The indigenous species include many medicinal
plants, such as Angelica sinensis (Oliv.) Diels, Ligusticum
chuanxiong S.H. Qiu, Y.Q. Zeng, KY. Pan, Y.C. Tang &
J.M. Xu, L. jeholense (Nakai & Kitag.) Nakai & Kitag. and
L. sinense Oliv. (National Pharmacopoeia Committee
2010). Most of these medicinal species’ official organs are
their dried roots or dried ripened fruits. These com-
monly used medicinal products and their adulterants are
frequently found in modern traditional medicinal mar-
kets. For example, Gao Ben has been used for over a
thousand years to expel wind and cold. According to the
National Pharmacopoeia Committee (2010), Gao Ben’s
botanical origins are L. sinense and L. jeholense whose
dried roots are the official organs. Adulterants from
other Apiaceae species have entered the markets, such as
Peucedanum terebinthaceum (Fisch. ex Trevir.) Turcz. and
Sinodielsia yunnanensis H. Wolff; all of these species have
been misused as Gao Ben because of their morphological
similarities to L. sinense and L. jeholense. The difficulties
in identifying both living materials of these plants and
the medicinal products derived from their dried roots
and other organs result in an instability of the medicinal
materials market and jeopardize safety. To overcome
these problems, a new accurate identification method for
these plants is urgently needed.

DNA barcoding is a practical technique for species
identification. It uses short, universal DNA regions to
identify species and has been widely applied in species
recognition, exploration and conservation (Hebert et al.
2003; Lahaye et al. 2008b). Although a portion of the
mitochondrial gene encoding cytochrome c oxidase sub-
unit 1 (CO1) has been used successfully to identify most
animal species (Hebert ef al. 2004; Ward et al. 2005;
Hajibabaei et al. 2006, 2007), this marker is not useful as
a barcode in plants because of its low substitution rate
(Kress et al. 2005; Hollingsworth 2011). The rates of
sequence substitutions in plant mitochondrial genomes
are 50- to 100-fold lower than those in mammalian mito-
chondrial genomes (Wolfe et al. 1987; Palmer & Herbon

1988; Cho et al. 2004). To date, coding (e.g. matK, rbcL,
rpoB, accD and rpoC1) and noncoding intergenic spacer
(e.g. atpF-atpH, psbA-trnH, psbK-psbl, trnL-trnF) regions
from the chloroplast genome, as well as the nuclear ribo-
somal DNA marker ITS, or a subset of this marker ITS2,
have been tested for universal and identification effi-
ciency as alternative barcoding regions (Kress et al. 2005;
Chase et al. 2007; Chiou et al. 2007; Lahaye et al. 2008a,b;
CBOL Plant Working Group 2009; Chen ef al. 2010;
China Plant BOL Group 2011; Shi et al. 2011). The Con-
sortium for the Barcode of Life (CBOL) Plant Working
Group (2009) officially proposed that chloroplast mark-
ers rbcL and matK serve as the core barcodes for plant
species identification. Additional markers or marker
combinations still need to be assessed, however, as this
two-locus combination only has a 72% identification effi-
ciency at the species level (CBOL Plant Working Group
2009). Researchers have previously used the psbA-trnH
barcode to identify species of medicinal pteridophytes
and members of the orchid genus Dendrobium (Yao et al.
2009; Ma et al. 2010). ITS2 has been selected as a standard
barcode to identify medical plants (Chen et al. 2010), and
both ITS and ITS2 have been incorporated into the core
barcode for angiosperms (China Plant BOL Group 2011).
The ITS and ITS2 regions have been used to identify spe-
cies of the families Rutaceae, Asteraceae and Rosaceae
(Gao et al. 2010; Luo et al. 2010; Pang et al. 2010), as well
as cultivars of the medically important umbellifer species
Angelica anomala Avé-Lall. (He et al. 2012), and all have
the potential to be as powerful as the mitochondrial gene
CO1 in discriminating species (Yao et al. 2010).

In this study, we used a DNA barcode technique to
discriminate species in the angiosperm family Apiaceae.
We examined the effectiveness of five loci (ITS, ITS2,
psbA-trnH, matK and rbcL) as barcodes by testing them
on sequences obtained from over half the species recog-
nized in the family, with an emphasis on those species
widely used in traditional Chinese medicine.

Materials and methods

Plant materials

A total of 6032 sequences belonging to 1957 species from
385 diverse genera were used to evaluate the five candi-
date DNA barcodes (Table S1, Supporting information).
These sequences comprised 3052 ITS sequences
(representing 1378 species), 3732 ITS2 sequences (some
of which were excised from the aforementioned ITS
sequences, and representing 1859 species), 1011
psbA-trnH sequences (representing 407 species), 567 matK
sequences (representing 215 species) and 566 rbcL
sequences (representing 239 species). A total of 211 of
these sequences were newly obtained from 50 samples
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representing seven species used in traditional Chinese
medicine. These medicinal plants were collected from 12
provinces of China (Table S2, Supporting information),
and all were authenticated by Prof. Yu-guang Zheng of
Hebei Medical University. Voucher samples were depos-
ited in the herbarium at Beijing Normal University.
A matched data set (Table S3, Supporting information)
comprising 173 samples (representing 45 species from
five genera) was constructed to ensure that the levels of
sequence variation and species discrimination were com-
patible (CBOL Plant Working Group 2009; China Plant
BOL Group 2011). In this data set, each genus was repre-
sented by at least two species, each species had at least
two individuals and each sample was successfully
sequenced for all five markers.

In an effort to ensure correct species identification,
particularly for those ITS sequences downloaded from
GenBank, we refer to the study of Downie et al. (2010)
where they included most Apiaceae ITS sequences avail-
able in GenBank. The simultaneous analysis of these
sequences in their phylogenetic study permitted mis-
identifications and other problematic sequences to be
revealed. We do realize, however, that we cannot
directly confirm Apiaceae identifications in GenBank, as
examining all voucher specimens would be a time-
consuming task. The sequences we have used were taken
mostly from published papers and their sources identi-
fied by specialists working on the group. While these
plants are notoriously difficult to identify, these individ-
uals are best suited to identify them.

DNA extraction, amplification and data processing

Total genomic DNA was extracted from 30 mg of root
tissue that was dried in silica gel. DNA extractions
were performed using the Plant Universal Genomic
DNA kit (Tiangen Biotech Beijing Co., China). Primer
pairs S2F/S3R for ITS2 (Chiou et al. 2007), 1F/724R
and rbcLa_f/rbcLa_rev for rbcL (Fay et al. 1997; Kress
& Erickson 2007, CBOL Plant Working Group 2009),
3F_KIM/IR_KIM (Ki-Joong Kim, School of Life Sci-
ences and Biotechnology, Korea University, Seoul,
Korea, unpublished) and 390F/1326R (Hilu & Liang
1997) for matK, 1TS4/1TS5 for ITS (White et al. 1990),
and trnH/psbA for psbA-trnH (Sang et al. 1997) were
used for PCR amplifications of each of the five mark-
ers. Processing of the sequences was performed accord-
ing to the workflow described by Yao et al. (2010) and
Pang et al. (2012). The ITS2 regions were annotated and
delimited using a hidden Markov model (HMM)-based
method (Keller ef al. 2009). All ITS sequences were
composed of ITS1, 5.85 rRNA and ITS2 regions, except
for 135 sequences that lacked data from the intervening
5.85 rRNA gene. We developed and implemented a
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hairpin-associated programme to find and reinvert
inversions in psbA-trnH prior to DNA barcode analyses
to reduce the effect of homoplasy (Borsch & Quandt
2009; Whitlock et al. 2010). All inter- and intraspecific
inversions were further confirmed through visual
inspection of the alignments and estimating secondary
structure (Zuker 2003).

Sequence variation

The DNA sequences were aligned with MusCLE vers. 3.8
(Edgar 2004) and Kimura 2-parameter (K2P) distances
(Kimura 1980) were calculated using paur* version 4b10
(Swofford 2003). As described by Chen et al. (2010), three
parameters (average intraspecific distance, theta and
average coalescent depth) were calculated to compare
the intrasequence variability of the five markers. Three
additional parameters (average interspecific distance,
average theta prime and smallest interspecific distance)
were computed to evaluate the intersequence divergence
of the markers. For each species, we compared the mini-
mum interspecific divergence with the maximum intra-
specific divergence to evaluate whether there were any
DNA barcoding gaps (Meyer & Paulay 2005). A dot
above the 1:1 slope means that there is a barcoding gap
for this species for a specific marker, whereas a dot
below the 1:1 slope implies no barcoding gap (Collins &
Cruickshank 2013).

Species discrimination

To estimate a species discrimination ability, four
different methods (Blast, Distance, PWG Distance and
Blast+P) were applied to all single markers and all pos-
sible 2- to 4-marker combinations. For the Blast analysis,
all of the sequences from a specified marker were used
as query sequences with an E value of <1 x 10~ (China
Plant BOL Group 2011). The NCBI BLAST program (vers.
2.27) was then used to query the reference database
with each sequence, checking whether the best hit was
from a conspecific species (the query sequences them-
selves were excluded). A sample was considered suc-
cessfully identified if its best hits only included
conspecific individuals. For the Distance analysis (China
Plant BOL Group 2011), sequences from the same gen-
era were aligned using MuscLE and their pairwise P dis-
tances were calculated using paur*. We considered a
species to be successfully identified if its minimum
interspecific distance was larger than its maximum
intraspecific distance. For the PWG Distance analysis,
only unambiguous base substitutions were counted
based on pairwise alignments (CBOL Plant Working
Group 2009). When using the Blast+P method (Pang
et al. 2012), we initially used Blast to test whether a
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sample could be successfully identified by a specified
marker. If not, we then extracted sequences of the clos-
est Blast hit and employed a Distance method to see
whether this sample could be distinguished from its
closest samples from different species. Throughout all
subsequent analyses, this method was employed for
comparative purposes. To directly compare the relative
species discrimination efficiency of the five markers and
marker combinations, we first focused on the matched
data set. The species discrimination assessments were
then expanded to a data set containing all of the sam-
ples, including samples where one or more sequences
were not successfully sequenced; for this data set, spe-
cies discrimination abilities of multimarker combina-
tions were not calculated. As done by the CBOL Plant
Working Group (2009), species that were represented by
only one sequence were not counted in the discrimina-
tion success statistics, but were included to serve as
potential sources of discrimination failure.

Results

Genetic divergence within and between species

The results of the six parameters used to estimate genetic
divergences of the five loci in the matched data set are
presented in Table 1. ITS2 had the highest interspecific
divergence, followed by ITS. PshA-trnH was at an inter-
mediate level of variation, but much higher than either
rbcL or matK. These results indicate that ITS, ITS2 and
psbA-trnH exhibit a relatively higher ability for interspe-
cific discrimination than matK or rbcL. For intraspecific
divergence, rbcL showed the lowest level of intraspecific
variation, while psbA-trnH exhibited the highest level,
followed by ITS2.

Interspecific inversions in psbA-trnH were detected in
23 of 37 genera when more than two species were exam-
ined. Intraspecific inversions were less frequent, occur-
ring in only five species. For the 1011 psbA-trnH
sequences examined, their lengths ranged from 110 to
424 bp, with a mean length of 267 bp and a median

Barcoding gap assessment

When intraspecific variations were calculated between
conspecific individuals and interspecific divergences
were calculated between species, the five markers dis-
played significant overlap for more or less all species
(Fig. 1). For ITS and ITS2, the majority of species had
DNA barcoding gaps and showed relatively better per-
formances than any of the other three markers. For rbcL
and matK, most of the species were distributed in the
lower left corner of the scatter plot. For psbA-trnH, some
species had especially higher interspecific variation than
intraspecific variation, while other species showed just
the opposite.

Identification efficiency of the DNA barcodes

When comparing the identification efficiency of the five
markers using two data sets and four analytical methods,
Blast+P, in the majority of cases, gave a relatively higher
value of species discrimination than did either Distance
(based on within-genera multiple alignments) or PWG
Distance (based on pairwise alignments); this value,
however, was almost always identical to that obtained
by Blast. For all markers except psbA-trnH, species dis-
crimination of PWG Distance was slightly lower than
Blast+P. Hereafter, Blast+P is adopted for the discussion
of identification efficiency.

For the matched data set (Fig. 2, Fig. S1, Supporting
information), ITS had the highest single-locus species-
level identification efficiency (73.3%), followed by ITS2
(66.7%). PsbA-trnH performed lower than ITS and ITS2
with a 55.6% success rate, and discrimination success for
rbcL and matK was 24.4% and 33.3%, respectively. The
rate of successful species identification with two-locus
combinations was highest with ITS+psbA-trnH (82.2%),
followed closely by ITS2+psbA-trnH (80%). The rbcL+
matK combination showed a 40% species discrimination
rate. The combination of ITS and any chloroplast DNA
locus reached 73.3% to 82.2% species identification
success rates (any chloroplast locus and ITS2 reached

length of 335 bp.

66.7-80.0%).

The three-locus combinations achieved

Table 1 Comparison of inter- and intraspecific genetic divergences of five loci. Internal transcribed spacer (ITS) sequences included
ITS1, 5.85 rRNA and ITS2, except for 135 sequences that lacked data from 5.8s rRNA

ITS

1TS2

psbA-trnH

rbeL

matK

Average interspecific distance
Average theta prime

Smallest interspecific distance
Average intraspecific distance
Theta

Average coalescent depth

0.0477 £+ 0.0381
0.0607 £ 0.0632

0.015 + 0.0331
0.0026 + 0.0064
0.0036 £ 0.0087
0.0051 £ 0.0102

0.0619 + 0.048
0.0897 + 0.1039
0.0208 + 0.0521
0.003 + 0.0088
0.0044 + 0.0119
0.0064 + 0.0148

0.0291 £ 0.0276
0.0335 + 0.0326

0.006 + 0.0155
0.0066 + 0.0113
0.0069 £ 0.0093
0.0109 + 0.0154

0.0038 £ 0.0035

0.005 £ 0.0042
0.0007 £ 0.0021
0.0008 + 0.0019
0.0006 £ 0.0012
0.0012 £ 0.0026

0.0096 £ 0.0096
0.0151 + 0.0204
0.0029 £ 0.0096
0.0023 + 0.0053
0.0022 + 0.0034
0.0038 + 0.007
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66.7% to 84.4% discrimination rates. The combination of
three chloroplast DNA markers (psbA-trnH+rbcL+matK)
gave a 66.7% species discrimination success rate. The
three-locus combinations did not significantly improve
the success rates of species discrimination compared to
ITS+psbA-trnH (at 82.2%). Considering the four barcode
combinations (ITS+psbA-trnH+rbcL+matK and ITS2+psbA-
trnH+rbcL+matK), the identification efficiencies were
84.4% and 82.2%, respectively.

When the species discrimination evaluation of the five
markers was extended to all of the samples, similar
trends in species discrimination were obtained (i.e.
ITS > ITS2 > psbA-trnH > matK > rbcL). For ITS, a 70.0%
discrimination efficiency was achieved among 3052 sam-
ples representing 1378 species from 272 genera. Among
the 23 genera with more than 10 sampled species for ITS,
four genera (Chaerophyllum [45.5%], Ligusticum [40%],
Heracleum [25.6%] and Peucedanum [26.7%]) showed
<50% discrimination efficiency. ITS2 had a 64.3% species
discriminatory value among 3732 samples representing
1859 species from 361 genera. Among the 28 genera with
more than 10 sampled species for ITS2, five genera
(Bupleurum [45.5%]1, Chaerophyllum [36.4%], Ferula [40%],
Heracleum [20.5%] and Peucedanum [22.2%]) showed
<50% discrimination efficiency. For psbA-trnH, a 49.5%
discrimination efficiency was achieved among 1011 sam-
ples representing 407 species from 80 genera. Among the
five genera with more than 10 sampled species for
psbA-trnH, only Bupleurum showed more than 50% dis-
crimination efficiency. MatK obtained a 38.6% species

© 2014 John Wiley & Sons Ltd

discriminatory power from 567 samples representing 215
species in 68 genera. Among the four genera with more
than 10 sampled species for matK, only Angelica showed
more than 50% discrimination efficiency. RbcL had a
32.1% species identification efficiency among 566 sam-
ples representing 239 species and 109 genera. Among the
three genera with more than 10 sampled species for rbcL,
no genus showed more than 50% discrimination effi-
ciency.

Discussion

An ideal DNA barcode should have a larger interspecific
than intraspecific divergence, so that it can distinguish
one species from another (Kress ef al. 2005; Kress & Er-
ickson 2007). Furthermore, it should have significantly
separated, nonoverlapping genetic variation between its
intra- and interspecific samples using a universal primer
pair (Hebert et al. 2003; Moritz & Cicero 2004). Hereto-
fore, a combination of two or more markers has been
suggested for plant DNA barcoding. The China Plant
BOL Group (2011) proposed that ITS and a subset of this
marker, ITS2, be incorporated alongside rbcL+matK into
the core barcode for angiosperms. However, in Apiaceae,
the combination rbcL+matK can only separate 40% of the
sampled species in the matched data set for the family.
Moreover, rbcl. and matK showed 32.1% and 38.6%
species identification efficiencies, respectively, across all
samples. The discriminatory power of these two loci
decreases substantially when conspecific taxa are
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Fig. 2 A comparison of per cent discrimination success for five
individual markers and two- to four-marker combinations (I,
internal transcribed spacer (ITS); 12, ITS2; P, psbA-trnH; R, rbcL;
M, matK).

considered (Chen et al. 2010; China Plant BOL Group
2011). These findings are consistent with the conclusion
of Downie et al. (2001) in suggesting that among all
markers commonly employed in Apiaceae phylogenetic
study, the ITS region is evolving most rapidly, as evi-
denced by the greater percentage of sites that are poten-
tially parsimony informative and its higher rate of
sequence change.

We report herein that, of the five markers considered,
ITS and a subset of this region, ITS2, had the highest dis-
crimination abilities in Apiaceae. This result corroborates
studies by Chen et al. (2010) and the China Plant BOL
Group (2011) done on a wider sampling of taxa where
both ITS and ITS2 were determined to be most suitable
for DNA barcoding applications. The study of Chen et al.
(2010) included a large number of medical plants from
the Apiaceae (25 genera, 98 species). Similarly, He et al.

(2012) reported that ITS was the best candidate to
authenticate cultivars of Angelica anomala, an important
medical plant used in traditional Chinese medicine, and
to distinguish between A. anomala and its closest rela-
tives.

Problems and challenges associated with using the
ITS region as a universal plant barcode, such as the
potential for fungal contamination, the presence of paral-
ogous gene copies and the lack of universal primers
(Hollingsworth 2011), can be mitigated or may not be
warranted in the Apiaceae. Fungal contamination can be
reduced considerably by proper sample preparation and,
should it occur, be identified using a software pipeline
that can facilitate the processing and identification of
fungal ITS sequences (Nilsson et al. 2009). Regarding the
issue of paralogous gene copies, the China Plant BOL
Group (2011) reported that such paralogs were limited to
only 7.4% of the 6286 individuals they investigated and,
as such, may not constitute a major problem. Song et al.
(2012), using pyrosequencing, confirmed that intrage-
nomic multiple copies did not impact phylogenetic
reconstruction and species determination in most cases.
Similarly, Spalik & Downie (2007) reported that the few
intraindividual polymorphisms published to date for
Apiaceae do not interfere with the phylogeny estimation.
Downie et al. (2010) have indicated that ITS sequences
are readily obtainable from Apiaceae, even from herbar-
ium specimens a century old. Even if there were taxa for
which ITS could not be amplified and sequenced in its
entirety, ITS2 is a useful backup because it is shorter and
more universal than ITS (Chen et al. 2010).

PsbA-trnH is readily amplifiable using universal prim-
ers and its levels of species discrimination are usually
higher than for other chloroplast regions (Kress et al.
2005; Kress & Erickson 2007; Chen et al. 2010). Indeed,
based on metadata analysis, psbA-trnH has been shown
to be a valuable marker (Pang et al. 2012). In our study,
psbA-trnH had a species-level identification efficiency of
55.6% in matched data set, much higher than that of
rbcL or matK. However, there are limitations to using
psbA-trnH as a barcode, and these include its high
frequency of length variation and the presence of homo-
polymers and inversions (CBOL Plant Working Group
2009; Whitlock et al. 2010; China Plant BOL Group 2011).
In some taxonomic groups, these limitations have
severely reduced the utility of psbA-trnH as a barcode
(Goremykin et al. 2005). Its high frequency of length vari-
ation resulting from its many insertions and deletions
makes it difficult to construct an accurate alignment of
these sequences (Kress et al. 2005). Moreover, because
the region can exceed 1000 bp in size, taxon-specific
internal sequencing primers are necessary (Goremykin
et al. 2005). The high frequency of psbA-trnH length vari-
ants in some species impacted species identification
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using alignment-based methods, such as the Distance
analysis, but had minimal effect on the Blast searches, as
reported previously by Kress et al. (2005) and Kress &
Erickson (2007). Moreover, indels can enhance both spe-
cies identification (Kress et al. 2005) and phylogenetic
analysis (Degtjareva et al. 2012) by providing additional
characters. While the presence of homopolymers in pshA-
trnH can reduce the quality of the sequence, only 6.7% of
the Apiaceae psbA-trnH sequences examined had long
homopolymer tracks, and the confounding effects of
these homopolymers can be overcome using cloning
approaches. Intraspecific inversions can lead to an over-
estimate of intraspecific variation, and interspecific
inversions can confuse relationships among closely
related species (Whitlock et al. 2010). A common mecha-
nistic explanation for the origin of inversions is a single
mutation in the terminal portion of a hairpin structure,
and the most acceptable way to handle these inversions
is to reverse complement them in the data matrix
(Storchové & Olson 2007; Borsch & Quandt 2009).

In summary, ITS and ITS2 showed superior results in
both intra- and interspecific divergence comparisons,
DNA barcoding gap assessments and identification
efficiency. The identification efficiency of the ITS/
ITS2+psbA-trnH combination was significantly higher
than that of rbcL+matK. These results strongly suggest
that ITS or its subset ITS2 be incorporated into the core
barcode for Apiaceae and that the combination of ITS/
ITS2+psbA-trnH markers is a powerful, standard DNA
barcode for species identification.
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