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Abstract

DNA barcodes have been increasingly used in authentication of medicinal plants, while their wide application in
materia medica is limited in their accuracy due to incomplete sampling of species and absence of identification for
materia medica. In this study, 95 leaf accessions of 23 species (including one variety) and materia medica of three
Pharmacopoeia-recorded species of Angelica in China were collected to evaluate the effectiveness of four DNA bar-
codes (rbcL, matK, trnH-psbA and ITS). Our results showed that ITS provided the best discriminatory power by
resolving 17 species as monophyletic lineages without shared alleles and exhibited the largest barcoding gap among
the four single barcodes. The phylogenetic analysis of ITS showed that Levisticum officinale and Angelica sinensis
were sister taxa, which indicates that L. officinale should be considered as a species of Angelica. The combination of
ITS + rbcL + matK + trnH-psbA performed slight better discriminatory power than ITS, recovering 23 species with-
out shared alleles and 19 species as monophyletic clades in ML tree. Authentication of materia medica using ITS
revealed that the decoction pieces of A. sinensis and A. biserrata were partially adulterated with those of L. offici-
nale, and the temperature around 80 °C processing A. dahurica decoction pieces obviously reduced the efficiency of
PCR and sequencing. The examination of two cultivated varieties of A. dahurica from different localities indicated
that the four DNA barcodes are inefficient for discriminating geographical authenticity of conspecific materia med-
ica. This study provides an empirical paradigm in identification of medicinal plants and their materia medica using
DNA barcodes.

Keywords: Angelica, authentication, decoction pieces, DNA barcodes, materia medica

Received 1 August 2013; revision received 5 June 2014; accepted 20 June 2014

atics (Hebert et al. 2003), elucidation of cryptic species

Introduction (Ragupathy et al. 2009), characterization of genetic diver-

DNA barcoding uses standardized short DNA regions as
tags for rapid and accurate identification of species. This
technique has been widely applied in molecular system-
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sity and conservation of endangered species (Sucher &
Carles 2008). Various genes and noncoding regions in
the plastid genome had been proposed as the DNA bar-
codes for plants (Kress & Erickson 2007; Hollingsworth
et al. 2011). The CBOL Plant Working Group (2009) ini-
tially suggested portions of the plastid coding genes rbcL
and matK as the core barcodes to establish a barcoding
database for plant species. However, these two core bar-
codes are not suitable for closely related plant species
(Spooner 2009; Ren et al. 2010). The trnH-psbA intergenic
spacer is the most variable plastid region in angiosperms
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and is easily amplified across a broad range of land
plants (Kress et al. 2005). The nuclear internal transcribed
spacer (ITS) that possesses high rate of nucleotide substi-
tution and relatively high discrimination power have
been extensively utilized in plant molecular systematics
(Baldwin et al. 1995; Sass et al. 2007; Ren et al. 2010;
China Plant BOL Group 2011). Therefore, Kress et al.
(2005) recommended ITS and trnH-psbA as potentially
usable DNA barcodes for flowering plants. ITS2 (160—
320 bp), a subset of ITS, exhibits outstanding advantages
in identification of medicinal plants and materia medica
due to easier PCR amplification and sequencing (Chiou
et al. 2007; Chen et al. 2010) and has been selected as a
valuable sequence tag for barcoding termed ‘minibar-
code’ (Chen et al. 2010; Yao et al. 2010; Han et al. 2013).
Plant species with medicinal values are abundant in
China, of which more than 5000 species are used as
materia medica for therapy in traditional Chinese medi-
cine (Heubl 2010). These materia medica have great con-
tribution to the health of Chinese people. However,
substantial adulteration with closely related or unre-
lated materials may occur accidentally or intentionally
in materia medica (China Plant BOL Group 2011).
Authentication of materia medica is time-consuming and
knowledge intensive because they are always in the
forms of crude drug and decoction piece, which are
air-dried or processed by various methods (stir-frying
with adjuvants, baking, charring, steaming, boiling,
calcining and so on) and thus with modified morpho-
logical and anatomical features. DNA technology is
not affected by developmental stages, environmental
factors, cultivation area, harvesting period and storage
conditions (Heubl 2010) and provides a powerful tool
to assist macroscopic, microscopic, and phytochemical
analyses for authentication of materia medica to ensure
safety, quality, efficacy, and legality of traditional med-
icines (Barthelson et al. 2006; Coghlan et al. 2012).
DNA regions, rbcL, matK, trnH-psbA and ITS, have
been generally applied to clarify confusable herbal
materials (Kondo ef al. 2007; China Plant BOL Group
2011; Kool etal. 2012; Zhang et al. 2012), and a
sequence database of commonly used Chinese herbal
medicines was established (Chen et al. 2010). These
studies advanced the molecular authentication of tradi-
tional medicines, whereas the widespread and practical
applications of DNA barcodes have been constrained
by several issues. First, the identification accuracy for
medicinal plants is influenced by incompletely sam-
pling of accessions because the species without medici-
nal value in the same genus or family, which are the
most potential source of adulteration, are generally
excluded. DNA barcoding is likely to fail when only a
subset species of a genus is examined just for a spe-
cific purpose such as medicinal plants identification
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(Zuo et al. 2011). Therefore, precise verification of
DNA barcodes requires a thorough sample collection
comprising medicinal and nonmedicinal species in a
genus. Second, previous studies focused on materials
of original plants but not materia medica and thus are
not practical for identification of materia medica. Materia
medica is generally difficult to be identified using
DNA-based techniques (Heubl 2010). The postharvest
processes of materia medica may cause severe DNA
degradation and result in exceeding difficulties in bar-
coding materia medica. Therefore, the impact of process-
ing procedures on PCR amplification and sequencing
need to be further addressed for practical demand.
Third, application of DNA barcoding in identification
of medicinal plants did not meet the actual demand
for clarification of geographical authenticity of materia
medica. The quality of conspecific materia medica pro-
duced in different localities might be affected by
genetic variation and geographical differentiation,
which makes quality of materia medica associate with
localities. This association is called geographical
authenticity of materia medica, which is an important
parameter evaluating quality of materia medica, and
may be verified by identification of genetic variation
associated with localities. However, little information
was provided to test whether DNA barcodes are suit-
able markers for exploring the geographical authentic-
ity of materia medica.

Angelica L., an herbaceous perennial genus of Um-
belliferae, is extremely polymorphic in fruit anatomy,
leaf morphology and subterranean structures (Va-
sil’'eva & Pimenov 1991). Discrimination among Angel-
ica species is highly difficult because of a complex
and controversial taxonomic history. There are 45
Angelica species distributed in China, of which 32 are
endemic (She et al. 2005; Feng et al. 2009), while some
species are known only from a few specimens and
extremely rare in the field. Delimitation of 26 species
and five varieties in Flora Republicae Popularis Sinicae
(http:/ /frps.eflora.cn/frps/Angelica) is more reason-
able in practice according to the opinion of Nian-He
Wang, the taxonomist of Amngelica. Three species of
Angelica, A. sinensis (Oliver) Diels (Chinese medicine
name: Danggui), A. biserrata (Shan et Yuan) Yuan et
Shan (Duhuo) and A. dahurica (Fischer ex Hoffmann)
Bentham & J. D. Hooker ex Franchet & Savatier (Bai-
zhi) are Pharmacopoeia-recorded materin  medica,
namely official materia medica (Chinese Pharmacopoeia
Committee of People’s Republic of China’s 2010).
Around 50 000-61 000 tons of the three official materia
medica, estimated 1.4-1.7 billions RMB, are produced
per year in China, where medicinal materials of
A. sinensis, A. biserrata and A. dahurica are from culti-
vation, field collection and half-cultivation, respectively
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(Sun et al. 2009; Wang et al. 2002; http://www.zyctd.
com/). In addition, 15 species (including one variety)
of Angelica are used as herbal medicinal materials in
folk remedies (http://frps.eflora.cn/), which are usu-
ally collected from the field.

The materia medica of Angelica are often misused or
intentionally substituted in the market for cost concern.
Angelica sinensis and A. biserrata are reciprocally substi-
tuted, and Levisticum officinale W. D. ]. Koch (Oudanggui)
is frequently used as their alternatives. Levisticum offici-
nale, native to southwest Asia and Europe, was officially
introduced from Europe in 1957 as a substitute to miti-
gate the large demand of A. sinensis (She et al. 2005) and
then was widely cultivated in provinces of Mongolica,
Hebei, Shandong, Henan, Shanxi and Shaanxi. After-
wards, pharmacological experiments indicated that the
medicinal efficacy of L. officinale is lower than that of
A. sinensis, and thus, L. officinale was excluded in Chi-
nese Pharmacopoeia (2005) and prohibited to be used
instead of A. sinensis since 1983. However, intentional
cultivation of L. officinale as the alternatives for A. sinen-
sis and A. biserrata is prevalent in some provinces, such
as Hebei, Shandong and Henan (Sun et al. 2009). In addi-
tion, five species of Angelica are used as folk substitutes,
A. nitida H. Wolff and A. gigas Nakai for A. sinensis,
A. anomala AvE-Lallemant and A. porphyrocaulis Nakai &
Kitagawa for A. biserrata, and A. polymorpha Maxi-
mowicz for A. dahurica, respectively.

The processing procedures for the three official mate-
ria medica of Angelica from crude drugs to decoction
pieces are different. The decoction pieces of A. sinensis
and A. biserrata, smaller and thinner than those of
A. dahurica, are usually baked at 60 °C which might have
less impact on the performance of DNA barcoding. The
decoction pieces of A. dahurica are conducted by baking
the slices of crude drugs at 80 °C (Tan et al. 2013) which
might cause severe DNA degradation and render PCR
amplification and sequencing difficult.

Two cultivated varieties of A. dahurica, A. dahurica (Fi-
scher ex Hoffmann) Bentham & J. D. Hooker ex Franchet
& Savatier cv. Qibaizhi and A. dahurica (Fischer ex Hoff-
mann) Bentham & J. D. Hooker ex Franchet & Savatier
cv. Hangbaizhi (http:/ /frps.eflora.cn/), with various lev-
els of quality resulted from different cultivation locali-
ties, are the sources of materia medica of A dahurica in the
market. However, these materia medica are difficult to be
differentiated according to the morphological and micro-
morphological traits. Evaluation of the efficiency of DNA
barcodes in clarifying geographical authenticity of mate-
ria medica of A. dahurica will provide deeper and practi-
cal insights for further quality control.

This report aims to evaluate the effectiveness of the
empirical DNA barcodes rbcL, matK, trnH-psbA and ITS
for discrimination of medicinal Angelica species based on

phylogeny, elucidates the impacts of processing proce-
dures on barcoding decoction pieces and scrutinizes the
feasibility of DNA barcodes for identification of the geo-
graphical authenticity of materia medica.

Materials and methods

Leaf accessions

Twenty-three species (including one variety) of Angelica
from 46 populations located in 14 provinces, represent-
ing around 85% species and covering most of the distri-
bution range of Angelica in China (http://frps.eflora.cn/
), were sampled in 2010 (Table S1, Supporting informa-
tion). The leaf accessions of 1-5 individuals were col-
lected for each population. Leaves of Pleurospermum
angelicoides (Wallich ex de Candolle) C. B. Clarke (Um-
belliferae) were sampled from Danba county of Sichuan
province as an outgroup (Table S1, Supporting informa-
tion). Fresh leaves were instantly dried with silica gels
for DNA extraction. Voucher specimens were deposited
in herbaria of Institute of Chinese Materia Medica
(CMMI), China Academy of Chinese Medical Sciences.
The precise geographical location of each sampled popu-
lation was determined using a Garmin GPS unit.

Decoction pieces of A. sinensis, A. biserrata and
A. dahurica

Decoction pieces of A. sinensis, A. biserrata and
A. dahurica were purchased from 10 Chinese medicine
stores distributed in 10 cities of eight provinces in
China: Beijing, Wuhan, Zhoukou, Changsha, Zibo,
Binzhou, Dezhou, Qitaihe, Chengdu and Hejing (sam-
ple code of 10 medicine stores: A. sinensis: GBJ, GWH,
GZK, GCs, GZB, GBZ, GDZ, GQT, GCD, GHJ; A. bis-
errata: HB], HWH, HZK, HCS, HZB, HBZ, HDZ, HQT,
HCD, HHJ; A. dahurica: BBJ, BWH, BZK, BCS, BZB,
BBZ, BDZ, BQT, BCD, BH]J). Three to eight of decoc-
tion pieces for each species from each medicine store
were used in the experiments.

Crude drugs of A. dahurica

Crude drugs of two cultivated varieties of A. dahurica
were collected from four different traditional producing
localities: A. dahurica cv. Qibaizhi was from Anguo of
Hebei province and Yuzhou of Henan province (sample
code: BAG and BYZ); A. dahurica cv. Hangbaizhi was
from Hefei of Anhui province and Suining of Sichuan
province (sample code: BHF and BSN). After cleaning,
the fresh roots were air-dried prior to use. The roots of
three to five individuals from each producing locality
were tested in the experiments.
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All the decoction pieces and crude drugs were mor-
phologically and microscopically identified by Prof. Shi-
Yuan Jin and then deposited in herbaria of Institute of
Chinese Materia Medica (CMMI), China Academy of
Chinese Medical Sciences.

DNA extraction, PCR amplification and sequencing

Total DNA of dried leaves of Angelica species, decoction
pieces of official medicinal species A. sinensis, A. biserrata
and A. dahurica, and crude drugs of A. dahurica was
extracted using 2x CTAB method (Doyle & Doyle 1987).
The concentration of DNA was measured using a Nano-
Drop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington, DE, USA). The representative fragments of
different DNA barcodes were amplified using the prim-
ers described as follows: 1F (ATGTCACCACAA
ACAGAAAC) and 724R (TCGCATGTACCTGCAG-
TAGC) for rbcL (Fay etal. 1997), 3F KIMf (CGT
ACAGTACTTTTGTGTTTACGAG) and IR KIMr (AC-
CCAGTCCATCTGGAAATCTTGGTTC) for matK (CBOL
Plant Working Group 2009), trnH2 (CGCGCATGGTG-
GATTCACAATCC) (Tate & Simpson 2003) and psbAF
(GTTATGCATGAACGTAATGCTC) (Sang et al. 1997)
for trnH-psbA, and ITS5 (GGAAGTAAAAGTCGTAA-
CAAGG) and ITS4 (TCCTCCGCTTATTGATATGC) for
ITS (White et al. 1990). The PCR amplification was per-
formed with TC-512 thermocycler (Techne, England).
Each 20 puL PCR solution contained 0.5 uL of template
DNA (40-80 ng), 2 uL 10x PCR reaction buffer, 1.6 uL
2.5 mm dNTP, 0.5 uL 10 um forward/reverse primers,
0.2 uL Ex-Taqg DNA polymerase (Takara Shuzo Co., Ltd.,
Otsu, Japan) and 14.7 uL sterile distilled water. The con-
ditions for PCR were 35 cycles of 94 °C for 30 s, 56 °C
for 20 s and 72 °C for 20 s. PCR products were examined
with 1.5% agarose gel electrophoresis and purified
through precipitation with 95% ethanol and 3 M sodium
acetate (pH 5.2). All the purified PCR products were sub-
jected to double-stranded sequencing using the DYE-
namic ET Terminator Kit (Amersham Pharmacia
Biotech) according to the manufacturer’s instruction, and
analysed with an ABI 377XL automated sequencer.

Analysis of data sets

All the sequences excluding primer regions were edited
and assembled using CONTIGEXPRESS (VECTOR NTI ADVANCE
version 10.3.1, Invitrogen) and BIoEDIT 7.0.9 assisted with
manual correction. Sequence alignments for each region
were carried out using cLusTALX version 2.0 (Larkin et al.
2007) and then modified artificially. Multiple sequence
alignments were concatenated into a single file using
GENEIOUs PRO version 4.8.5 (Drummond et al. 2009). To
check for shared alleles between species, accessions from
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each species were merged into one or more private
sequences using DAMBE (Xia & Xie 2001). Pairwise inter-
specific and intraspecific distances for each locus were
analysed based on the Kimura 2-parameter (K2P) model
through MEGA version 4.0 (Tamura et al. 2007). The bar-
coding gaps were graphed by comparing the distribu-
tions of intra- and interspecific divergences of each
barcode. Neighbour-joining (N]) and standard phyloge-
netic trees, maximum parsimony (MP) and maximum
likelihood (ML) trees, were estimated to evaluate
whether species were recovered as monophyletic with
each barcode and their combinations. NJ tree was analy-
sed based on K2P model with MEGA version 4.0 (Tamura
et al. 2007). MP and ML trees were constructed with paur
version 4.0b10 (Swofford 2002). For the ML analysis, the
best model of nucleotide substitution was calculated
with MopeLTEST 3.7 (Posada & Crandall 1998). Branch
support for all analyses was assessed with 10 000 boot-
strap replications. ITS or ITS2 sequences of four species
of Umbelliferae, Levisticum officinale, Ostericum grosseser-
ratum (Maximowicz) Kitagawa, Peucedanum delavayi
Franchet and Peucedanum elegans Komarov retrieved
from GenBank and the sequences of four barcodes of
Pleurospermum angelicoides (Umbelliferae) obtained from
collected leaf accessions were used as the outgroups for
NJ and standard phylogenetic analyses (Table S1, Sup-
porting information). The identification efficiency of sin-
gle and combined barcodes was determined by
evaluating the number of species without shared alleles
and percentage of monophyletic species in NJ, MP and
ML trees.

Results

Character analysis of each barcode

A total of 95 individuals representing 23 species
(including one variety) of Amngelica were successfully
amplified and sequenced using four DNA barcodes.
With regard to universality of primers and success of
PCR and sequencing, the proportion at each of the four
regions was 100% (Table 1). The newly generated
sequences in this study were submitted to GenBank
(Table S1, Supporting information). ITS sequences ran-
ged from 670 to 676 bp with 166 variable sites, 164
informative sites and 12 indels of 1-4 bp within aligned
687 bp. The trnH-psbA intergenic spacer region ranged
from 261 to 307 bp with 31 variable sites, 31 informa-
tive sites and 16 indels of 1-24 bp within aligned
373 bp, wherein A/T repeats occurred at 84-102 bp,
115-147 bp and 272-283 bp. The matK and rbcL genes,
both without indels, were 834 bp with 38 variable and
35 informative sites, and 703 bp with 12 variable and
11 informative sites, respectively (Table 1).
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Table 1 Evaluation of four DNA barcoding regions, three chloroplast regions (rbcL, matK and trnH-psbA) and the nuclear ITS region

DNA region rbcL matK trnH-psbA ITS
Universal ability to primer Yes Yes Yes Yes
Percentage PCR success (%) 100 100 100 100
Percentage sequencing success (%) 100 100 100 100

Aligned sequence length (bp) 703 834 373 687

No. indel (Iength in bp) 0 0 16 (1-24) 12 (1-4)

No. informative sites Aariable sites 11/12 35/38 31/31 164/166

No. sampled species (individuals) 23 (95) 23 (95) 23 (95) 23 (95)
Interspecific distance mean (range) (%) 0.025 (0-0.6) 0.071 (0-1.7) 0.158 (0-3.8) 0.471 (0-11.3)
Intraspecific distance mean (range) (%) 0.004 (0-0.1) 0.013 (0-0.3) 0.058 (0-1.4) 0.008 (0-0.2)

The mean interspecific/intraspecific genetic distances
of 23 measurements with K2P were 0.025% (0-0.6%)/
0.004% (0-0.1%) for rbcL, 0.071% (0-1.7%)/0.013% (0—
0.3%) for matK, 0.158% (0-3.8%)/0.058% (0-1.4%) for
trnH-psbA and 0.471% (0-11.3%)/0.008% (0-0.2%) for ITS
(Table 1). The distribution of congeneric species distance
from the four markers and their individual relative dis-
tributions of interspecific and intraspecific distances are
shown in Fig. 1. In general, the mean interspecific dis-
tances were higher than those of the intraspecific dis-
tances for the four markers. ITS showed the largest
barcoding gap with more than 50 times higher inter- vs.
intraspecific distance, whereas the trnH-psbA region
exhibited the highest intraspecific genetic distance in the
four DNA regions (Table 1). The rank of mean sequence
divergences in Angelica species was ITS > trnH-
psbA > matK > rbcL.

Phylogenetic analyses of single or combined locus

The identification efficiency of single and combined bar-
codes was determined by evaluating the number (or per-
centage) of species without shared alleles and
monophyletic species in NJ, MP and ML trees. In all
cases, NJ analyses discriminated an equal or greater per-
centage of species resolved as monophyletic clades than
did ML analyses, and ML analyses discerned a greater or
equal percentage than MP  analyses except
ITS + matK + trnH-psbA (Table 2). For single barcode,
ITS exhibited the highest success rates of identification
for Angelica species. Seventeen species were successfully
discriminated without shared alleles and grouped
together in mutually exclusive monophyletic clades
(73.91%) in NJ, MP and ML trees with bootstrap values
>80%, among which 11 species are used as herbal medic-
inal materials in folk remedies and three species
(A. sinensis, A. biserrata and A. dahurica) are Pharmaco-
poeia-recorded materia medica, namely official materia
medica (Figs 2 and 3; Fig. S1, Supporting information).
Compared to ITS, ITS2 showed lower clade support val-

ues in NJ, MP and ML trees (Fig. 4; Figs S2 and S3, Sup-
porting information) and did not assemble A. dahurica as
a single monophyletic group in MP tree (Fig. 4),
although the number of species without shared alleles
and the percentage of monophyletic species in NJ and
ML trees were the same as those of ITS (Table 2). There-
fore, ITS2 is less suitable as a useful barcode for identifi-
cation of A. dahurica and its materia medica. In addition,
the outgroup Levisticum officinale was nested within
Angelica as a sister group of A. sinensis in NJ, MP and
ML trees of ITS and ITS2 (Figs 2—4; Figs S1-S3, Support-
ing information).

The combinations of ITS with plastid regions increased
the number of species without shared alleles, while the
percentage of monophyletic species was not significantly
improved. The combination of ITS + rbcL + matK + trnH-
psbA obtained the largest number of species without
shared alleles (23 species), and one or two monophyletic
species were increased in MP or both NJ and ML trees
compared to ITS, while A. dahurica was not assembled as
a monophyletic clade in MP tree (Table 2; Figs 54-56,
Supporting information). The combination of ITS +
rbcL + matK recovered the highest number of monophy-
letic species (20 species) in NJ tree, but the number of
monophyletic species in MP and ML trees was the same
as that of ITS (Table 2). The combination of matK + rbcL
exhibited the fewest species without shared alleles (13
species) and the lowest monophyletic species (11 species)
in NJ, MP and ML trees in all combinations and ITS alone
(Table 2; Figs S7-S9, Supporting information). Therefore,
the two-locus combination of matK and rbcL suggested by
the consortium for the barcode of life (CBOL Plant Work-
ing Group 2009) is comparatively less effective for
discrimination of Angelica species.

With regard to universality of primers, success of
PCR and sequencing, distribution of intra- and interspe-
cific distances, species without shared alleles and
monophyly value, ITS displayed the highest discrimina-
tion ability of species and thus is the most promising
barcoding region for identification of Angelica species
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Fig. 1 (a) Relative distribution of interspecific distances between congeneric species from four DNA barcodes; (b—e) Relative distribu-
tions of intraspecific and interspecific distances from rbcL, matK, trnH-psbA and ITS, respectively.

and authentication of their materia medica. The combina- complexity in practical application which render them
tions of ITS with plastid regions slightly improved the unsuitable for widespread use in materia medica authenti-
discrimination ability of species but increased the cation.
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Table 2 The number (percentage) of species without shared alleles and monophyletic species in 23 Angelica species (including 1 vari-
ety) derived from neighbour-joining (NJ), maximum parsimony (MP) and maximum likelihood (ML) trees for four DNA barcodes and

their combinations

No. species without

No. monophyletic species (%)

Potential barcode shared alleles NJ MP ML

rbcL 6 6 (26.09) 6 (26.09) 6(26.09)
matK 11 10 (43.48) 10 (43.48) 10 (43.48)
trnH-psbA 15 11 (47.83) 11 (47.83) 11 (47.83)
ITS 17 17 (73.91) 17 (73.91) 17 (73.91)
ITS2 17 17 (73.91) 16 (69.57) 17 (73.91)
ITS + rbcL 18 18 (78.26) 16 (69.57) 16 (69.57)
ITS + matK 19 19 (82.61) 17 (73.91) 17 (73.91)
ITS + trnH-psbA 23 19 (82.61) 16 (69.57) 17 (73.91)
ITS + rbcL + matK 21 20 (86.96) 17 (73.91) 17 (73.91)
ITS + rbcL + trnH-psbA 23 19 (82.61) 16 (69.57) 18 (78.26)
ITS + matK + trnH-psbA 23 19 (82.61) 18 (78.26) 16 (69.57)
ITS + rbcL + matK + trnH-psbA 23 19 (82.61) 18 (78.26) 18 (78.26)
matK + rbcL 13 11 (47.83) 11 (47.83) 11 (47.83)
rbeL + matK + trnH-psbA 19 15 (65.22) 14 (60.87) 14 (60.87)

Authentication of decoction pieces of A. sinensis and
A. biserrata

In an attempt to authenticate decoction pieces of A. sin-
ensis and A. biserrata, three to eight pieces of decoction
pieces for each species from each one of ten medicine
stores were analysed with four DNA regions (Table 3).
High success rate of PCR (>88.9% and >89.1%) and
sequencing (>85.2% and >84.1%) were obtained from the
decoction pieces of A. sinensis and A. biserrata, indicating
that the processing procedures for decoction pieces of
A. sinensis and A. biserrata have slight impact on their
molecular authentication.

Ninety-one ITS sequences of decoction pieces of
A. sinensis and A. biserrata were used to construct NJ and
phylogenetic trees with those of leaf accessions of 23 spe-
cies (including one variety) of Angelica (Fig. 2). All decoc-
tion pieces of A. sinensis separately collected from Beijing
(GB)), Hejing (GHJ), Chengdu (GCD), Changsha (GCS),
Zibo (GZB), Wuhan (GWH), Binzhou (GBZ), Zhoukou
(GZK), Qitaihe (GQT) and one piece from Dezhou (GDZ)
fell into a monophyletic clade with leaf accessions of
A. sinensis. All decoction pieces of A. biserrata from Beij-
ing (HBJ), Hejing (HHJ), Chengdu (HCD), Changsha
(HCS), Zibo (HZB), Wuhan (HWH), Zhoukou (HZK),
Qitaihe (HQT) and one piece from Binzhou (HBZ) were
grouped into a monophyletic lineage with leaf accessions
of A. biserrata. Five decoction pieces of A. sinensis from
Dezhou (GDZ) and five decoction pieces of A. biserrata,
two pieces from Binzhou (HBZ) and three pieces from
Dezhou (HDZ), shared the same allele and formed a
monophyletic clade together with Levisticum officinale,
indicating that the decoction pieces of A. sinensis and

A. biserrata in the market are adulterated with those of
L. officinale. The reciprocal replacement of A. sinensis and
A. biserrata was not observed.

Authentication of materia medica of A. dahurica

To investigate the efficiency and feasibility of DNA bar-
codes in identification of materia medica differently pro-
cessed, a set of experiments were performed to verify the
appropriate barcodes. Three to eight decoction pieces
from each one of ten medicine stores and three to five
individual crude drugs from each one of four authentic
producing localities of A. dahurica were analysed and
compared using four DNA regions and ITS2. The PCR
amplification/sequencing efficiency of decoction pieces
was relatively low using matK (30.0%/55.6%), trnH-psbA
(40.0%/62.5%) and ITS (46.7%/25.0%), while rbcL had
higher sequencing efficiency (51.7%/93.5%; Table 3). A
slight increase in PCR amplification/sequencing effi-
ciency for decoction pieces of A. dahurica (51.7%/32.2%)
was detected with the ITS2 region. Higher efficiency
(above 85.7%) of PCR amplification and sequencing was
obtained for crude drugs using all four DNA barcodes
(Table 3). These results indicated that the processing pro-
cedures from crude drugs to decoction pieces of A. dahu-
rica dramatically decreased the efficiency and feasibility
of DNA barcodes identification, and ITS2 showed slight
improvement in PCR amplification/sequencing effi-
ciency for decoction pieces of A. dahurica.

In NJ, MP and ML trees of ITS (Figs 2 and 3; Fig. S1,
Supporting information), all decoction pieces and leaf
accessions of A. dahurica were grouped into a monophy-
letic clade with bootstrap values >80%, showing that
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Fig. 2 Neighbour-joining tree of 23 Angelica species (including one variety) combined with the decoction pieces of three official materia
medica (boxed in real line rectangle) and crude drugs of A. dahurica (boxed in dotted line rectangle) based on ITS sequences. The sym-
bols on the top right corner of each species refer to Table S1, and the followed numbers behind each species and materia medica represent
the sample size. The species underlined are not discriminated. Supporting values (>50%) are indicated above or below the relevant

branches.
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Table 3 Percentage of PCR amplification and sequencing success of the five DNA barcoding regions for the decoction pieces and crude
drugs of three official materia medica, Angelica sinensis, A. biserrata and A. dahurica

Percentage PCR success (%)

Percentage sequencing success (%)

Decoction pieces Crude drugs Decoction pieces Crude drugs
Angelica Angelica Angelica Angelica Angelica Angelica Angelica Angelica
DNA region sinensis biserrata dahurica dahurica sinensis biserrata dahurica dahurica
rbcL 92.3 92.5 51.7 929 95.4 95.8 93.5 923
matK 88.9 89.1 30.0 100 85.6 85.9 55.6 85.7
trnH-psbA 96.6 95.5 40.0 85.7 91.2 91.0 62.5 91.7
ITS 923 91.5 46.7 100 85.2 84.1 25.0 85.7
ITS2 51.7 322

decoction pieces of A. dahurica analysed were not adul-
terated.

Authenticating of crude drugs of A. dahurica from
different localities

All crude drugs of two cultivated varieties of A. dahurica
from four different traditional producing localities,
A. dahurica cv. Qibaizhi and A. dahurica cv. Hangbaizhi,
shared the same allele in each of the four barcodes and
were grouped into a monophyletic clade with leaf acces-
sions of A. dahurica with bootstrap values >80% in NJ,
MP and ML trees of ITS (Figs 2 and 3; Fig. S1, Support-
ing information). Therefore, the four DNA barcodes were
not promising to discriminate the materia medica of culti-
vated varieties of A. dahurica produced in different local-
ities.

Discussion

The most ideal DNA barcode for Angelica species

An ideal DNA barcode should be easily amplified with a
pair of universal primers, directly sequenced, quickly
aligned without manual editing and highly differenti-
ated between sampled species (CBOL Plant Working
Group 2009). Our results demonstrated that ITS region is
the most suitable DNA barcode for identification of
Angelica species, with 100% PCR and sequencing success,
few indels and relatively easy alignment. Moreover, ITS
showed the best performance with differentiating 73.91%
(17/23) of the species and displayed the largest barcod-
ing gap with more than 50 times higher inter- vs. intra-
specific distance (Table 1). These results are consistent
with previous studies that ITS can differentiate closely
related congeneric species because of its high mutation
rate (Kress et al. 2005; Nieto Feliner & Rossell6 2007; Sass
et al. 2007). A caveat for ITS as a barcode is that
incomplete concerted evolution may complicate the

relationship among species (Alvarez & Wendel 2003);
however, this study did not find it in Angelica species,
echoing that ITS region is a potential DNA barcode for
flowering plants (Kress et al. 2005; Sass et al. 2007). The
proposed core barcode rbcL + matK discriminated only
47.83% (11/23) of the sampled Angelica species, which is
much lower than the previously reported 72% by CBOL
Plant Working Group (2009). This result confirms that
matK + rbcL. does not perform well in Umbelliferae
(China Plant BOL Group 2011).

Phylogenetic position of Levisticum officinale

Levisticum officinale and A. sinensis have been classified in
different genus; however, the two species could have
close relationship because of their affinity in morphologi-
cal characteristics, chemical constituents and pharmaco-
logical efficacy (Zschocke et al. 1998). In a comprehensive
molecular systematic studies of Asian Umbelliferae, L. of-
ficinale and A. sinensis are sister taxa, which belongs to
the Sinodielsia clade (S. R. Downie, D. S. Katz-Downie &
M. F. Watson, unpublished data). In our study, the phy-
logenetic analysis of 23 Angelica species combined with
L. officinale using ITS demonstrated that L. officinale was
nested within Angelica, sistered to A. sinensis. Therefore,
L. officinale should be considered as a species of Angelica.

Necessity of thoroughly sampled phylogeny for
identification of medicinal plant using DNA barcodes

The critical issue in DNA barcoding is accuracy. Accu-
racy depends especially on the extent of separation
between intraspecific variation and interspecific diver-
gence in the selected marker, namely barcoding ‘gap’,
which cannot be strictly delineated unless a thoroughly
sampled phylogeny is available. A larger barcoding
‘gap’ between intra- and interspecific variation was
found in initial barcoding evaluation due to greatly
undersampled both in evaluation of intraspecific
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variation (mostly 1-2 individuals per species sampled)
and interspecific divergence (because of incomplete or
geographically restricted sampling) (May 1997; Stoeckle
2003; Hebert et al. 2004). The incomplete sampling is
more noticeable for barcode evaluation in identification
of medicinal plants due to limited medicinal species
(Chen et al. 2010; Han et al. 2012, 2013) which may artifi-
cially lead to overestimate the identification efficiency of
barcodes. When intraspecific variation overlaps with
interspecific divergence within a phylogenetic tree con-
sisting of reciprocally monophyletic species, the overlap
will not affect the identification of unknowns in a thor-
oughly sampled tree where they should fall within the
coalescent of already characterized species (Meyer &
Paulay 2005). On the other hand, the overlap will affect
the identification of unknowns in an incomplete sampled
tree where the coalescent of monophyletic species may
fail. Therefore, a successful barcoding project requires
comprehensive species and populations sampling to
obtain high rates of species resolution. Our data sets,
including 23 species (including one variety) of Angelica
(covering about 85% of Angelica species) in China, repre-
sent a successful barcoding approach. Such barcoding
study on the basis of a thoroughly sampled phylogeny is
accurate to track species boundaries and to authenticate
medicinal species in Angelica.

Impact of processing procedures on identification of
materia medica using DNA barcodes

The bottleneck in materin medica identification using
DNA barcodes is that the processing procedure might
result in DNA degradation. The aims of processing are
to enhance the efficacy and/or reduce the toxicity of
crude drugs (Zhao et al. 2010). Traditional baking is an
important approach in the processing procedures of
decoction pieces for A. sinensis, A. biserrata and
A. dahurica. The baking temperature for thicker and
bigger decoction pieces of A. dahurica, around 80 °C, is
higher than that for A. sinensis and A. biserrata (about
60 °C). Baking temperature higher than 65 °C might
cause severe DNA degradation and result in lower
success rates in PCR amplification and sequencing.
Our results demonstrated that the processing proce-
dure for decoction pieces of A. dahurica has an imme-
diate effect on the efficiency of DNA barcoding. ITS2,
with higher success of PCR amplification and sequenc-
ing of decoction pieces and crude drugs of A. dahurica
(Table 3), could be considered as a supplementary bar-
code for identification of Angelica materia medica.
Recently, a large-scale data set of ITS2 for medicinal
plants has been established (Chiou et al. 2007; Chen
et al. 2010; Han et al. 2013) to improve the efficiency of
authentication for medicinal plants and processed mate-
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ria medica. However, the accuracy of discrimination
using ITS2 should be precisely verified based on a
thoroughly sampled phylogeny, because A. dahurica
was not grouped into a single monophyletic clade in
MP tree of ITS2 (Fig. 4).

Feasibility of DNA barcodes for identification of
geographical authenticity of materia medica

Molecular identification of geographical authenticity of
conspecific materia medica is practical and meaningful for
quality assurance of materia medica. The prerequisite for
identification of geographical authenticity is that a DNA
region must reflect the genetic differentiation among
populations. Although DNA barcodes are mainly used
for identification at the species level, they have also intra-
species variation. For example, trnH-psbA harbours the
richest intraspecific variation in chloroplast DNA which
makes it popular in population genetics or phylogeogra-
phy (Avise 2000; Hewitt 2001; Petit et al. 2005). However,
in our study, no difference was found in all crude drugs
of A. dahurica from different producing localities with all
four DNA barcodes. Thus, DNA barcodes are not prom-
ising for identification of geographical authenticity of
A. dahurica. More rapidly evolving markers, such as mi-
crosatellites (Sheng et al. 2002), might be hopeful for the
identification of geographical authenticity of conspecific
materia medica.

Here, we propose ITS as the most ideal barcode for
identification of Angelica species and revise L. officinale
as a species of Angelica, Angelica officinale. To faciliate
the use of DNA barcodes in materia medica identifica-
tion, we elucidate the necessity of thoroughly sampled
phylogeny for barcoding medicinal plant and investi-
gate the impact of processing procedures on materia
medica identification using DNA barcodes and the fea-
sibility of DNA barcodes for identification of geo-
graphical authenticity of materia medica. This study not
only provides a database for discrimination of Angelica
species and their materia medica, but also represents an
empirical paradigm for accurately identifying medici-
nal plants and addressing bottleneck issues of barcod-
ing materia medica, which will shed new lights on the
future studies in authentication of traditional Chinese
medicine using DNA barcodes.
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Data accessibility

Sampling information and GenBank accessions of ITS
(JX022893-022940), matK (KC812767-KC812780 & KC81
2782-KC812786), rbcL (KC812787-KC812798), trnH-psbA
(KC812799-K(C812804 & KC812945-KC812959) of the test
samples, and the sequences retrieved from GenBank are
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included in Table S1.The input files of phylogenetic analy-
ses are provided (Supporting Information).

Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Maximum likelihood tree of 23 Angelica species (includ-
ing one variety) combined with the decoction pieces of three
official materia medica (boxed in real line rectangle) and crude
drugs of A. dahurica (boxed in dotted line rectangle) based on
ITS sequences. The symbols on the top right corner of each spe-
cies refer to Table S1, and the followed numbers behind each
species and materia medica represent sample size. The species
underlined are not discriminated. Supporting values (>50%) are
indicated above or below the relevant branches.

Fig. S2-S3 Neighbour-joining (S2) and maximum likelihood (S3)
trees of 23 Angelica species (including one variety) based on the
combination of ITS2 sequences, respectively. The denotation on
the right side of each species and the information of materia med-
ica refer to Fig. S1. The species underlined are not discriminated.
Supporting values (>50%) are indicated above or below the rele-
vant branches.

Fig. 54-S6 Neighbour-joining (54), maximum parsimony (S5)
and maximum likelihood (S6) trees of 23 Angelica species
(including one variety) based on the combination of
ITS + rbcL + matK + trnH-psbA  sequences, respectively. The
denotation on the right side of each species and the information
of materia medica refer to Table S1. The species underlined are
not discriminated. Supporting values (>50%) are indicated
above or below the relevant branches.

Fig. §7-89 Neighbour-joining (57), maximum parsimony (S8)
and maximum likelihood (S9) trees of 23 Angelica species
(including one variety) based on the combination of matK + rbcL
sequences, respectively. The denotation on the right side of each
species and the information of materia medica refer to Table S1.
The species underlined are not discriminated. Supporting values
(>50%) are indicated above or below the relevant branches.

Table S1. Sampling information of populations and species, and
GenBank accession numbers for the sequences of the different
molecular markers of Angelica and outgroups.

Data S1 The input files for NJ, MP and ML analyses.
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