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Abstract: Traditional She medicine is part of China’s cultural heritage and has become remarkably
popular worldwide. The Shi-Liang tea is made from the processed leaves of Chimonanthus salicifolius
S. Y. Hu and Chimonanthus zhejiangensis M. C. Liu. To ensure the safety and efficacy of Shi-Liang
tea, we used DNA barcoding based on the internal transcribed spacer 2 (ITS2) of nuclear ribosomal
DNA to distinguish the original plant sources of Shi-Liang tea from closely related species. All 71
ITS2 sequences were aligned by Clustal-W, and genetic distances were computed using MEGA 6.0
according to the Kimura 2-parameter model. The results indicated that the sequence lengths of ITS2
regions of the original plants of Shi-Liang tea and closely related species ranged from 256 bp to 260 bp.
Interspecific genetic distances ranged from 0 to 0.078. The neighbor-joining (N]J) tree showed that
the original plants of Shi-Liang tea species can be easily differentiated from closely related species.
Distinct molecular differences were found between the secondary structures of ITS2 sequences from
Shi-Liang tea and closely related species. The results in the present investigation suggested that
the ITS2 could be an effective DNA marker to identify the original plants of Shi-Liang tea and their
closely related species. These DNA barcodes can greatly benefit the supervision of the commercial
circulation of She medicine.
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1. Introduction

Traditional She medicine is an important part of folk medicine with a long history. The She
medicine has attracted much attention from the Han and She ethnic groups in Southeastern China,
especially in the Zhejiang and Fujian provinces. This traditional Chinese medicine was gradually
developed to prevent and treat diseases under particular historical conditions and special geographical
environments when the She minority group struggled with diseases to survive and reproduce [1-3].
Shi-Liang tea, which is one of the most widely used She medicines, is made from the leaves of two
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Chimonanthus species in the Calycanthaceae family: Chimonanthus salicifolius S. Y. Hu and Chimonanthus
zhejiangensis M. C. Liu [4]. The Calycanthaceae family includes ten species that belong to three genera
and seven species of two genera distributed in China. Chimonanthus is a Chinese endemic genus
and mainly distributed in the Zhejiang, Fujian, and Jiangxi provinces. Chimonanthus plants have also
been introduced to Japan, North Korea, Europe, and North America, among others. Shi-Liang tea
was indexed as a commonly used type of She medicine in the 2005 edition of the Chinese traditional
medicine processing standard of Zhejiang [5].

Previous studies showed that Shi-Liang tea mainly contains volatile oils and flavonoids, among
others. The tea can be used to treat diseases such as the common cold or influenza, deficiency of
food stagnation, abdominal pain, and acid regurgitation [6-11]. Shi-Liang tea exhibits antibacterial,
anti-inflammatory, antipyretic, analgesic, antitussive, and expectorant effects, such as remarkable
effects against strep throat and bronchitis and certain curative effects on high blood pressure [6-11].
Chemical differences and biodiversity are known among the original plants used in Shi-Liang
tea and several other species in the Calycanthaceae family, such as Chimonanthus nitens Oliv,
Chimonanthus praecox (L.) Link, Chimonanthus campanulatus R. H. Chang et C. S. Ding, Calycanthus
floridus L., and Calycanthus chinensis Cheng et S. Y. Chang [6-14]. The classification of family
Calycanthaceae has long been controversial because of the similar morphologies among Calycanthaceae
species [6,15,16]. Therefore, several studies have investigated pharmacology [6,17], chemical
composition [6-14], and classification [6,15,16] of the original plant sources of Shi-Liang tea and closely
related species. Shi-Liang tea is made from processed leaves, which are difficult to authenticate based
on traditional morphology. The original plant sources of Shi-Liang tea are impossible to distinguish
from their closely related species by mere visual inspection. The misuse and abuse of folk medicine
could pose a risk to consumer safety and hinder the long-term development of traditional Chinese
medicine. Therefore, the accurate identification of Shi-Liang tea species and closely related species is
urgently needed.

With the development of molecular biology and bioinformatics, DNA barcoding has recently
become a hotspot for identifying species and biodiversity research [18-22]. This biological method uses
the short and universal segments of DNA to rapidly and accurately identify species. DNA barcoding
has become an important approach to remedy the limitations of morphology-based identification
systems. The candidate barcodes, psbA-trnH, matK, rbcL, rpoC1, ycf5, ITS, and ITS2, were evaluated
according to their potential in species identification. The ITS2 DNA barcode has been reported to
be the most suitable region to identify medicinal plants based on the analytical results from more
than 6600 medicinal plants and their closely related species [22,23]. Moreover, the secondary structure
of ITS2 is highly conserved throughout the eukaryotes and correlated with taxonomic classification.
The application of secondary structures not only improves the stability of resulting trees, but more
importantly also increases the accuracy of phylogenetic estimations [24-26]. The two-dimensional
DNA barcode is one of the most appropriate symbologies for DNA sequences information. This
barcode has the largest coding capacity and relatively high compression ratio. The two-dimensional
DNA is also similar to the barcode scanning used in supermarkets to distinguish different kinds of
goods [27]. In this study, DNA barcoding technology was used to identify Shi-Liang tea (C. salicifolius
and C. zhejiangensis) and five other species in the family Calycanthaceae using ITS2 to ensure the
accuracy and safety of Calycanthaceae in traditional folk medicine practice. Moreover, further study
of other She medicine by identifying these species in family Calycanthaceae will provide technical
support for the research and development of She medicine. This study will provide a frontier on folk
medicine application in China.
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2. Materials and Methods

2.1. Materials

Thirty-six samples from seven species in the Calycanthaceae family, namely, 18 C. salicifolius,
10 C. zhejiangensis, 1 C. praecox, 1 C. nitens, 2 C. campanulatus, 1 Calycanthus floridus, and 3 Calycanthus
chinensis, were collected from the Zhejiang, Shaanxi, Guangxi, Hunan, Jiangxi, and Anhui provinces.
All the samples were authenticated by Kejun Cheng and deposited at the Institute of Medicinal Plant
Development, Chinese Academy of Medical Sciences & Peking Union Medical College (Beijing, China).
Moreover, another 35 sequences of Calycanthaceae were downloaded from GenBank. The details of
the plant materials are listed in Table 1 and the GenBank accession numbers are shown in Table S1.

Table 1. Sample detail information of Shi-Liang tea and its closely related species.

Species Name Amount of Samples  Sample No. or GenBank Accession Number Sample Sources
1 CH-3 Liandu, Zhejiang
6 CH-4, CH-18 *, CH-23~24, CH-26, RC_CH-4 Kaihua, Zhejiang
4 CH-16, CH-17 *, CH-25, RC_CH-16 Songyang, Zhejiang
Chimonanthus 1 CH-22 Chun’an, Zhejiang
salicifolius 2 CH-5, RC_CH-5 Wuyuan, Jiangxi
1 CH-21 Dexing, Jiangxi
2 CH-6, RC_CH-6 Xi’an, Shaanxi
1 CH-19 Xiuning, Anhui
5 JQ781681-85 GenBank
2 CH-7, CH-33 Liandu, Zhejiang
1 CH-27 Songyang, Zhejiang
1 CH-28 Qingtian, Zhejiang
1 CH-29 Yunhe, Zhejiang
.. . 1 CH-30 Jingning, Zhejiang
€. zhejiangensis 1 CH-31 Qingyuan, Zhejiang
1 CH-32 Longquan, Zhejiang
1 CH-34 Taishun, Zhejiang
1 CH-9 Shouning, Fujian
5 JQ781668-72 GenBank
C. praccox 1 CH-1 Liandu, Zhejiang
P 9 JQ781691-95, AY786095-98 GenBank
Coni 1 CH-11 Yangshou, Guangxi
- mitens 5 JQ781664-67, AY786094 GenBank
C. campanulatus 2 CH-13, RC_CH-13 Liandu, Zhejiang
- canmp 5 JQ781686-90 GenBank
Calycanthus 3 CH-15, CH-36, RC_CH-15 Liandu, Zhejiang
chinensis 2 KF547941, AY524084 GenBank
. 1 CH-14 Liandu, Zhejiang
Ca. floridus 4 AY524078, AY786084-86 GenBank

* Commercial sample.

2.2. DNA Extraction, Amplification and Sequencing

Approximately 20 mg of the silicon-dried leaves were rubbed for 2 min at 30 times/s in a Fast
Prep bead mill (Retsch MM400, Haan, Germany). The total genomic DNA (gDNA) was isolated
from the crushed materials using the Plant Genomic DNA Kit (Tiangen Biotech Co., Ltd., Beijing,
China) according to the manufacturer’s instructions and stored at —20 °C. The ITS2 sequences from
each plant were amplified in a reaction containing 2 puL of gDNA (approximately 30 ng), 12.5 uL of
2x Taq Mix Master, and 1 uL each of the 2.5 uM upstream (S2F: 5-ATGCGATACTTGGTGTGAAT-3')
and downstream (S3R: 5-GACGCTTCTCCAGACTACAAT-3') primers, with ddH,O to a volume of
25 pL. The PCR program consisted of an initial denaturation step at 94 °C for 5 min, followed by
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40 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 45 s, with a final extension step at 72 °C for
10 min [28]. The amplified products were separated on 1.2% agarose gels and sequenced after gel
extraction. All 71 ITS2 sequences were aligned with Clustal-W, and genetic distances were computed
with MEGA 6.0 [28] according to the Kimura 2-parameter (K2P) model. A neighbor-joining (NJ)
tree was built, and the bootstrap test (1000 replications) was applied to determine the reliability
of each branch, and Ceratophyllum echinatum from Calycanthaceae were used as the outgroup.
The secondary structures of the ITS2 sequences were predicted according to the ITS2 database by
Schultz et al. [24,29,30]. The two-dimensional DNA barcode images were obtained by encoding the
Latin names of the Shi-Liang tea species and closely related species, as well as the ITS2 sequences,
using the coding program and the open source PHP QR Code. Mobile terminals (such as Android and
iPhone devices) can be used as QR code scanners to read the information. Finally, the information was
made available online (http://www.tcmbarcode.cn) to identify and analyze ITS2 sequences [27,31].

3. Results and Discussion

3.1. ITS2 Sequence Characteristics of Shi-Liang Tea Species and Closely Related Species

The total gDNA was isolated from the crushed materials. The PCR amplification efficiency of ITS2
was 100%, and 36 ITS2 sequences were successfully obtained. The 38 ITS2 sequences for Shi-Liang
tea included 23 sequences of C. salicifolius and 15 sequences of C. zhejiangensis. The ITS2 sequences
of C. salicifolius ranged from 256 bp to 258 bp, while those of C. zhejiangensis were 256 bp in length.
The average GC contents of the C. salicifolius and C. zhejiangensis sequences were 71.2% and 71.1%,
respectively (Table 2). The intra-specific K2P distances of the ITS2 sequences ranged from 0 to 0.008 in
C. salicifolius and from 0 to 0.004 in C. zhejiangensis (Table 3) and the average inter-specific distance
among Shi-Liang tea species and its closely related species is 0.047. The minimum inter-specific K2P
distances of the ITS2 sequences is the one between C. zhejiangensis and C. nitens which ranged from
0.004 to 0.008 and the maximum one is between C. nitens and Ca. chinensis. All 71 ITS2 sequences were
256 bp to 260 bp in length, with 36 nucleotide variation sites, including 20 parsim-informative sites.
The variable site in the Shi-Liang tea species and closely related species are displayed in Figure S1.

Table 2. Sequence length and average GC contents of Shi-Liang tea and its closely related species.

Latin Name Sequence Length (bp) Average GC Contents (%)
Chimonanthus salicifolius 256-258 71.2
C. zhejiangensis 256 71.1
C. praecox 258 71.7
C. nitens 256 71.0
C. campanulatus 256-257 72.7
Calycanthus chinensis 257-260 71.5
Ca. floridus 258-259 72.0

Table 3. Intra- and inter-specific K2P distance of Shi-Liang tea and its closely related species.

Species 1 2 3 4 5 6 7
1 0.000-0.008  0.004-0.008 0.036 0.008-0.016 0.040 0.073-0.078  0.061-0.066
2 0.000-0.004 0.032-0.036 0.004-0.016 0.036-0.040 0.070-0.078 0.057-0.066
3 0.000 0.028-0.036 0.016 0.069-0.074  0.052-0.057
4 0.000-0.012 0.032-0.040 0.074-0.088 0.061-0.075
5 0.000 0.074-0.078  0.057-0.061
6 0.000-0.004  0.032-0.040

7 0.000-0.004

1. Chimonanthus salicifolius; 2. C. zhejiangensis; 3. C. praecox; 4. C. nitens; 5. C. campanulatus; 6. Calycanthus chinensis;
7. Ca. floridus.
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3.2. Clustering Analysis of Shi-Liang Tea Sources and Closely Related Species

The NJ tree is a method for constructing phylogenetic trees using either DNA sequences or amino
acid sequences. It takes a distance matrix as input and specifies the distance between each pair of
taxa [31]. In this study, the NJ tree was constructed by using all 71 ITS2 sequences of Shi-Liang tea
species and closely related species and the outgroup to study their phylogenetic relationships (Figure 1).
It is obvious that the ITS2 sequences of Shi-Liang tea species (C. salicifolius, C. zhejiangensis) formed one
clade, which could be successfully distinguished from the closely related species: C. praecox, C. nitens,
C. campanulatus, Ca. floridus, and Ca. chinensis, which formed one clade, respectively. Therefore,
Shi-Liang tea sources could be successfully distinguished from closely related species C. praecox,
C. nitens, C. campanulatus, Ca. floridus, and Ca. chinensis by DNA barcoding based on the ITS2 sequence,
but C. salicifolius and C. zhejiangensis cannot be distinguished from each other by ITS2 DNA barcoding.
The two commercial samples, CH-17 and CH-18, formed one clade with C. salicifolius in the NJ tree,
which showed that they were identified as the labeled species.

64

Chimonanthus salicifolius CH-17 :| commercial 7

Chimonanthus salicifolius CH-18 _] samples

Chimonanthus salicifolius A1
5q —— Chimonanthus salicifolius A2 Shi-Liang
83l Chimonanthus salicifolius A3 tea

Chimonanthus zhejiangensis B2
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Chimonanthus zhejiangensis B1 .

Chimonanthus nitens D1
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Ceratophyllum echinatum EF526409
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Figure 1. The NJ-tree of Shi-Liang tea and its closely related species.

3.3. Comparison of ITS2 Secondary Structures of Shi-Liang Tea Species and Closely Related Species

Previous studies showed that the secondary structures of ITS2 are conserved and can provide
useful biological information for alignment [24,25,32]. These structures can be considered as molecular
morphological characteristics to identify species. We compared the secondary structures of Shi-Liang
tea species and closely related species. The secondary structures of 71 ITS2 sequences had four similar
helices: Helices I, II, I1I, and IV. The secondary structures of species in Chimonanthus were relatively
more conserved in Helices III and IV, but the positions, sizes, and numbers of loops in Helices I
and II were different. By contrast, the secondary structures between Ca. floridus and Ca. chinensis
were highly conserved in Helices II, III, and IV, but had fewer differences in Helix I. These results
show that these helices can be used as molecular characteristics to identify species [25,26] (Figure 2).
Therefore, Shi-Liang tea species could be clearly distinguished from closely related species based on
their secondary structures.
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Figure 2. The ITS2 secondary structure of Shi-Liang tea and its closely related species.
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3.4. Two-Dimensional DNA Barcodes to Monitor Market Circulation and Promote the Modernization of
Shi-Liang Tea Species and Closely Related Species

The two-dimensional DNA barcode is the most appropriate tool for DNA sequences, with the
largest coding capacity and relatively high compression ratio [27]. In this study, ITS2 sequences of
Shi-Liang tea species and closely related species were converted into colored barcode images based
on our software code (Figure 3) [31,33]. This system consisted of the DNA barcode sequences and
the cross-platform conversion of DNA barcode information. The application of two-dimensional
DNA barcodes is beneficial to effectively monitor the quality and regulate the market circulation of

Shi-Liang tea.
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4. Discussion

4.1. Application of ITS2 Sequences in Identification of She Medicine

DNA markers have become convenient tools for species identification and molecular systematics
as a result of the advances in molecular technology [34-36]. However, ITS/ITS2 regions as universal
barcodes present several problems and limitations, such as ITS/ITS2 showed poor PCR success in
non-angiosperms [36]. Moreover, this parameter is quite variable in numerous phylogenetic studies.
The amplification segment length of ITS/ITS2 was more than 1100 bp in some species and long poly-G,
poly-C, and poly-A in ITS2/ITS made it difficult to sequence and sequence analysis [36]. Additionally,
the nuclear gene itself has many copies and numerous variations within sequences, hindering it as a
common barcode [37]. While Song et al. [38] found that the mutation of ITS2 in a genome is frequent
but major variants of ITS2 are conserved and predominant. The usage of the major variants alone
is sufficient for phylogeny construction and species determination in most cases. ITS2 is one of the
most important core markers in molecular systematics and evolution [23]. Thus, this trait has shown
great potential as a barcode to identify plants by providing the highest rates of accurate identification
at the species and genus levels [23,26,30]. Compared with other candidate DNA barcodes, namely,
psbA-trnH, matK, rbcL, rpoC1, ycfb, and ITS, the ITS2 sequence represents the most suitable region
for DNA barcoding applications to classify medicinal plant species [22]. Most medicinal plants such
as Cornus officinalis, Menispermum dauricum, Rhodiola crenulata, and Selaginella tamariscina could be
identified effectively based on ITS2 barcode [19,20,35,39]. In the present study, the ITS2 region was
used to distinguish Shi-Liang tea species from closely related species. The results showed that the ITS2
barcoding regions could be easily amplified with sufficient discrimination as a candidate marker to
identify Shi-Liang tea.

4.2. DNA Barcoding Identification of Herbal Tea

DNA barcoding identification can identify counterfeit species with highly similar biological traits
that cause great difficulty in morphological identification. This technology can accurately and rapidly
identify several species or even dozens of families based on one or a few selected gene segments. This
technology has the advantages of simple operation and good repeatability of results. The method can
be universally applied to build a unified database and evaluation platform, as well as to promote and
standardize plant classification. DNA sequences have been extensively used in systematic taxonomic
research for species identification [40,41]. DNA barcoding technology has been increasingly applied in
authenticating herbal tea [42,43]. Stoeckle et al. [42] used rbcL or matK barcodes to test the ingredients
of 146 commercial tea products and showed that a third of the identified DNA was not found on herbal
tea labels. Li et al. [43] systematically collected 177 samples of raw materials and established DNA
barcodes for the identified botanical sources of Chinese “cooling” beverages. In this study, the CH-17
and CH-18 are commercial tea samples and high-quality DNA in both of them were extracted from
these samples and the NJ tree and BLAST result based on similarity showed that they were identified
as the labeled species.

China is the “hometown” of tea and the “birthplace” of tea culture. Chinese tea culture has a
long history, and this culture has spread worldwide. Tea is edible and can be used as an antidote.
Long-term tea-drinking can benefit health and prolong life-span. An ancient saying has stated that
“tea is the essence of heaven and earth, and is the foundation of life” [44—46]. Shi-Liang tea is a health
drink used by the She minority group for hundreds of years. The importance of standardization and
quality control of Shi-Liang tea has increased because of its rapidly growing popularity and trade.
To ensure the use of correct materials in tea production, this study demonstrated the use of DNA
barcodes to identify the source species of Shi-Liang tea (C. salicifolius and C. zhejiangensis) and other
Calycanthaceae species using the ITS2 sequence. The results of sequence alignment demonstrated
the significant differences in ITS2 sequences between the original species of Shi-Liang tea and closely
related species. The nucleotide variation sites among these sequences reached up to 37. The NJ tree
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constructed based on the ITS2 sequences demonstrated that the Shi-Liang tea species (C. salicifolius and
C. zhejiangensis) formed one clade, which can be successfully distinguished from closely related species.

4.3. Application of the Secondary Structure of ITS2 Sequences in Traditional Chinese Medicine Identification

The ITS2 region of nuclear DNA is a powerful marker for DNA barcoding because of the abundant
variation in primary sequences and secondary structures. The application of secondary structures of
ITS2 sequences to reconstruct phylogenies could improve the stability of obtained trees and increase
the accuracy of phylogenetic estimations [24-26]. Schultz et al. [26] built an ITS2 database web server,
which facilitates the detection and prediction of secondary structure of ITS2 sequences. Zhao et al. [47]
compared the secondary structures of the ITS2 sequences of Acanthopanacis cortex and its adulterants,
providing another dimensionality to species identification. Thus, we focused on the divergence of
primary sequences of ITS2 and the use of variations in the secondary structures to identify the She
medicine species. By comparing the secondary structure of Shi-Liang tea species and closely related
species, the results show that the secondary structures of all analyzed species had four similar helices:
Helices I, II, I1I, and IV. Major differences among these helices could more distinctly distinguish the
original plants of Shi-Liang tea species from closely related species than primary sequences.

4.4. Application and Significance of Two-Dimensional DNA Barcodes

Two-dimensional DNA barcodes have the largest coding capacity with a relatively high
compression ratio. These barcodes can be divided into multiple data areas and can be easily scanned.
The information is stored in multiple QR code symbols that can be reconstructed as a single data symbol
to allow for high error tolerance. The use of a two-dimensional DNA barcode as the standard DNA
barcode presentation format will promote the practical applications of DNA barcodes. Xin et al. [33]
combined QR codes and DNA barcodes to construct a two-dimensional DNA barcode system to
regulate the circulation of TCM. Liu et al. [27] compared different types of one-dimensional and
two-dimensional barcodes for five DNA barcode markers, namely, ITS2, rbcL, matK, psbA-trnH, and
CO1, and developed a web server for further use of QR code-based DNA barcodes. In this study;,
we obtained a two-dimensional DNA barcode for Shi-Liang tea, which can be used commercially
to monitor the circulation of She medicine. The application of two-dimensional DNA barcode
technology promotes the effective monitoring of quality and regulation of the commercial circulation
of Shi-Liang tea.

5. Conclusions

ITS2 sequences were examined to identify and distinguish the Shi-Liang tea species from closely
related species. The results showed that the ITS2 regions can be used as DNA barcodes, providing
a new technique to promote the development of She medicine. DNA barcoding based on the ITS2
sequence could differentiate medical plants in the Calycanthaceae family and successfully classify
other She medicines. Our research supports the development of traditional She medicine and its
applications, especially in terms of quality control and management.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3417/7/3/195/s1,
Table S1: The accession numbers of Shi-Liang Tea and its closely related species, Figure S1: The sequence alignment
of the Shi-Liang tea species and closely related species. The figure of sequence alignment is the site number.
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