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[ABSTRACT] To ensure the safety of medications, it is vital to accurately authenticate species of the Apocynaceae family, which is
rich in poisonous medicinal plants. We identified Apocynaceae species by using nuclear internal transcribed spacer 2 (ITS2) and psbA-
trnH based  on  experimental  data.  The  identification  ability  of  ITS2  and psbA-trnH was  assessed  using  specific  genetic  divergence,
BLAST1, and neighbor-joining trees.  For DNA barcoding, ITS2 and psbA-trnH regions of 122 plant samples of 31 species from 19
genera in the Apocynaceae family were amplified. The PCR amplification for ITS2 and psbA-trnH sequences was 100%. The sequen-
cing success rates for ITS2 and psbA-trnH sequences were 81% and 61%, respectively. Additional data involved 53 sequences of the
ITS2 region and 38 sequences of the psbA-trnH region were downloaded from GenBank. Moreover, the analysis showed that the inter-
specific divergence of Apocynaceae species was greater than its intra-specific variations. The results indicated that, using the BLAST1
method, ITS2 showed a high identification efficiency of 97% and 100% of the samples at the species and genus levels, respectively,
via BLAST1, and psbA-trnH successfully identified 95% and 100% of the samples at the species and genus levels, respectively. The
barcode combination  of  ITS2/psbA-trnH successfully  identified  98% and 100% of samples  at  the  species  and genus  levels,  respect-
ively. Subsequently, the neighbor joining tree method also showed that barcode ITS2 and psbA-trnH could distinguish among the spe-
cies within the Apocynaceae family. ITS2 is a core barcode and psbA-trnH is a supplementary barcode for identifying species in the
Apocynaceae family. These results will help to improve DNA barcoding reference databases for herbal drugs and other herbal raw ma-
terials.
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Introduction

The Apocynaceae family comprises more than 2000 spe-
cies  that  are  distributed  mostly  in  tropical  regions  and  have

been recorded in 63 volumes of the Flora of China. This fam-
ily has great  importance due to its  use in food,  its  economic
implications related  to  medicinal  and  ornamental  applica-
tions, and its toxicological aspects [1]. The plants of the Apo-
cynaceae  family  are  rich  in  alkaloids,  terpenoids,  steroids,
flavonoids, glycosides,  simple  phenols,  lactones,  and  hydro-
carbons [2-5].  Some  members  of  the  Apocynaceae  family  are
widely used ethnomedicines around the world. Table S1 sum-
marizes  the  ethnomedicinal  importance  of  various  plants  of
family Apocynaceae. It has been reported that crude extracts
and single compound(s) isolated from various members of the
Apocynaceae family possess a wide range of bioactivities, in-
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cluding  antioxidant  activity,  anti-inflammatory/analgesic
activity,  anticancer/cytotoxic  activity,  antimicrobial  activity,
and cardioprotective activity [6-8]. The significant anti-inflam-
matory activity and potent cytotoxic activity of Ervatamia di-
varicata leaf  extracts  were  reported  by  Ail et  al. [9]. Vin-
cristine and vinblastine from Catharanthus roseus have been
used in cancer chemotherapy [10].

Many  species  in  the  Apocynaceae  family  are  known  in
different  parts  of  the  world  as  toxic  and/or  medicinal.  The
poisonous plant  database  from the  U.S.  Food  and  Drug  Ad-
ministration  (FDA,  www.accessdata.fda.gov/scripts/),  some
poisonous  plants  and  poisonous  parts  have  recorded  in
volumes  63  of  the Flora  of  China,  including Strophanthus
hispidus, Cerbera manghas, Thevetia peruviana, and Nerium
oleander.  The  seeds  of Thevetia  peruviana cause  dizziness,
vomiting, and cardiac dysrhythmias upon ingestion, as repor-
ted by Eddleston et al. [11]. Nerium oleander contains a mix-
ture of very toxic cardiac glycosides that cause poisoning via
the inactivation of Na+ and K+ ATPases in the plasma mem-
brane  of  cardiac  myocytes [12].  The  toxic  effects  of  oleander
have been reported in horses, cattle, sheep, goats, dogs, cats,
birds,  humans,  donkeys,  camels,  monkeys,  budgerigars,
geese,  ducks,  turkeys,  toed sloths  and bears [13-15].  Toxic  and
potent  medicines  are  irreplaceable  in  the  treatment  of  some
diseases.  However,  it  is  easy  to  cause  serious  poisoning
events or even endanger the lives of patients if the identifica-
tion is wrong. To ensure the safety of medications, it is vital
to accurately identify species within the Apocynaceae family.

In traditional methods, such as morphological authentica-
tion,  the  identification  of  species  is  based  on  morphological
characteristics [16].  However,  traditional  taxonomy  research
usually requires the expertise of  an experienced professional
taxonomist. As morphological features are always influenced
by  environmental  and  other  factors,  it  is  difficult  for  even  a
professional  taxonomist  to  identify  a  species  correctly.
Plumeria rubra as an herbal material is easily confused with
dry flowers of Bombax ceiba, Campsis grandiflora, Campsis
radicans, Tecomaria capensis, and Erythrina crista-galli due
to  morphological  similarities.  In  particular,  the  morphology
of flowers has a large degree of shrinkage and fragmentation,
rendering  their  differentiation  very  difficult  and  sometimes
impossible [17]. Due  to  the  challenging  taxonomic  identifica-
tion of Rauvolfia serpentina sterile roots, Eurlings et al. suc-
cessfully  revealed  the  taxonomic  identity  of  a  sterile  root
sample using rps16 [18]. Chemical profiling, such as high-per-
formance  liquid  chromatography  (HPLC) [19] and  thin-layer
chromatography  (TLC) [20],  can  be  used  to  qualitatively  and
quantitatively detect the constituents to identify herbal medi-
cinal  plants.  However,  these  methods  can  have  difficultly
identifying closely related species that share remarkably sim-
ilar  or  identical  morphological  characteristics  and  chemical
profiles [21].  Chemical  analysis  techniques  provide  indirect
evidence of fraud and cannot definitively determine the iden-
tity  of  the adulterated species [22].  However,  DNA barcoding
overcomes  the  problems  associated  with  morphological

identification and is used not only to correctly identify speci-
mens  and  closely  related  species  but  also  to  discover  new
species [23, 24].  Compared  with  other  molecular  identification
methods, DNA barcoding has good repeatability, high stabil-
ity and strong universality, which might support the construc-
tion  of  a  unified  database  and  identification  platform.  The
nuclear internal  transcribed  spacer  2  (ITS2)  and  the  chloro-
plast psbA-trnH intergenic region have been used as suitable
universal  barcodes  to  identify  medicinal  plants  and  their
closely  related  species [25-30].  In  2010,  Chen et  al. proposed
that psbA-trnH can be used as a supplementary marker for the
differentiation of medicinal plants [31]. Cabelin and Alejandro
applied trnH-psbA and trnL-F as  supplementary  barcodes  to
matK for  species  identification  of  Philippine  ethnomedicinal
Apocynaceae [32]. The trnH-psbA and matK as core DNA bar-
codes  were  used  to  identify  species  for  medicinal  plants  of
Rauvolfioideae from northeast India [33]. ITS2 was applied ac-
curately and effectively to distinguish the herbal tea ingredi-
ent Plumeria rubra from its adulterants [17]. Yu et al. applied
ITS2 as a candidate DNA barcode to identify and distinguish
Trachelospermum jasminoides from its local alternatives, in-
cluding Ficus pumila, Ficus tikoua, and Euonymus fortune [34].
Although many reports have validated the reliability of ITS2
for authenticating medicinal plants and their adulterants, mo-
lecular identification based on the ITS2 barcode using experi-
mental data  has  not  yet  been completed for  the  family  Apo-
cynaceae.

In  the  present  study,  we  employed  the  ITS2  and psbA-
trnH regions to authenticate species of the Apocynaceae fam-
ily. Additionally, important toxic genera, such as Allamanda,
Alstonia,  Catharanthus, Cerbera, Ervatamia, Strophanthus,
Trachelospermum, Nerium, Rauwolfia,  and Thevetia,  were
examined for genetic and phyletic variations using DNA bar-
code loci.

Materials and Methods

Plant materials and sequence collection
A  total  of  122  samples  of  31  species  from  19  genera

were collected. All plant species were identificated by profes-
sional  botanist  LI  Hai-Tao  (Yunnan  Branch,  Institute  of
Medicinal Plant Development, Chinese Academy of Medical
Sciences & Peking Union Medical College) and LIN Yu-Lin
(Institute of Medicinal Plant Development, Chinese Academy
of Medical  Sciences  &  Peking  Union  Medical  College),  re-
spectively. The fresh leaves of the plant were collected from
the Xishuangbanna  South  Medicinal  Plant  Garden  of  Jing-
hong (Yunnan Province, China) and the Medicinal Botanical
Garden  of  Nanning  (Guangxi  Province,  China)  and  were
dried immediately using silica gels for DNA extraction, while
the  dried  stem  samples  were  purchased  from  Traditional
Chinese Medicine Market (Table S2).  Description of experi-
mental  samples  is  provided  in  the  (Table  S2).  The  voucher
specimen for each species is curated in the Herbarium. Apo-
cynum venetum is deposited in the Herbarium of the Institute
of Medicinal Plant Development (IMD), Chinese Academy of
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Medical Sciences (CAMS). All  other corresponding voucher
specimens  are  deposited  in  the  Herbarium  of  the  Yunnan
Branch of the Institute of Medicinal Plant Development (IM-
DY), Chinese Academy of Medical Sciences (Table S2). Ad-
ditional data  involved  51  sequences  of  the  ITS2  region  be-
longing to 11 species and 42 sequences of the psbA-trnH re-
gion  belonging  to  17  species,  which  were  downloaded  from
GenBank (Table S3).
DNA extraction, amplification, and sequencing

The  DNA  extraction  and  amplifcation  of  the  ITS2  and
psbA-trnH locus  of  the  122  samples  were  conducted.  Total
DNA  was  extracted  with  a  Plant  Genome  DNA  Kit  (Cat.
#DP305, Tiangen  Biotech  (Beijing)  Co.,  Ltd.,  China)  in  ac-
cordance  with  the  manufacturer’s  instructions.  To  examine
the  efficiency  of  amplification  for  the  ITS2  and psbA-trnH
DNA  barcodes,  PCR  with  universal  primers  and  conditions
was  performed  using  genomic  DNA  from  31  species  in  the
family  Apocynaceae  as  templates.  PCR  amplification  of  the
ITS2 and psbA-trnH genes was accomplished using an A600
Gradient  Thermal  Cycler  (LongGene  Scientific  Instruments
Co.,  Ltd.,  China).  The  ITS2  and psbA-trnH regions  were
amplified using the following pairs of universal primers [31, 35]:

ITS-2F: 5′-ATGCGATACTTGGTGTGAAT-3′
ITS-3R: 5′-GACGCTTCTCCAGACTACAAT-3′
Fwd-PA: 5′-GTTATGCATGAACGTAATGCTC-3′
Rev-TH: 5′-CGCGCATGGTGGATTCACAATCC-3′
The PCR reactions were performed using a final volume

of 50 μL for  ITS2 and psbA-trnH markers:  1.25 U of  Blend
Taq®-Plus (Toyobo Co.,  Ltd.,  Japan),  0.2 mmol·L−1 dNTPs,
0.2 μmol·L−1 of each primer and 50 ng·μL−1 of genomic DNA
template.  The  reaction  conditions  for  ITS2  were  94  °C  for
5 min, 40 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C
for 45 s, followed by 72 °C for 10 min. The reactions condi-
tions for psbA-trnH were 94 °C for 5 min, 35 cycles of 94 °C
for 1 min, 60 °C for 1 min, and 72 °C for 1.5 min, followed
by 72 °C for 7 min. The PCR products were sequenced bid-
irectionally  by  using  ABI  3730XL  automated  sequencer
(Beijing Sino Geno Max Co., Ltd.).
Sequence alignment and analysis

The  original  sequences  were  proofread  and  assembled
using  CodonCode  Aligner  V7.2.1  (CodonCode  Co.,  USA).
The ITS2 region was  removed from the  conserved 5.8S and
28S  DNA  sequences  based  on  the  ITS2  database  web  serv-
er (http://its2.bioapps.biozentrum.uni-wuerzburg.de). Average
intraspecific  distances,  theta  values  and  coalescent  depths
were  calculated  to  determine  intraspecific  variation  using  a
Kimura 2-parameter (K2P) distance model [24, 31]. Average in-
terspecific distances,  theta  prime values and average minim-
um interspecific distances were used to characterize interspe-
cific  divergence [27, 31].  The  distributions  of  intraspecific  and
interspecific variability  were  compared  by  using  DNA  bar-
coding  gaps  that  refers  to  the  ‘gap’ between  interspecific
variations and intraspecific variations [36, 37]. The six paramet-
ers  were calculated by the Perl  program and SigmaPlot  12.0
software (Systat Software, Inc, Point Richmond, CA). Neigh-

bor-joining  (NJ)  trees  were  constructed  based  on  Muscle
alignment results (parameter settings showed in Table S4) ac-
cording to the K2P model using MEGA 7.0.26 [(Sudhir Ku-
mar ,  Glen  St  echer,  and  Koichiro  Tamura  (2015)]  and  per-
formed with 1000 bootstrap replicates [38]. Species identifica-
tion was implemented using the BLAST1 method, which was
performed using the BLAST program (Version 2.2.17, Chris-
tiam Camacho, USA ) and the distance-based method [39]. The
BLAST1 method  is  based  on  the  best  hit  of  the  query  se-
quence  that  is  all  ITS2  sequences  and psbA-trnH sequences
of  Apocynaceae  species  and the E-value  for  the  match must
be  less  than  a  cutoff  value  to  determine  the  identity  of  a
sample.  The  distance-based  method  is  based  on  all  pairwise
genetic  distances  computed  among  the  reference  sequences,
and between each query and each of the reference sequences,
which determines the identity of a sample.
Secondary  structure  prediction  and  two-dimensional  DNA
barcoding

In  order  to  deduce  the  usefulness  of  ITS2  secondary
structure for  species  discrimination.  We chose  morphologic-
ally similar species of Rauvolfia for secondary structure pre-
diction  using  the  ITS2  Workbench  (http://its2.bioapps.
biozentrum.uni-wuerzburg.de/) [40]. Quick response (QR) code
was  a  suitable  symbology  for  the  DNA  barcode  sequences.
The ITS2 sequences of Rauvolfia were transformed into two-
dimensional images using the QR Code coding approach (ht-
tp://qrfordna.dnsalias.org) [41, 42].

Results

PCR amplification efficiency and sequence characteristics
To  facilitate  PCR  amplification  and  DNA  sequencing,

the  ITS2  and psbA-trnH gene sequences  were  amplified  us-
ing  a  single  pair  of  universal  primers  for  each  locus.  The
amplification  rates  of  ITS2  sequences  and psbA-trnH se-
quences  were  100%.  The  sequencing  success  rates  for  ITS2
sequences and psbA-trnH sequences were 81% and 61%, re-
spectively.  The  average  length  of  the  ITS2  sequences  was
230 bp, ranging from 208 bp to 259 bp. The average GC con-
tent  was  66%.  The  average  length  of  the psbA-trnH se-
quences was 394 bp, with a range of 164 to 584 bp. The mean
GC content was 26.0%.
Intra-specific and inter-specific genetic divergence analyses

First,  three  parameters  were  used  to  characterize  intra-
specific  divergence:  (i)  average  intraspecific  difference,
(ii)  theta,  and  (iii)  average  coalescent  depth.  Here,  the  ITS2
region  exhibited  higher  interspecific  divergence  than  the ps-
bA-trnH region,  according  to  all  three  parameters  (Table  1).
Second,  three  additional  parameters  were  used  to  determine
intraspecific  variation:  (i)  average  interspecific  difference,
(ii) average theta prime, and (iii) average minimum interspe-
cific distance.  In  comparisons  of  interspecific  genetic  dis-
tance  between  congeneric  species  using  the  ITS2  and psbA-
trnH barcodes,  the psbA-trnH region exhibited  higher  inter-
specific  divergence  than  the  ITS2  region,  according  to  all
three parameters (Table 1). The overall intraspecific distance,
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coalescent depth,  interspecific  distance,  and  minimum inter-
specific distance for each species are shown in Fig. 1. The in-
traspecific  coalescent  depth  values  of  ITS2  and psbA-trnH

were smaller than the minimum interspecific distance values,
which  showed  that  ITS2  and psbA-trnH could  discriminate
plants of the Apocynaceae family. In addition, the interspecif-
ic discriminatory ability of psbA-trnH was superior to that of
ITS2.
Assessment of barcoding gaps

To investigate intraspecific and interspecific divergence,
we  scrutinized  the  distribution  of  genetic  distance  at  a  scale
of 0.01 distance units. The barcoding gaps of ITS2 and psbA-
trnH were  not  distinct  (Fig.  2).  Some  of  the  samples  were
closely related to each other. For psbA-trnH, the interspecific
divergence ranged from 0.000 to 0.190, with a value of zero
for  2.839% of  samples,  and  the  intraspecific  divergence
ranged from 0.000 to  0.030.  We used Wilcoxon two-sample
tests, which showed significant differences between the inter-
specific  and intraspecific  divergences  for  ITS2 (P =  0.0000)

 
Table 1     Metrics  of  interspecific  and  intraspecific  diver-
gence for ITS2 and psbA-trnH.

Measurement ITS2 psbA-trnH

Average intraspecific distance 0.0027 ± 0.0081 0.0029 ± 0.0055

Theta 0.0057 ± 0.0096 0.0009 ± 0.0019

Average coalescent depth 0.0084 ± 0.0135 0.0026 ± 0.0060

Average interspecific distance 0.0420 ± 0.0528 0.231 ± 0.0385

Average theta prime 0.0504 ± 0.0524 0.283 ± 0.0421
Average minimum

interspecific distance
0.0295 ± 0.0371 0.227 ± 0.0442
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Fig. 1    Box plots of four parameters for the ITS2 and psbA-trnH sequences. In a box plot, the box shows the interquartile range
(IQR)  for  the  data.  The  IQR  is  defined  as  the  difference  between  the  75th  percentile  and  the  25th  percentile.  The  solid  line
through the box represents the average distance
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Fig. 2    Distribution of intra- and interspecific distances for the ITS2 and psbA-trnH regions among dataset sequences
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and psbA-trnH.  (P = 0.0001).  The  barcode  gap  analysis  re-
vealed a  partial  overlap  between  the  intraspecific  and  inter-
specific  distances  of  ITS2  and psbA-trnH.  The  interspecific
distances of sequences for ITS2 and psbA-trnH were consid-
erably  higher  than  the  intraspecific  distances  (Fig.  1).
Moreover, the  mean  interspecific  distances  were  signific-
antly higher than the corresponding intraspecific distances for
both ITS2 and psbA-trnH regions (Table 1).
Authentication efficiency analysis

To  test  the  authentication  efficiency  of  ITS2  and psbA-
trnH for  Apocynaceae  samples,  the  BLAST1  and  distance-
based methods were selected.  In  the BLAST1 method,  ITS2
showed a high identification efficiency of 97% and 100% of
the samples at the species and genus levels, respectively. ps-
bA-trnH showed  identification  efficiency  of  95% and  100%
at the species and genus levels, respectively (Table 2). In ad-
dition, the barcode combination of ITS2/psbA-trnH correctly
identified  98% and  100% of  the  samples  at  the  species  and
genus  levels,  respectively,  which  is  based  on  “traffic  light
method” [43]. In DISTANCE method, ITS2 showed identifica-
tion  efficiency  of  86% at  the  species  level,  and psbA-trnH
showed  identification  efficiency  of  82% at  the  species  level
(Table 2). Thus, all of the above results clearly suggested that
ITS2  possesses  a  slight  higher  success  rate  than psbA-trnH
for species and genus identification. ITS2 might better distin-
guish  the  plants  of  the  Apocynaceae  family.  The psbA-trnH
region was thus used as a complementary barcode

In addition, the NJ tree was constructed to distinguish the
medicinally important plants of the Apocynaceae based on all
151  sequences  of  the  ITS2  region,  including  100  sequences
from  experimental  samples  and  51  sequences  downloaded
from GenBank.  The NJ tree showed that  most  species could
be discriminated (Fig. 3). For example, morphologically sim-
ilar species of Rauvolfia like Rauvolfia verticillata, Rauvolfia
perakensis, Rauvolfia  yunnanensis, Rauvolfia  sumatrana,
Rauvolfia serpentine, Rauvolfia tetraphylla, Rauvolfia vomit-
oria were clearly distinguished by the region ITS2 (Figs. 3, 4
and 5). In Fig. 4, the secondary structures of ITS2 regions of
7 Rauvolfia species  were  predicted  to  identify  species.  All
ITS2  secondary  structures  exhibited  a  central  ring  and  four

similar helices,  namely,  Helix I,  II,  III,  and IV. The second-
ary structure of 7 Rauvolfia species was similar but different
from each other in the position, size, and number of loops on
Helix I,  III  and IV,  which can provide  another  dimensional-
ity  to  identify Rauvolfia species at  the  molecular  morpholo-
gical  characteristics  level  (Fig.  4).  In Fig.  5, the  ITS2  se-
quences of Rauvolfia were based on the open source PHP QR
code,  and Rauvolfia species  information  was  captured  by
scanning  the  QR  code  image  using  a  mobile  terminal  and
submitted  to  the  system  for  confirmation.  The Fig.  5 only
shows  sequence  characteristics  of  ITS2  sequence  dominant
haplotype  of  7 Rauvolfia species.  Only  a  few  species  could
not  be  identified,  including 3  groups: Trachelospermum jas-
minoides and Trachelospermum  jasminoides var. jas-
minoides, Allamanda.  cathartica and Allamanda  blanchetii;
Ervatamia  divaricata and Ervatamia  flabelliformis. The  NJ
tree for psbA-trnH sequences showed that most species could
be discriminated  based  on  117  sequences,  including  75  se-
quences from experimental samples and 42 sequences down-
loaded  from  GenBank  (Fig.  6).  Compared  with  NJ  tree  for
ITS2  and psbA-trnH, Allamanda  cathartica and Allamanda
blanchetii samples  were  not  effectively  identified  using  the
ITS2 barcode but could be effectively distinguished based on
the psbA-trnH barcode.

The ITS2 mark should show variation to differentiate the
genetic  and  phyletic  relationships  of  10  toxic  genera: Al-
lamanda, Alstonia, Catharanthus, Cerbera, Ervatamia, Neri-
um, Strophanthus, Trachelospermum, Rauwolfia, and Theve-
tia. For the samples collected, using ITS2 for species identi-
fication resulted in a 100% success rate for these genera. The
success rate  of  ITS2  for  species  identification  in  these  spe-
cies was 86%.  In Fig.  3,  10 toxic genera are noted with red.
10  toxic  species,  including Allemanda  neriifolia, Cerbera
manghas,  Rauvolfia  serpentina, Rauvolfia  verticillata,
Rauvolfia  tetraphylla, Rauvolfia  vomitoria, Thevetia  peruvi-
ana, Catharanthus  roseus, Strophanthus  divaricatus,  and
Nerium  indicum were clearly  distinguished  by  the  ITS2  re-
gion, and information on the morphologically similar species
Rauvolfia  serpentina, Rauvolfia  verticillata, Rauvolfia  tetra-
phylla and Rauvolfia  vomitoria can be obtained by scanning

 
Table 2    Identification success rates of ITS2 and psbA-trnH regions in Apocynaceae samples using BLAST1 and distance-based
methods

Marker No. of genera No. of species No. of samples Method of species identification Plant taxalevel Correct efficiency/%

ITS2 19 37 151 BLAST genus 100

species 97

Distance genus 96

species 86

psbA-trnH 17 28 113 BLAST genus 100

species 95

Distance genus 95

species 82
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the QR code image using a mobile terminal and submitted to
the system for confirmation (Fig. 5).

Discussion

First  identification  of  species  in  the  apocynaceae  family  by
ITS2 based on experimental data

The ITS2 locus,  a  relatively short  segment  belonging to
the ITS region, has been widely adopted as an efficient DNA
barcode  for  the  identification  of  medicinal  plants  and  their
closely  related  species [31].  The  ITS2  region  is  much  shorter
than  the  full  ITS region  and  is  a  good  choice  because  of  its
conserved  sequence,  which  can  be  amplified  and  sequenced
more  easily  than  the  full  ITS  region  for  various  medicinal
plants. In a study by Selvaraj et al. 70% of the ITS fragments
(15 species) of the 21 species were successfully amplified in
the Apocynaceae family [44]. Although the ITS sequence con-
tains  enough variable  sites  to  determine the species  in  many

samples [45, 46],  approximately  12% of  herbarium  samples
could  not  be  amplified  using  the  ITS  primer [47, 48].  In  2013,
Han et  al. showed that  ITS2 exhibited 91% efficiency while
ITS  exhibited  only  23% efficiency  in  PCR,  based  on  1260
samples from dry medicinal products and herbarium voucher
specimens,  including some samples  collected up to  90 years
ago [49]. Compared to the results from the study by Selvaraj et
al. our experimental results showed that ITS2 is easily ampli-
fied and  sequenced  with  a  greater  success  rate  than  ITS  se-
quences in the Apocynaceae family. In addition, in 2010, Yao
et  al. showed  that  ITS2  could  be  used  as  a  universal  DNA
barcode for identifying plants using bioinformatics analysis [38].

Selvaraj et  al. have  also  shown  that matK and rbcL
showed 90% and 85% of amplification efficiency in Apocyn-
aceae species, respectively [44], whereas ITS2 exhibited 100%
for the plant species of Apocynaceae in our experimental ana-
lysis.  They  have  also  proven  that matK and rbcL were  less

 

 
Fig.  3     Phylogenetic  tree  constructed  based  on  the  ITS2  regions.  Results  from  neighbor-joining  (NJ)  bootstrap  analyses  with
1000 replicates was used to assess the strength of the nodes. The node numbers indicated the bootstrap value of NJ. The red rep-
resents toxic species
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powerful than ITS2 in Apocynaceae species discrimination.
Altogether,  our  results  demonstrate  that  both  ITS2  and

psbA-trnH are powerful  loci  for  differentiating species with-
in Apocynaceae. Based on previous reports and our own find-
ings, we proposed that ITS2 could provide rapid and reliable
species identification and be used as the preferred barcode for
species within  the  Apocynaceae  family  according to  our  ex-
perimental analyses, in addition, secondary structures of ITS2
could provide  additional  variation  information  for  distin-
guishing closely  related  species  and morphologically  similar
species.  Meanwhile,  we  propose  that psbA-trnH could  be
used as a supplementary barcode for differentiating those spe-
cies within the Apocynaceae family that cannot be identified
by ITS2.
The identification  of  the  Apocynaceae  family  has  the   poten-
tial to  significantly  enrich  DNA  barcoding  reference   data-
bases

DNA barcoding  can  be  used  as  a  new effective  techno-
logy for  medicinal  plant  authentication  in  traditional  medi-
cine, which is important for the clinical safety of medications
and commercial  products.  The  “aristolochic  acid  nephro-
pathy  (AAN)”  incident  is  world-famous  and  was  caused  by
aristolochic  acid [50], which  is  found  in  many  Aristolochi-
aceae  species,  including Aristolochia  manshuriensis, Aristo-
lochia  mollissima,  and  other  species  of  the  same  genus.  To
avoid  the  health  risks  of  aristolochic  acid  (AA),  Wu et  al.
provided a  DNA barcoding-based authentication system that
could  efficiently  and  reliably  distinguish  Aristolochiaceous
materials  from  non-Aristolochiaceous  materials [50]. In  addi-
tion,  researchers  have  successfully  built  some DNA barcode
reference  libraries  for  herbal  drugs.  For  example,  in  2010,
Lou et  al. created the  first  Medicinal  Materials  DNA  Bar-
code  Database  (MMDBD)  (http://www.cuhk.edu.hk/icm/
mmdbd.htm),  which  contains  62  011  sequences  from  2111
species [51]. In  2014,  a  preliminary  system for  the  DNA bar-
coding  of  herbal  materials  (http://www.tcmbarcode.cn/en/)

was constructed by Chen et  al.,  this  system contains  78 847
sequences belonging to 23 262 species [52].  In 2017,  Chen et
al. established an  online  DNA barcode identification  system
(http://www.jpbarcode.com),  that  contains  standard  barcode
sequences from approximately 95% of the species included in
the Japanese Pharmacopoeia [53]. Liu et al. developed a DNA
barcode  reference  library  for  monitoring  herbal  drugs  in  the
Korean  Pharmacopoeia,  which  contains  30  744  sequences
(ITS2  and psbA-trnH)  from  1054  specimens [54].  To  prevent
the occurrence  of  events  or  problems  similar  to  AAN,  spe-
cies of the Apocynaceae family were distinguished based on
ITS2  and psbA-trnH,  which  might  supplement  and  improve
population coverage for the above DNA barcoding reference
databases that contain nearly all herbal drugs and other medi-
cinal materials; in particular, some poisonous medicinal spe-
cies  of  the  Apocynaceae  family  were  identified,  including
Aganosma  harmandiana,  Alstonia  scholaris,  Allemanda
neriifolia, Cerbera manghas, Rauvolfia serpentina, Rauvolfia
verticillata, Rauvolfia vomitoria, Thevetia peruviana, Cathar-
anthus  roseus, Strophanthus  divaricatus, Trachelospermum
asiaticum, Nerium  indicum.  At  present,  the  most  frequently
used methods for chemical constituent and quality analysis of
traditional Chinese medicines (TCMs) are various chromato-
graphic  and  spectroscopic  methods [55, 56].  However,  these
quality control approaches only measure the chemicals of in-
terest and are  not  sufficient  for  ensuring the  presence of  au-
thentic  herbal  ingredients  or  detection  of  contaminants/adul-
terants. DNA  barcoding  technology  for  TCM  has  been  in-
cluded in the Chinese and British pharmacopoeias [57], and has
become  the  international  standard  for  TCM  identification.
DNA  barcoding  technology  combined  with  high-throughput
technology may become a powerful tool for the quality con-
trol  of  TCM [58-61].  Xin et  al. accurately identified  herbal  in-
gredients  of  Longdan  Xiegan  Wan  (LDXGW)  using  DNA
barcoding  (ITS2  and psbA-trnH regions) and  shotgun  meta-
genomic sequencing and detected the substitution of Akebiae
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Fig.  4     Secondary  structure  of  ITS2  in  seven Rauvolfia species.  (A) Rauvolfia  verticillata;  (B) Rauvolfia  perakensis;
(C) Rauvolfia yunnanensis; (D) Rauvolfia sumatrana; (E) Rauvolfia serpentina; (F) Rauvolfia tetraphylla; (G) Rauvolfia vomitoria
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Caulis (Mutong) in commercial samples, while chemical ana-
lyses could not [62], in addition, the herb “Mu tong” has been

successfully identified  using  short  fragments  of  ITS2  se-
quences with their secondary structure in previous studies [63].
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Fig.  5     Seven Rauvolfia species  morphology,  DNA barcoding  and  two-dimensional  DNA barcoding  image  of  ITS2  sequences.
(A) Rauvolfia verticillata; (B) Rauvolfia perakensis; (C) Rauvolfia yunnanensis; (D) Rauvolfia sumatrana; (E) Rauvolfia serpent-
ine; (F) Rauvolfia tetraphylla; (G) Rauvolfia vomitoria. In the center colored DNA image, the different colors represent different
nucleotides (A  T  C  G ) and the numbers represent the lengths of the sequences, which can be used in obtaining clear se-
quence information
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Jia et  al. [64] and Xin et  al. [65] performed preliminary studies
of traditional Chinese patent medicines (THMPs),  separately
employing  DNA  barcoding  (ITS2  and psbA-trnH regions)
and  single-molecule  real-time  (SMRT)  sequencing.  They
demonstrated  the  application  of  SMRT sequencing  to  detect
multiple  biological  ingredients  of  THMPs.  In  addition,  the
combination of DNA barcoding and chemical analysis could
have the  added  advantage  of  comprehensive  quality  assess-
ment of TCM, which is necessary for quality control. For ex-
ample, Wei et al. established an integrated evaluation system
based on ITS2 and LC-MS/MS to identify species and quant-
itative analysis for Uncaria medicinal materials. We hope that
these  research  results  will  help  to  develop  and  perfect  DNA
barcoding  reference  databases  for  herbal  drugs  and  other
herbal raw materials.
Challenges and potential of the ITS2 barcode for the Apocyn-
aceae family

The  remaining  3% of  samples  could  not  be  accurately

identified  at  the  species  level;  among  these  samples,  no
mutated site could be discovered in Ervatamia divaricata and
Ervatamia  flabelliformis. The  Latin  name  of Ervatamia  fla-
belliformis was  recently  changed to Ervatamia  divaricata in
the  English  edition  of  the Flora  of  China.  Therefore, Er-
vatamia divaricata and Ervatamia flabelliformis were classi-
fied  as  the  same  species.  In  addition, Allamanda  cathartica
and Allamanda blanchetii samples were not effectively iden-
tified using the ITS2 barcode but could be effectively distin-
guished  based  on  the psbA-trnH barcode.  Interestingly,
Chaveerach et  al. adopted  inter-simple  sequence  repeat  (IS-
SR)  analyses  to  clearly  distinguish  species  of  the  genus Al-
lamanda,  such  as Allamanda  cathartica and Allamanda
blanchetii, in 2014 [66]. Moreover, Yao et al. found that psbA-
trnH could distinguish various Dendrobium species and adul-
terating  species [38].  Han et  al. showed  that psbA-trnH se-
quences were significantly different  in the intrespecific  vari-
ation  between Cistanche species  and  other  morphologically

 

 
Fig.  6     Phylogenetic  tree  constructed based on the psbA-trnH regions.  Results  from neighbor-joining (NJ)  bootstrap analyses
with 1000 replicates was used to assess the strength of the nodes. The node numbers indicated the bootstrap value of NJ. The red
represents toxic species
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undistinguishable species [67]. In addition, compared with oth-
er chloroplast markers, the interspecific divergence of the ps-
bA-trnH locus is higher than that of other plastid loci invest-
igated, even though the matK locus demonstrates only half of
the  interspecific  divergence  of  the psbA-trnH locus [35, 68, 69].
The psbA-trnH region  has  shown  high  variability  and  could
be used to illuminate genetic relationships at the intraspecific
level [70]. For example, in a study by Hamilton et al. trnH-ps-
bA regions were highly variable and showed 15% divergence
within the Lecythidaceae [71].

For land  plants,  many  DNA  barcodes  have  been  evalu-
ated, but  identifying closely  related or  recently  evolved spe-
cies,  especially  within  species-rich  genera,  remains  a  major
challenge [72, 73].  In  our  study, Trachelospermum jasminoides
and Trachelospermum  jasminoides var. jasminoides, exhib-
ited  small  genetic  distances,  and  the  mutation  rate  was  0%.
DNA barcodes do not correctly distinguish recently diverged
species,  which  may  be  due  to  incomplete  or  poor  “barcode
gaps”; this characteristic is related to the effective population
size  and  the  low  evolutionary  rate  of  the  species [74].  The
chloroplast genome is ideal for ecological,  evolutionary, and
diversity studies, which is important for providing subspecies-
or  variety-level  resolution [75-79].  The  complete  chloroplast
genome is very useful for identifying unclear phylogenetic re-
lationships.  For  example,  Zhu et  al. accurately authenticated
of Dendrobium  officinale and its  closely  related  species  us-
ing the complete plastome sequences [80]. Therefore, the posit-
ive results  in  these studies  suggested that  we should attempt
to discriminate Trachelospermum jasminoides and its closely
related species using the chloroplast genome in future studies.

Conclusion

In  summary,  our  experimental  results  suggested  that
ITS2 and psbA-trnH could provide rapid and reliable species
identification and  be  used  as  the  preferred  barcode  for  spe-
cies within the Apocynaceae family.

Appendix A. Supplementary data

Table  S1−S4  are  available  as  Supporting  Information,
and can be requested by sending E-mail to the corresponding
author.
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