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Summary

The past couple of decades have witnessed global resurgence of herbal-based health care. As a
result, the trade of raw drugs has surged globally. Accurate and fast scientific identification of
the plant(s) is the key to success for the herbal drug industry. The conventional approach is to
engage an expert taxonomist, who uses a mix of traditional and modern techniques for precise
plant identification. However, for bulk identification at industrial scale, the process is protracted
and time-consuming. DNA barcoding, on the other hand, offers an alternative and feasible
taxonomic tool box for rapid and robust species identification. For the success of DNA barcode,
the barcode loci must have sufficient information to differentiate unambiguously between
closely related plant species and discover new cryptic species. For herbal plant identification,
matK, rbcL, trnH-psbA, ITS, trnL-F, 55-rRNA and 18S-rRNA have been used as successful DNA
barcodes. Emerging advances in DNA barcoding coupled with next-generation sequencing and
high-resolution melting curve analysis have paved the way for successful species-level resolution
recovered from finished herbal products. Further, development of multilocus strategy and its
application has provided new vistas to the DNA barcode-based plant identification for herbal
drug industry. For successful and acceptable identification of herbal ingredients and a holistic
quality control of the drug, DNA barcoding needs to work harmoniously with other components
of the systems biology approach. We suggest that for effectively resolving authentication
challenges associated with the herbal market, DNA barcoding must be used in conjunction with
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metabolomics along with need-based transcriptomics and proteomics.

Introduction

Global resurgence in traditional health systems is expanding the
herbal commodity market towards sustenance of healthy life.
India is a mega hot spot of biodiversity, and medicinal plants are
one of the fastest-growing segments of the alternative medicine
market in India. India’s traditional systems of medicine (Ayurveda,
Yoga, naturopathy, Unani, Siddha and Homeopathy) are time-
tested and benefitting mankind even today. According to a WHO
report, about 80% of the world population relies on the plant-
based systems of medicine for their primary healthcare needs
(WHO e-link). Medicinal plants contribute 80% of the raw
materials used in the preparation of traditional drugs. The efficacy
of these drugs mainly depends upon the proper use and sustained
availability of genuine raw materials. The dramatic increase in
exports of medicinal plants in the past decade testifies to the
worldwide interest in these products as well as in traditional
health systems (Marichamy et al., 2014).

Indian herbal medicine is part of a system of medical thought
and practice that is distinctly different from that of Western
medicine. Globalization of trade is expanding the herbal product
market. However, there has also been an increase of unscrupu-
lous commercial practices, whereby the authentic herb is substi-

tuted and contaminated with less effective and often deleterious
herbs and unlabelled fillers. At present, there is no standard
practice available/in place for identifying the plant species used in
herbal products and the industry suffers from fraud and unethical
practices (Newmaster et al., 2013). It is worth mentioning that
the consumer faith in herbal drugs is on the decline due to the
prevailing trend of adulteration and substitution (Poornima,
2010). Substitution of main herbal ingredients by some other
species and the presence of unlabelled fillers used in herbal
products result in reduced therapeutic potential of the original
drug, posing a serious risk to the health of the consumers
(Newmaster et al.,, 2013). The diagnostic morphological features
of the plant species on which the traditional taxonomic system is
based cannot typically be used for identifying powdered or
otherwise processed plant materials. Thus, there is an urgent need
to have in place broadly acceptable commercial tools for detecting
substitution and authentication of herbs used industrially.

The broadly available commercial technologies used for
authentication of plant-based commodities include physical
methods, chemical/biochemical methods, immunoassays and
the most recent DNA-based molecular tools. The classical
approaches of plant identification involving the organoleptic
method, micro- and macroscopic characters and chemical profil-
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ing did not evolve successfully. While the former methods require
trained personnel for taxonomical examinations, the latter may be
affected by physiological and storage conditions. Still, sometimes
there are differences of opinion among scientists regarding the
exact taxonomic annotation of a species according to traditional
taxonomy. Advancement in molecular techniques has enabled
researchers to use simple and cost-effective rapid DNA analysis as
a universally acceptable platform. In the last decade, several
genome-based methods have been developed for identification
and authentication of a large number of organisms, but there is
no single universally applicable approach that provides a com-
prehensive solution for many of the problems concerning plant
identification. Many a time various tools have been found to
complement each other for specific applications. These tech-
niques differ in their resolving power to detect genetic differ-
ences, the type of data generated and their applicability to
particular taxonomic levels (Kumar et al.,, 2009). Authentication
at the DNA level provides more reliability because, in contrast to
other macromolecules (proteins and RNA), DNA is more stable, is
not affected by external factors and is found in all tissues. So,
there is a potential need for the development of robust DNA-
based markers for plant identification and authentication at
commercial level (Sucher and Carles, 2008).

Among the prevailing genome-based approaches to overcome
the difficulties of traditional taxonomy, DNA barcoding proposed
by Hebert et al. (2003a) has been found to be successful in the
identification of existing species and the discovery of unknown
species. It is a recent and widely used molecular and computa-
tional-based identification system that aims to identify biological
specimens and to assign them to a given species. It can be
considered the core of an integrated taxonomic system. It is a
technique in biodiversity research, wherein we use a standardized
region of DNA for identifying a species or a taxon. The region
used for identification is termed as a DNA barcode, which
constitutes a small part (<1000 bp) of the genome and can be
easily obtained. DNA barcoding is an oversimplified solution to a
complex problem, which provides a way to confirm the authen-
tication of raw plant material and establish a level of quality
assurance within the market place (Li et al., 2011b). The 5" end of
cytochrome ¢ oxidase 1 (COT) from the mitochondrial genome
was considered a universal barcode marker in animals, but a
similar general barcode for plants has remained elusive (Hebert
et al., 2003b; Kress and Erickson, 2008). In plants, it cannot be
used preferably, due to its slow evolution and limited divergence.
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Therefore, the search for plant barcode region shifted towards
chloroplast and nuclear genomes, which contain higher rates of
substitution (Hollingsworth et al., 2011). Species discrimination in
plants is even more difficult due to greater levels of gene tree
paraphyly (Fazekas et al., 2009). During the last decade, major
individual candidate regions matK, rbcL, trnH-psbA, ITS, trnL-F,
5S-rRNA and 18S-rRNA have been tested for use in plants with
respect to their discrimination capacity. Due to differences in their
efficiency, it was concluded that no single-locus plant barcode
exists and the search for multilocus combinations was suggested
and is still being sought. Two international initiatives working
towards the development of DNA barcodes include the Consor-
tium for the Barcode of Life (CBOL) and the International Barcode
of Life (iBOL). The CBOL was established in 2004 for working
towards the development of DNA barcoding as a global method
for identification of flora and fauna constituting the earth’s
biodiversity. It suggested the combination of matK and rbcL as
the potential plant barcoding region based on its universality and
discriminating ability. The iBOL is the largest biodiversity genomics
initiative ever undertaken, which maintains barcode reference
library Barcode of Life Data systems (BOLD) and works through its
constituent nodes comprising several nations clustered into
separate working groups.

DNA barcoding of medicinal plants can be quite challenging,
both in generating barcodes and in analysing the data to
determine discrimination power (Cowan and Fay, 2012). Despite
these challenges, the number of barcoding studies in plants is on
the rise owing to its utility in instant identification of unknown
samples (Figure 1). Apart from authentication of traded medicinal
plants, DNA barcoding also finds application in biodiversity
monitoring, conservation impact assessment, monitoring of illegal
trading, forensic botany, etc. (Ferri et al., 2015; Nithaniyal et al.,
2014; Verma and Goswami, 2014).

Here, we suggest DNA barcoding as the path ahead in the
postgenomic era for the identification/authentication of medicinal
plants used in trade. However, it will be better to complement it
with metabolomics along with need-based transcriptomics and
proteomics analyses. The reason being that contamination in a
herbal product may not always be at the plant species level. It
could also be due to replacement of the traditionally prescribed
plant part by a non-prescribed one of the same plant species or by
a traditionally prescribed part of the right plant species collected
in the wrong season. In both cases, the content of the active
metabolites will be suboptimal (leading to compromised thera-
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Figure 1 Total number (approximately) of peer
reviewed manuscripts using DNA barcoding for
plant identification. The chart is based on
literature search performed with Google Scholar
and SCI Finder on 3 March 2015.
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peutic activity) and it could be detected only through metabolite
analysis. Thus, the success of the approach for authentication will
depend on how DNA barcoding is combined with other tools
depending on the nature of the problem being tackled.

Bulk herb trade: the global scenario

Herbal medicinal products have become a subject of increasing
global importance, for their health benefits and economic
considerations. India holds 7%-8% of global biodiversity with
enormous resources of medicinal plant species (approximately
45,500). Out of these, more than 8000 species of both higher
and lower plant groups are of medicinal value and 960 species of
medicinal plants are estimated to be in trade, of which 178
species have annual consumption levels in excess of 100 metric
tons (Aneesh etal, 2009; Efferth and Greten, 2012;
www.cbd.int). The industrial demand for the medicinal plant
resources has been on the rise due to worldwide growth in the
herbal sector (Ved and Goraya, 2007). The Indian market is a hub
of herbs with estimated trade of $140 million per year. According
to the Medicinal Plants and Extracts report published in the
Market News Service, December 2011 bulletin, the botanical and
natural ingredient export was approximately $33 billion during
2010 (Figure 2) and by 2015 it is expected to reach $93 billion.
The published estimates of international export of Indian medic-
inal plants and their products account for $0.2 billion. In addition
to the international trade, there is a substantial volume of internal
trade in medicinal plants in India with turnover of $1.6—
$1.8 billion (Marichamy et al., 2014).

Total global herbal market is of the size of 60 billion dollars
annually with India’s contribution being a meagre 2.5%, which
shows that in spite of having a rich heritage of Ayurvedic
literature and a wide range of medicinal plant species, India is still
not able to tap the potential market demand available in this
sector of foreign trade. Improvement of quality control, stan-
dardization, scientific methods of production and evaluation of
commercial products is an immediate need for improving India’s
share of the global herbal market. The overall market potential of
herbals can be increased only through the development of
standardized herbal products that are tested using scientifically
validated methods. This approach would not only maintain the
quality and efficacy of the herbals, but will also provide a
competing edge vis-a-vis modern medicine (Agarwal et al.,
2013).

Prevalent false advertising/labelling
malpractices in the herbal industry

Adulteration and substitution of raw drugs have become a
widespread problem in the herbal industry due to deforestation
and extinction of many species as well as incorrect identification
of many plants. The term adulteration specifies a number of
conditions, which may be intentional or accidental. The crude
drugs are substituted with inferior material or unlabelled fillers.
This reduces the efficacy and therapeutic potential of original
drugs, which in turn leads to loss of consumer faith. Unlabelled
plant fillers found in herbal products sometimes pose potential
health risks to consumers too (Newmaster et al., 2013; Poornima,
2010). For safe and effective use, consistency in composition and
biological activity is essential. However, the difficulties in plant
identification and lack of information about active pharmacolog-
ical principles, as well as variation in the process of cultivation/
collection, extraction and growth conditions along with genetic
variability, lead to failure of herbal drug standards.

Another major problem concerning the quality of herbal drugs
is the report of heavy metals in plant materials (Ernst, 2002; Ernst
and Thompson, 2001). DNA-based analysis also helps in the
identification of phytochemically indistinguishable genuine drug
from a substitute drug (Lazarowych and Pekos, 1998), where the
substitute is unacceptable due to a known tendency to accumu-
late higher level of heavy metal. Some plant fillers also happen to
come from species that have high heavy metal content. A
comprehensive study carried out by Saper et al. (2004) on herbal
medicinal products concluded that samples collected in India
contained significant amounts of heavy metals (64% had
mercury, 41% had arsenic, and 9% had cadmium). Even the
traditional medicines from China, Malaysia, Mexico, Africa and
the Middle East have also been shown to contain heavy metals
(Ang et al., 2003; Baer et al., 1998; Ko, 1998; Lekouch et al.,
2001). Such contamination can lead to serious harm to patients
taking such remedies and could also interfere with the assess-
ment of safety in a clinical trial.

Various case studies on substitution and adulteration of popular
Ayurvedic drugs have been carried out in the past (Madhavan et al.,
2010; Prakash et al., 2013; Rai et al, 2012). Such cases of
deliberate adulteration of coveted ingredients are often difficult to
distinguish from cases of misidentification. There is a need for
high-quality studies to evaluate the value of traditional drugs as
compared to modern medicines.
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Figure 2 Export scenario of Indian medicinal
plants over 20 years moving average (Kumar and
Janagam, 2011; Marichamy et al., 2014).
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Based on the published resources with proper experimental
evidence, we have made our best possible efforts to tabulate the
existing substitutes/adulterants for highly traded and in demand
medicinal plant species (Table 1). It is cautionary to note here that
the Ayurvedic literature, although extensive, provides detailed
information only on a limited number of species. Although
Ayurvedic literature does not forbid substitutes, their regulations
are often not wide enough for one to cover all that is currently
available in the market.

Conventional approaches for plant
authentication

Prior to the advent of modern molecular tools, morphological and
anatomical descriptions were the only primary means of plant
identification, which usually involve description of variation for
morphological traits by expert taxonomist and trained technicians
through experience. This routine species identification is declining
due to certain limitations such as misdiagnosis caused due to lack
of high level expertise, overlook of morphologically cryptic taxa
and lack of effectiveness due to incomplete morphological keys
for particular life stages (Vohra and Khera, 2013). Pharmacog-
nostical study involving physical, chemical and sensory characters
of raw drugs, both in whole state and in powder form paved the
way for quality sourcing of crude medicinal materials. Asserting
the physiochemical properties of individual drug or proprietary
medicines by comparing with the standard values of Indian
pharmacopoeia was another means to the authentication. The
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Ayurvedic pharmacopoeia of India published in two different
parts comprising 7 and 3 volumes, respectively, reflects the overall
monographs on herbal drugs including their microscopic charac-
terization and their medicinal effects.

The botanical and descriptive aspects of pharmacognosy were
supplemented by medicinal and pharmaceutical chemistry for
drug quality assurance testing. Phytochemical analysis methods,
such as Fourier transform infrared spectroscopy, high-perfor-
mance liquid chromatography, mass spectrometry, nuclear mag-
netic resonance spectroscopy and thin-layer chromatography, are
generally used in the authentication of plant materials (Harborne,
1998; Meena Devi et al, 2010). The phytochemical profiles
sometimes vary within the same species due to external factors
such as temperature, light, humidity, soil composition and pH,
storage conditions. This can be misleading if the samples are
deliberately adulterated with a marker compound.

Besides, the traditional taxonomic practices are insufficient on
their own to cope with the growing need for accurate identifi-
cation. Trait expression is often subject to environmental variation
and may be difficult to measure.

Modern approaches for plant authentication

Quality control has always been a key issue in the development
and authentication of herbal medicines traded as bulk product.
Many advanced countries are now widely accepting the powerful
tool of genomic fingerprinting for quality control of multicom-
ponent herbal medicines and their finished products. Different

Table 1 List of experimental evidence-based existing substitutes/adulterants for highly important medicinal plants

S.No Plant species Substituent/adulterant References

1 Aconitum heterophyllum Cyperus rotundus Prakash et al. (2013)

2 Alpinia calcarata Alpinia galanga/officinarum Zhao et al. (2001)

3 Asparagus racemosus Asparagus gonoclados Singh et al. (2013)

4 Baliospermum montanum Plumbago zeylanica Prakash et al. (2013)

5 Boswellia serrata Boswellia carteri/Garunga pinnata Alam (2008)

6 Catharanthus roseus Solanum melogena/Lycospermum esculentum Srivastava and Srivastava (1988)
7 Centella asiatica Bacopa monnieri Jamil et al. (2007)

8 Chlorophytum tuberosum Chlorophytum arundinaceum/Chlorophytum borivilianum Katoch et al. (2010)

9 Cinnamomum sulphuratum Cinnamomum species Dhanya and Sasikumar (2010)
10 Commiphora wightii Boswellia serata Siddiqui (2011)

11 Decalepis hamiltonni Hemidesmus indicus Padmalatha et al. (2012)

12 Garcinia indica Garcinia gummi-gutta Prakash et al. (2013)

13 Glycyrrhiza glabra Glycyrrhiza uralensis/Abrus precatorius Khan et al. (2009)

14 Holarrhena pubescens Wrightia tomentosa/ Wrightia tinctoria Gahlaut et al. (2013)

15 Illicium verum licium anisatum Dhanya and Sasikumar (2010)
16 Mesua ferrea Nelumbo nucifera Prakash et al. (2013)

17 Ocimum basilicum Ocimum sanctum Prakash et al. (2013)

18 Piper nigrum Lantana camara, Embelia ribes Dhanya and Sasikumar (2010)
19 Papavar somniferum Amaranthus paniculatas Dhanya and Sasikumar (2010)
20 Santalum album Erythroxylum monogynum Chembath et al. (2012)

21 Saraca asoca Polyanthia longifolia Gahlaut et al. (2013)

22 Saussurea lappa Atristolochia debilis Chen et al. (2008)

23 Sida rhombifolia Sida acuta/Sida cordifolia Vassou et al. (2015)

24 Swertia chirayta Andrographis paniculata/Rubia cordifolia/Swertia species Joshi and Dhawan (2005)

25 Valeriana wallichii Saussrea lappa Prakash et al. (2013)

26 Cuscuta reflexa Cuscuta chinensis Khan et al. (2010)

27 Echinacea purpurea Echinacea angustifolia, Parthenium integrifolium Laasonen et al. (2002)

28 Myristica fragrans Myristica argentea, Myristica malabarica Dhanya and Sasikumar (2010)
29 Pimenta dioica Mlyrtus tobacco, Lindera benzoin Dhanya and Sasikumar (2010)
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types of molecular techniques have been discovered and
optimized and are now prevailing in the scientific arena for
taxonomic identification as both taxonomy and quality control of
herbal drugs go hand in glove. Besides taximetrics, chemotaxon-
omy is also employed many a times in the pharmaceutical
industry. The inherent limitations in the information provided by
the morphological characters led to the development of bio-
chemical and molecular techniques for plant identification.
Recently, the world is focusing on plant identification more
precisely using molecular markers (DNA or protein based) (Buriani
et al.,, 2012; Ishtiaq et al., 2010). Species-specific variations
(polymorphisms) in the nucleotide sequence that are spread
randomly over the entire genome and result in characteristic DNA
fingerprints have been exploited through use of polymerase chain
reaction (PCR) and its variants. With the advent of PCR in 1983 by
Kary Mullis, a range of new technologies (molecular methods)
have been developed, which vary in their capability to resolve
genetic differences, the type of data generated, the taxonomic
levels at which they are appropriately applied, and their technical
and financial requirements. Properties desirable for ideal DNA
markers include highly polymorphic nature, codominant inheri-
tance, frequent occurrence within the genome, ease of access,
easy and fast assay, high reproducibility, and easy exchange of
data across laboratories (Joshi et al., 1999). Many reviews have
been written in the past regarding the basic principles of
molecular genomics and the application of these techniques to
study the extent of variation in species gene pool and gene banks
(Arif et al., 2010; Karp et al., 1996; Kumar et al., 2009). Table 2
summarizes an overview of the various techniques used so far for
genome-based authentication of medicinal plants with their
potential applications. Most of these techniques are based on
approaches that determine the nucleotide sequence of one or
more genetic loci in the plants of interest and identify nucleotide
sequences that are characteristic of a given species.

Sequencing-based technologies with automated DNA se-
quencers made considerable reduction in the cost of gel-based
fingerprints. Sequences contain a comprehensive record of their
own history and are indeed the only appropriate method for
taxonomic studies, but molecular data suffers the same problems
(viz. problems of homology) as morphological data (Karp et al.,
1997). Sequencing allows the determination of relatedness of
gene sequences within the samples and hence determines which
genes share a most recent common ancestor. DNA sequence data
can be deposited as simple text strings in electronic databases
such as GenBank and mined easily using text-based bioinformat-
ics tools in contrast to gel-based fingerprints, which require more
complicated image analysis software. The enormous progress of
massively parallel and clonal sequencing platforms to gain
sequence information from single molecules within a complex
source has added another dimension for species resolution and
can be covered under an umbrella term of next-generation
sequencing (NGS). (Mardis, 2013; Metzker, 2010).

High-density miniatured microarrays have revolutionized the
traditional way of one gene per experiment for the genome
studies. High throughput, sensitivity, accuracy, specificity, and
reproducibility of transcriptomics applications have allowed DNA
microarray to become a popular tool for authenticating herbal
medicine (Chavan et al., 2006; Lo et al,, 2012). Although DNA
sequence-based markers have found extensive application in
differentiating herbal medicinal products from their substitutes or
adulterants (Beyrouthy and Abi-Rizk, 2013; Feng and Liu, 2010;
Sahare and Srinivasu, 2012; Srivastava and Mishra, 2009; Techen

et al., 2014), it is better to have a holistic approach based on
various components of systems biology for medicinal plant
authentication, whereby metabolomics and need-based tran-
scriptomics and proteomics data supplement the genomic data.

DNA barcoding: a genomics-based modern tool
for plant authentication

Advances in the molecular genetics over the last few years have
provided workers with a range of new techniques for easy and
reliable identification of plant species (Figure 3). This growing
progress in biotechnology and taxonomy played a major role in
creation of another robust technology. A new tool called ‘DNA
barcoding’, proposed by Hebert et al. (2003a), is a valuable
addition to the taxonomic tool box. They advocated the use of
short DNA sequences from the specified region of genome
termed as DNA barcode for biological identification. It implies
sequencing of a standard DNA locus as a tool for identifying
species. An ideal DNA barcode should be easily retrievable with a
single primer pair, be amenable to bidirectional sequencing and
effectively provide high discrimination among species. This
innovation gave rise to many controversial questions about the
nature and purpose of systematics and various subdisciplines
(DeSalle, 2006; Lipscomb et al., 2003; Rubinoff et al., 2006). In
the space of a few years, DNA barcoding has moved from fantasy
to reality (Frezal and Leblois, 2008). Various regions of DNA are
used as markers in the DNA barcoding process, which character-
izes its universality and high resolution. For efficient discrimina-
tory power, a marker should necessarily show high inter- and low
intra-specific variability. This difference between inter- and
intraspecific distances is known as the ‘DNA barcoding gap’.
For the last several years, CBOL has focused on the identification
of a universally informative plant barcode. The revolution
introduced by DNA barcoding resides in the molecularization,
computerization and standardization of taxonomic approach
(Casiraghi et al., 2010). Many authors have proposed DNA
barcoding as an integrated approach with classical taxonomy
for species identification and authentication in the postgenomics
era (Kane and Cronk, 2008; Newmaster et al., 2009; Sahare and
Srinivasu, 2012; Vohra and Khera, 2013). In the case of plants,
successful PCR of barcoding regions is often inhibited by the
presence of secondary metabolites. However, modifications in
extraction methods, primer sequences and the use of an
engineered polymerase can usually overcome such problems.
The combining of barcodes from multiple loci has also been used
successfully. These approaches have been discussed below to
familiarize the researchers with the current trends adopted for
overcoming the challenges of DNA barcoding in plants.

Single-locus approach

Molecular information generated from matK has been used to
resolve phylogenetic relationships ranging from shallow to deep
taxonomic levels. matK is one of the most rapidly evolving coding
regions of the plastid genome and is hypothetically the closest
plant analogue to the mitochondrial gene cytochrome oxidase 1
(COI) used as the animal barcode (Hollingsworth et al., 2011).
Among all the plastid regions used in plant systematics, matK
stands out due to its higher rate of evolution (Barthet and Hilu,
2007; Hilu et al., 2003; Wicke and Quandt, 2009). Lahaye et al.
(2008) analysed 1084 plant species (nearly 96% of orchid species)
and showed that a portion of the plastid matK gene could be a
universal DNA barcode for flowering plants. According to the
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S.No  Molecular techniques Potential application References
1 Multiplex PCR Specific PCR primers are designed and amplification carried Chiang et al. (2012), ligden et al. (2010a, 2010b)
out both in individual pairs and in combinations of many
primers, under a single set of reaction conditions
2 PCR-short tandem Microchip electrophoresis method coupled with the Qin et al. (2005)
repeats (STR) PCR-short tandem repeats (STR) technique is developed
3 Restriction fragment length PCR-amplified product of specific targeted gene is Biswas et al. (2013), Lin et al. (2012),
polymorphism (RFLP) subjected to restriction digestion with different restriction Watthanachaiyingcharoen et al. (2010)
enzymes. Resulting DNA fragments are separated on
agarose gel electrophoresis and transferred to membrane
via blotting procedure followed by detection on X-ray
film with the labelled probes
4 Amplified fragment length Genomic DNA is digested with pair of restriction enzyme Gowda et al. (2010), Passinho-Soares et al. (2006)
polymorphism PCR (AFLP) followed by the ligation of adapters to the sticky end of
the restriction fragments. Selective amplification of some
of these fragments is carried out with two PCR primers
that have corresponding adaptor and restriction
site-specific sequences
5 Random amplified polymorphic Specific marker-defined polymorphic termini are sequenced, Cao et al. (2010), Devaiah and
DNA (RAPD) and sequenced and primers are designed for specific amplification of a Venkatasubramanian (2008), Ghosh et al. (2011),
characterized amplified region particular locus in targeted species Gupta and Mandi (2013), Ruzicka et al. (2009),
marker (SCAR) Wang et al. (2001)
6 Intersimple sequence repeat (ISSR) ISSR amplification is carried out using PCR primers Sharma et al. (2008), Su et al. (2008), Tamhankar
and simple sequence repeats (SSR) complementary to two neighbouring microsatellites. SSR et al. (2009)
are developed through the constructed genomic library
enriched with repeated motifs. Isolation and sequencing
of microsatellite containing clones are performed followed
by designing of primer and PCR amplification using the
designed primer pair
7 Arbitrarily primed (AP)-PCR and the  The nucleotide sequences of one or more genetic loci (genes)  Cao et al. (1996), Desmarais et al. (1998),
direct amplification of length are determined and the sequences that are characteristic Ha et al. (2001)
polymorphism (DALP) of a given species are identified and sequenced
8 Amplification refractory mutation Allele-specific primer pairs were designed based on Chiang et al. (2012), Diao et al. (2009),
system (ARMS) and multiplex detected mutation site within sequence data of the Qian et al. (2008), Wang et al. (2011)
ARMS (MARMS) target species and identification carried out
using MARMS
9 Quantitative real-time PCR Specific genomic locus of choice is employed with the Xue et al. (2009), Xue and Xue (2008)
(Q-PCR/QPCR) different analysis applications of real-time PCR to
exhibit differentiation
10 Loop-mediated isothermal Amplification carried out under isothermal reaction Sasaki et al. (2008)
amplification (LAMP) conditions using allele-specific primers designed, based
on the 18S ribosomal RNA gene sequence
1" DNA sequencing Involves thermostable DNA polymerase and Kretz et al. (1994)
dideoxynucleotide triphosphates to generate
chain-termination sequence with a temperature-cycling
format
12 DNA microarray Species-specific oligonucleotide probes were designed Carles et al. (2005), Schena et al. (1998)
from 5S ribosomal RNA gene sequence and immobilized
on silicon chip. Target sequences were amplified and
fluorescently labelled by asymmetric PCR
13 Specific expression subset SESA carried out on cDNA populations derived from the Shukla et al. (2013)

analysis (SESA)

active part (therapeutically useful) and other major tissues
of the target plant species, which serve as tester and
driver, respectively. The ESTs obtained were further
subjected to computational analysis

work of Johnson and Soltis (1994) and Olmstead and Palmer
(1994), the rate of substitution in matK is three times higher at
the nucleotide level and is six times higher at the amino acid level

than that of rbcL due to almost even distribution of substitution
rates among the three codon positions compared with most
protein-coding genes where the rates are skewed towards the third
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approaches to plant identification.

codon position (Soltis and Soltis, 2004). Despite several successful
attempts, the unavailability of universal primer sets for all taxa along
with the difficulties it poses during PCR leading to low PCR
amplification success, especially in nonangiosperms and rapid rate
of substitution, along with the rare presence of frameshift indels
and a few cases of premature stop codons, prompted some
researchers to suggest that matkK may not be functional in some
taxa (CBOL, 2009; Hidalgo et al., 2004; Kugita et al., 2003).

In contrast to matK, the highly conserved chloroplast gene
rbcL, which encodes the large subunit of ribulose-1,5-bisphos-
phate carboxylase/oxygenase (RUBISCO), has been widely
sequenced from numerous plant taxa across various levels
(Bousquet et al., 1992a; Gaut et al., 1992; Morgan and Soltis,
1993 and references therein). This single copy gene is approxi-
mately 1430 base pairs in length, is free from length mutations
except at the far 3’ end and has a fairly conservative rate of
evolution. However, it is apparent that the ability of rbcl to
resolve phylogenetic relationships below the family level is often
poor (Doebley et al., 1990). Thus, interest exists in finding other
useful DNA regions that evolve faster than does rbcl to facilitate
lower-level phylogenetic reconstruction. The matK gene is a
promising gene in this regard.

Other than rbcl and matK, the chloroplast intergenic trnH-
psbA spacer (approximately 450 bp) has recently become a
popular tool in plant DNA-barcoding studies at low taxonomic
level (Pang et al., 2012; Yao et al., 2009). This intergenic region
consists of two evolutionarily distinct parts, that is the psbA
3’UTR, which is vital for post-transcriptional regulation of psbA
gene expression, and the psbA-trnH intergenic spacer (IGS),
which is highly variable and easily employed along a wide range
of land plants (CBOL, 2009; Kress et al., 2005; Liu et al., 2012a).
Main concern associated with the locus includes high frequency
of mononucleotide repeats leading to unidirectional reads, thus
hampering the recovery of bidirectional sequences and the
presence of micro-inversion (Devey et al., 2009; Whitlock et al.,
2010). Thus, the complex architecture of trnH-psbA makes it
difficult to use as an individual barcode (Hao et al., 2010a;
Storchovd and Olson, 2007). However, the comprehensive
evaluation of the utility of trnH-psbA and its combinations has
been summarized by Pang et al. (2012).

Among the regions of the nuclear ribosomal cistron (185-5.8S-
26S), the internal transcribed spacer (/TS) region is the most
commonly sequenced region across the plants with the most
clearly defined barcode gap between inter- and intra-specific
variations. The two spacers of this region /TST and ITS2 (each

<300 bp) adjoining the 5.8S locus have a higher degree of
variation than the rRNA genes, which they separate and contain
enough phylogenetic signal for discrimination of both plants and
animals (Baldwin et al., 1995; Chen et al., 2010; Yao et al.,
2010). The ITS2 in comparison with /TST is considered suitable for
amplification and sequencing owing to its shorter length of the
target region referred to as a mini-barcode (Gao et al., 2010a;
Han et al., 2013). Li et al. (2011a) opined for the use of nuclear
internal transcribed spacer (/TS) region as the standard barcode,
and it was thus proposed to be incorporated as one of the core
barcodes for seed plants. One of the major delimitations
associated with the region is the problem of paralogy due to
the occurrence of divergent copies within the individuals, which
can lead to misidentification of samples (Bailey et al., 2003).
However, Hollingsworth (2011) in their study concluded that the
presence of paralogous copies did not compromise the identifi-
cation ability of the region, compared to other markers. The
fungal ITS sequences share significant similarity with their plant
counterparts. Thus, the primers used for amplification and
sequencing of both are almost similar such that the fungal DNA
is amplified by chance in many a cases especially those plants,
which contain fungal endophytes. This can result in misidentif-
ication of samples. Therefore, regardless of the number of primer
sets available for this particular barcode region, amplification and
sequencing have been troublesome for diverse samples (Gonzalez
et al., 2009).

Apart from the other successful loci, the 55 rDNA IGS (a
variable region), plastid protein coding (rpoB, rpoCT), plastid IGSs
(atpF-H, psbK-l) and low copy number genes, which are being
tested for their identification success in different families, have
also been reported to be useful for identification of plant material
(Chen et al., 2008; Law et al., 2010; Pillon et al., 2013; Yu et al.,
2008).

Multilocus/tiered approach

In view of the unsatisfactory performance by individual loci
following initial in silico and laboratory-based assessment, the
effective strategy of using a combination of barcodes emerged as a
latest approach. The Plant Working Group of the CBOL examined
the suitability of different leading candidate markers and proposed
the two-locus combination of matK and rbcl as the core plant
barcode (CBOL, 2009; Fazekas et al., 2008; Newmaster et al.,
2008). But the lack of discriminatory power of rbcL and primer
universality for matK subjects it to further improvement (Hollings-
worth et al., 2011). Other combinations particularly rbcL and trnH-
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psbA, the internal transcribed spacers of nuclear ribosomal DNA
(nrITS/nriTS2) have also been evaluated for their potential (Ferri
et al., 2008; Kress and Erickson, 2007; Kress et al., 2005; Pang
et al., 2012; Tripathi et al., 2013). It has been observed that in case
of two loci, the conserved coding locus will align well with the taxa
of a community sample to establish deep phylogenetic branches,
while the hypervariable region of the DNA barcode will align with
ease in the subclades of closely related species. Using a combination
of three-loci did not improve discrimination beyond the best
performing two-loci barcodes in a few cases and also to avoid the
expenses of using a three-loci combination for large data sets, the
two-loci barcode was announced as the standard barcode for land
plants.

Due to hybridization and introgression observed in certain
groups of plants, Newmaster et al. (2006) proposed the adoption
of a tiered approach, wherein highly variable loci are nested
under the core barcoding gene. They advocated the use of a first-
tier coding region common in plants for differentiation at a
certain taxon level followed by a more variable second-tier coding
or noncoding region at the species level. This would reduce the
difficulty of aligning noncoding regions from highly divergent
genera at the second tier. Depending upon the group of interest,
various and multiple noncoding regions can be used. A tiered
approach will thus overcome the issue of alignment with
noncoding regions, while providing the most variability from
two-barcode regions for identifying closely related taxa (New-
master et al., 2013; Nithaniyal et al., 2014; Purushothaman
et al., 2014).

After evaluation by Newmaster et al. (2006), rbcL emerged as
a potential standard first-tier core coding region on the basis of
being the most characterized plastid coding region in gene bank.
It was analysed to resolve approximately 85% cases in congeneric
species, given its universality and ease of amplification and
alignment. The noncoding plastid region evaluated by Shaw et al.
(2005) or trnH-psbA proposed by Kress et al. (2005) appears
promising as a second-tier locus. The recent work of Xiang et al.
(2011) supported the approach and suggested matK as the prior-
tier DNA region at generic level. Thus, it was emphasised that the
second-tier locus at species level should have enough stable
variable characters for discrimination and thus need more
attention. The tiered approach, in case of medicinal plants, is
based on the use of a common, easily amplifiable and aligned
region such as rbcL that can act as a scaffold for placing data
from a highly variable region such as ITS2. ITS2 is a preferred
second-tier candidate for medicinal plants due to its high species
resolution, its presence in the nuclear genome (that evolves at a
different rate than the plastid genome) and its shorter sequence
that enables higher recovery from processed plant materials
found within herbal products (Newmaster et al., 2013).

Next-generation sequencing and DNA barcoding

Next-generation sequencing (NGS) ignited a revolution in ge-
nomics and triggered numerous ground-breaking discoveries in
the genome, transcriptome and epigenome of many organisms.
This high-throughput technology platform enables researchers to
move quickly from an idea to full data sets in a matter of hours or
days, with a number of algorithms existing to address the needs
of each application. In parallel with many algorithmic advances
through de novo sequencing, targeted resequencing, RNA
interface to metagenomics, the technique is now encompassing
the Sanger sequencing platform in DNA barcoding (especially
metabarcoding) with additional advantages of longer average
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sequence read lengths from Roche’s 454 sequencing platform
(Kircher and Kelso, 2010). The enormous number of reads
generated by NGS enabled the sequencing of entire genomes at
an unprecedented speed, which have proved to be very useful for
phylogenetics at deeper level and genome evolution analysis,
which in turn greatly helps in authenticating the useful medicinal
plants for herbal drug preparations (Sarwat and Yamdagni,
2014). Amplicon sequencing using ion torrent or 454 technolo-
gies could potentially recover all of the filler plant species. Whole-
chloroplast genome sequence of Ceratophyllum demersum
obtained using Roche’s 454 platforms by Moore et al. (2007)
provided strong support to data obtained through traditional
taxonomy. Parks et al. (2009) were able to assemble nearly
complete plastomes for 37 Pinus species based on multiplex
lllumina sequencing platform. The primary application of DNA
barcodes will continue to be the identification of unknown
samples. The adoption of NGS technologies for DNA barcoding
will lead to tremendous growth in available sequence data, which
will become a powerful molecular tool for species discovery,
evolution and the conservation of biodiversity (Sucher et al.,
2012).

Real-time DNA barcode-based high-resolution melting
curve analysis (Bar-HRM)

High-resolution melting (HRM) analysis coupled with DNA
barcoding termed as Bar-HRM has widely been used for detection
of contamination in herbal mixtures. It is a novel DNA-based
method that allows genotyping and fingerprinting by discrimi-
nating DNA sequence variants based on the characteristics of
thermal denaturation of the amplicons without sequencing or
hybridization procedures (Wittwer, 2009). The amplicon is
analysed by fluorescence monitoring of the melting curve of the
dsDNA caused by the release of intercalating dye SYBR Green | in
a real-time PCR system. HRM analysis requires no manual post-
PCR processing, is performed in a closed-tube system and has a
low reaction cost relative to other methods used to study genetic
variation. These advantages make it widely used in pathogenic
identification, food authenticity and biological diagnostics.
Recently, Jiang et al. (2014) successfully reported the application
of a barcoding melting curve analysis (Bar-MCA) method using
chloroplast region trnH-psbA to identify adulterants in traded
saffron by obtaining melting curves for saffron and its adulterants
having significantly different specific peak locations or shapes.
Another alternative application of HRM in species identification
has been successfully described by Kalivas et al. (2014), whereby
authentication and taxonomic identification of seven Greek
Sideritis taxa was carried out on the basis of the nuclear /TS2
DNA barcoding sequence. Thus, the approach could be applicable
to a wide range of plants of medicinal importance especially
within closely related species employed in the herbal sector.
Besides, HRM conjugated with specific barcode regions such as
mitochondrial DNA, 76S rDNA regions and microsatellite markers
has also been shown to be capable of accurately identifying
products in the food industry (Bosmali et al., 2012; Ganopoulos
et al., 2011, 2013).

Successful DNA barcoding of herbal products

The majority of the plant materials used in herbal medicine is
procured from the markets in the form of dried or powdered
plant parts. DNA barcoding has been found successful in
identification of plants from the finished herbal products. A
number of loci from different genomic regions including rbcL,
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matK, ITS, ITS2 and psbA-trnH have been tested with different
degrees of success (Table 3). Published estimates of successful
and unsuccessful species resolution using these loci may be
inflated depending upon the distance of the related species
within the target genera. In the case of herbals, the dried plants
as well as the herbal supplements/products can be barcoded
using the universal protocol described for DNA barcoding. In
recent years, considerable effort has gone into the search for
suitable DNA barcodes for specific herbal products. This provides
insight into substitutions or adulterations occurring in the
commercial market. An overview of work has been presented
in Table 4 which collates information from the published studies.

Future challenges for DNA barcoding as a plant
authentication tool for herbal industry

Several studies carried out to date have highlighted many major
challenges, including lack of reference libraries, unavailability of
the vouchers to professionally identified specimens archived in a
herbarium corresponding to the reference DNA sequences in the
GenBank (consequently a GenBank reference sequence may be
from an incorrectly identified plant species with no way to verify
its specific origin) and variable rate of evolution corresponding to
different loci (Newmaster et al., 2013). Herbal industry needs to
be provided with authentic standards of plant material for
fulfilling the goal of Herb-Bol (barcode of life) research
programme in the coming years. Development of a DNA herbal
barcode reference library termed as biological reference material
(BRM) would provide users with a universal platform for reference

Table 3 Preferred/best loci for family level identification

S.No.  Family Loci References
1 Arecaceae matK + rbcl Yang et al. (2012)
+ trnH-psbA
2 Asteraceae ITS2 Gao et al. (2010b)
3 Fabaceae 152 Gao et al. (2010a)
4 Juglandaceae matK Xiang et al. (2011)
5 Lamiaceae matK and Theodoridis et al. (2012)
trnH-psbA
6 Lauraceae psbA-trnH Liu et al. (2012¢)
7 Leguminaceae trnL and ITS2 Madesis et al. (2012)
8 Lemnaceae atpF-atpH Wang et al. (2010)
9 Nyssaceae ITS Wang et al. (2012)
10 Polygonaceae trnH-psbA Song et al. (2009)
11 Rosaceae ITS2 Pang et al. (2011)
12 Rutaceae ITS2 Luo et al. (2010)
13 Zingiberaceae ITS2; matK; rbcl Shi et al. (2011), Vinitha
et al. (2014)
14 Araliaceaes ITS2 Liu et al. (2012b)
15 Orchidaceae atpF-atp + psbK-psbl Kim et al. (2014)
+ trnH-psbA
16 Apiaceae ITS/ITS2 + psbA-trnH, Liu et al. (2014)
ITS and ITS2
17 Combretaceae  rbcla + matK Gere et al. (2013)
+ trnH-psbA
18 Angiosperms rbcl + matK CBOL (2009)
19 Nonflowering trnH-psbA, matkK; Pang et al. (2012)
seed plants rbcl, rpoB, rpoCl,

ITS/ITS2

Table 4 Successful resolution of species barcodes recovered from
herbal products

Locus/Loci Herbal material Success rate References
psbA-trnH Sida cordifolia Best two-marker  Vassou et al. (2015)
+1TS2 raw drug combination
ITS2, matK, Senna herbal 100% (ITS2), Seethapathy
rbcL, and products matK, rbcl, et al. (2014)
psbA-trnH and psbA-
trnH (<10%)
rbcl and matK  Saw palmetto 81% Little and Jeanson
(2013)
matK Herbal juices 99% Mahadani and
Ghosh (2013)
rbcl + ITS2 North American ~ 95% Newmaster et al.
herbal products (2013)
matK Black cohosh 75% Baker et al. (2012)
rbcl and matk  Commercial tea  90% Stoeckle et al. (2011)
psbA-trnH Phyllanthus Highly effective  Srirama et al. (2010)
raw drug

sequence database at species level to ultimately catalogue and
provide high authenticity of the plant components used in the
herbal industry. This would consist of taxonomically validated
herbarium vouchers of known provenance. The barcode of an
unidentified specimen or the species identities obtained from the
commercial medicinal plant products can be compared with the
reference barcodes to find the matching species. The use of BRM
herbal barcode library for testing bulk materials could provide a
method for good manufacturing practices (GMP) of herbal
products.

Another major problem concerning the barcoding of herbal
products is the use of only plastid barcode regions due to
insufficient nucleotide sequence variability to distinguish among
closely related species. Although the multilocus approach of
combining different barcode regions has proven successful in
certain cases in terms of species discrimination, the differentiation
of closely related complex groups is still laden with uncertainty.
Another major problem concerning the barcoding of herbal
products containing mixture of multiple species arises due to
varied PCR success of the selected gene in samples with
potentially degraded DNA due to varied gene copy number and
PCR bias (Fazekas et al.,, 2009). Further studies are therefore
needed for protocol improvement/development, particularly
designing of novel universal primers with the development of
BRM herbal barcode library to extend the barcoding for a broader
coverage of plant species.

Concluding remarks

The advent of DNA barcoding to identify plant species in herbal
medicine appears to be promising but remains to be fully
exploited. DNA barcoding aims to find a single sequence to
identify all species. Barcoding is generating a global, open access
library of reference barcode sequences, which enables nontax-
onomists to identify specimens. Due to certain limiting factors
such as low PCR efficiency, gene deletion and inadequate
variation, no single-locus barcode exists as a universal DNA
barcode for plants. If a good discrimination success is needed,
opting for a multilocus approach is a far better idea and is being
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accepted as an effective strategy for barcoding land plants. By
combining the universality, discriminatory power and amplifica-
tion success of each locus, high discrimination oriented results
can be obtained. The newer trends being followed in plant DNA
barcoding with the approaches of NGS and HRM are proving to
be immensely helpful in authenticating the useful medicinal
plants for herbal drug preparations. These analyses are widely
being used in many researches for detection of contamination in
herbal mixtures.

Like all other living organisms, plants are influenced by both,
their genome and their environment. Plant metabolism (mainly
secondary metabolism, which is mainly responsible for the
medicinal properties) is dependent on its environment (Briskin,
2000). Thus, merely relying only on the genome-based authen-
tication will be insufficient for quality control of herbal products.
Characterization for morphological and biochemical traits will
also continue to play its parallel role in identification and
assessment of medicinal plants in herbal industry (DeSalle, 2006).

Another aspect that needs attention is that contamination in
herbal products may not only be at the plant species level. In
traditional systems of medicine such as Ayurveda, specific plant
parts/tissues collected in a season-specific manner have been
prescribed to be used for therapeutic purpose (Shukla et al.,
2013). If the prescribed plant part is replaced by a non-prescribed
part or by a prescribed part collected in the wrong season, then
the therapeutic activity of the product might be compromised
and DNA barcoding will fail to identify the adulteration respon-
sible for lowering the quality of the product. Thus, DNA
barcoding needs to go hand in glove with other suitable
molecular biology and analytical chemistry tools, if it is to be
successfully adopted for authentication purpose by the herbal
industry. This will imply use of systems biology components
encompassing genomics (DNA barcoding) and metabolomics (for
active secondary metabolites) in a major way and supplemented
with need-based use of transcriptomics [specific expression
subset analysis (SESA)] and proteomics (specific proteome) tools.

Acknowledgements

The authors wish to express their sincere thanks to Director, CSIR-
CIMAP, for his encouragement and providing the facilities. The
financial grant received under the CSIR Twelfth Five Year Plan
Network Project BioprosPR (BSC-0106) is gratefully acknowl-
edged. We are grateful to associate editor Prof. David Edwards
and two anonymous reviewers of this manuscript for their
constructive suggestions.

Conflict of interest

The authors declare that they have no conflict of interest.

References

Agarwal, P., Alok, S., Fatima, A. and Verma, A. (2013) Current scenario of
herbal technology worldwide: an overview. Int. J. Pharm. Sci. Res. 4, 4105—
4117.

Alam, M.Z. (2008) Herbal Mediicines. New Delhi: APH Publishing Corporation.

Aneesh, T.P., Hisham, M., Sekhar, M.S., Madhu, M. and Deepa, T.V. (2009)
International market scenario of traditional Indian herbal drugs-India
declining. Int. J. Green Pharm. 3, 184-190.

Ang, H.H., Lee, E.L. and Matsumoto, K. (2003) Analysis of lead content in
herbal preparations in Malaysia. Hum. Exp. Toxicol. 22, 445-451.

DNA barcoding for the herbal industry 17

Arif, LA, Bakir, M.A., Khan, H.A., Al Farhan, A.H., Al Homaidan, A.A., Bahkali,
A.H., Al Sadoon, M.A. and Shobrak, M. (2010) A brief review of molecular
techniques to assess plant diversity. Int. J. Mol. Sci. 11, 2079-2096.

Baer, R.D., de-Alba, J.G., Leal, R.M., Plascencia Campos, A.R. and Goslin, N.
(1998) Mexican use of lead in the treatment of empacho: community, clinic,
and longitudinal patterns. Soc. Sci. Med. 47, 1263-1266.

Bailey, C.D., Carr, T.G., Harris, S.A. and Hughes, C.E. (2003) Characterization of
angiosperm nrDNA  polymorphism, paralogy and pseudogenes. Mol.
Phylogenet. Evol. 29, 435-455.

Baker, D.A., Stevenson, D.W. and Little, D.P. (2012) DNA barcode identification
of black cohosh herbal dietary supplements. J. AOAC Int. 95, 1023-1034.
Baldwin, B.G., Sanderson, M.J., Porter, J.M., Wojciechowski, M.F., Campbell,
C.S. and Donoghue, M.J. (1995) The /TS region of nuclear ribosomal DNA: a
valuable source of evidence on angiosperm phylogeny. Ann. Mo. Bot. Gard.

82, 247-277.

Barthet, M.M. and Hilu, K.W. (2007) Expression of matK: functional and
evolutionary implications. Am. J. Bot. 94, 1402-1412.

Beyrouthy, M.E. and Abi-Rizk, A. (2013) DNA fingerprinting: the new trend in
fighting the adulteration of commercialized and cultivated medicinal plants.
Adv. Crop Sci. Technol. 1, 4-12.

Biswas, K., Kapoor, A. and Biswas, R. (2013) Authentication of herbal medicinal
plant-Boerhavia diffusa L. using PCR-RFLP. Curr. Trends Biotechnol. Pharm. 7,
725-731.

Bosmali, I, Ganopoulos, I., Madesis, P. and Tsaftaris, A. (2012) Microsatellite
and DNA-barcode regions typing combined with high resolution melting
(HRM) analysis for food forensic uses: a case study on lentils (Lens culinaris).
Food Res. Int. 46, 141-147.

Bousquet, J., Strauss, S.H., Doerksen, A.H. and Price, R.A. (1992a) Extensive
variation in evolutionary rate of rbcL gene sequences among seed plants.
Proc. Natl Acad. Sci. USA, 89, 7844-7848.

Briskin, D.P. (2000) Medicinal plants and phytomedicines. Linking plant
biochemistry and physiology to human health. Plant Physiol. 124, 507-
514.

Buriani, A., Garcia-Bermejo, M.L., Bosisio, E., Xu, Q., Li, H., Dong, X., Simmonds
M., S.J., Carrara, M., Tejedor, N., Lucio-Cazana, J. and Hylands, P.J. (2012)
Omic techniques in systems biology approaches to traditional Chinese
medicine research: present and future. J. Ethnopharmacol. 140, 535-544.

Cao, H., But, P.P. and Shaw, P.C. (1996) Authentication of the Chinese drug
“ku-di-dan” (Herba elephantopi) and its substitutes using random-primed
polymerase chain reaction (PCR). Acta Pharm. Sin. 31, 543-553.

Cao, L., Li, S.X., Wei, B.Y., Huang, D., Xu, F. and Tong, Z.Y. (2010) Optimizing
RAPD reaction system and authentic genuineness related genetic background
of Fructus evodia. Chin. Tradit. Herb. Drugs, 41, 975-978.

Carles, M., Cheung, M.K., Moganti, S., Dong, T.T., Tsim, K.W., Ip, N.Y. and
Sucher, N.J. (2005) A DNA microarray for the authentication of toxic
traditional Chinese medicinal plants. Planta Med. 71, 580-584.

Casiraghi, M., Labra, M., Ferri, E., Galimberti, A. and Mattia, F.D. (2010) DNA
barcoding: a six question tour to improve users’ awareness about the
method. Brief. Bioinform. 11, 440-453.

CBOL Plant Working Group (2009) A DNA barcode for land plants. Proc. Nat/
Acad. Sci. USA, 106, 12794-12797.

Chavan, P., Joshi, K. and Patwardhan, B. (2006) DNA microarrays in herbal drug
research. Evid. Based Complement. Alternat. Med. 3, 447-457.

Chembath, A., Balasundaran, M. and Sujanapal, P. (2012) Phylogenetic
relationships of Santalum album and its adulterants as inferred from
nuclear DNA sequences. Int. J. Agric. For. 2, 150-156.

Chen, F., Chan, H.Y., Wong, K.L., Wang, J., Yu, M.T., But, P.P.H. and Shaw,
P.C. (2008) Authentication of Saussurea lappa, an endangered medicinal
material, by /TS DNA and 5S rRNA sequencing. Planta Med. 74, 889-892.

Chen, S., Yao, H., Han, J,, Liu, C., Song, J., Shi, L., Zhu, Y., Ma, X, Gao, T.,
Pang, X., Luo, K., Li, Y., Li, X., Jia, X., Lin, Y. and Leon, C. (2010) Validation of
the ITS2 region as a novel DNA barcode for identifying medicinal plant
species. PLoS ONE, 5, e8613.

Chiang, C.H., Yu, TA, Lo, S.F., Kuo, C.L., Peng, W.H. and Tsay, H.S. (2012)
Molecular authentication of Dendrobium species by multiplex polymerase
chain reaction and amplification refractory mutation system analysis. J. Am.
Soc. Hortic. Sci. 137, 438-444.

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 14, 8-21



18 Priyanka Mishra et al.

Cowan, R.S. and Fay, M.F. (2012) Challenges in the DNA barcoding of plant
material. Methods Mol. Biol. 862, 23-33.

DeSalle, R. (2006) Species discovery versus species identification in DNA
barcoding efforts: response to Rubinoff. Conserv. Biol. 20, 1545-1547.

Desmarais, E., Lanneluc, I. and Lagnel, J. (1998) Direct amplification of length
polymorphisms (DALP), or how to get and characterize new genetic markers
in many species. Nucleic Acids Res. 26, 1458-1465.

Devaiah, K.M. and Venkatasubramanian, P. (2008) Genetic characterization
and authentication of Embelia ribes using RAPD-PCR and SCAR marker.
Planta Med. 74, 194-196.

Devey, D.S., Chase, M.W. and Clarkson, J.J. (2009) A stuttering start to plant
DNA barcoding: microsatellites present a previously overlooked problem in
non-coding plastid regions. Taxon, 58, 7-15.

Dhanya, K. and Sasikumar, B. (2010) Molecular marker based adulteration
detection in traded food and agricultural commodities of plant origin with
special reference to spices. Curr. Trends Biotechnol. Pharm. 4, 454-489.

Diao, Y., Lin, X.M., Liao, C.L., Tang, C.Z., Chen, ZJ. and Hu, Z.L. (2009)
Authentication of Panax ginseng from its adulterants by PCR-RFLP and ARMS.
Planta Med. 75, 557-560.

Doebley, J., Durbin, M., Golenberg, E.M., Clegg, M.T. and Ma, D.P. (1990)
Evolutionary analysis of the large subunit of carboxylase (rbcL) nucleotide
sequence among the grasses (Gramineae). Evolution, 44, 1097-1108.

Efferth, T. and Greten, H.J. (2012) Medicinal and aromatic plant research in the
21st century. Med. Aromat. Plants, 1, e110.

Ernst, E. (2002) Heavy metals in traditional Indian remedies. Eur. J. Clin.
Pharmacol. 57, 891-896.

Ernst, E. and Thompson, C.J. (2001) Heavy metals in traditional Chinese
medicines: a systematic review. Clin. Pharmacol. Ther. 70, 497-504.

Fazekas, A.J., Burgess, K.S., Kesanakurti, P.R., Graham, S.W., Newmaster, S.G.,
Husband, B.C., Percy, D.M., Hajibabaei, M. and Barrett, S.C. (2008) Multiple
multilocus DNA barcodes from the plastid genome discriminate plant species
equally well. PLoS ONE, 3, e2802.

Fazekas, A.J., Kesanakurti, P.R., Burgess, K.S., Percy, D.M., Graham, S.W.,
Barrett, S.C., Newmaster, S.G., Hajibabaei, M. and Husband, B.C. (2009) Are
plant species inherently harder to discriminate than animal species using DNA
barcoding markers? Mol. Ecol. Resour. 9, 130-139.

Feng, T., Liu, S. and He, X.J. (2010) Molecular authentication of the traditional
Chinese medicinal plant Angelica sinensis based on internal transcribed
spacer of nrDNA. Electron. J. Biotechnol. 13, 1-10.

Ferri, G., Alu, M., Corradini, B., Angot, A. and Beduschi, G. (2008) Land plants
identification in forensic botany: multigene barcoding approach. Forensic Sci.
Int. (Genetics Supplement Series) 1, 593-595.

Ferri, G., Corradini, B., Ferrari, F., Santunione, A.L., Palazzoli, F. and Alu, M.
(2015) Forensic botany I, DNA barcode for land plants: which markers after
the international agreement? Forensic Sci. Int. Genet. 15, 131-136. doi:
10.1016/).fsigen.2014.10.005.

Frezal, L. and Leblois, R. (2008) Four years of DNA barcoding: current advances
and prospects. Infect. Genet. Evol. 8, 727-736.

Gahlaut, A., Gothwal, A., Hooda, V. and Dabur, R. (2013) Rapd patterns of
some important medicinal plants and their substitutes used in Ayurveda to
identify the genetic variations. Int. J. Pharm. Pharm. Sci. 5, 239-241.

Ganopoulos, 1., Argiriou, A. and Tsaftaris, A. (2011) Adulterations in Basmati
rice detected quantitatively by combined use of microsatellite and fragrance
typing with high resolution melting (HRM) analysis. Food Chem. 129, 652—
659.

Ganopoulos, 1., Sakaridis, 1., Argiriou, A., Madesis, P. and Tsaftaris, A. (2013) A
novel closed-tube method based on high resolution melting (HRM) analysis
for authenticity testing and quantitative detection in Greek PDO Feta cheese.
Food Chem. 141, 835-840.

Gao, T., Yao, H., Song, J., Liu, C., Zhu, Y., Ma, X., Pang, X., Xu, H. and Chen, S.
(2010a) Identification of medicinal plants in the family Fabaceae using a
potential DNA barcode /TS2. J. Ethnopharmacol. 130, 116-121.

Gao, T., Yao, H., Song, J., Zhu, Y., Liu, C. and Chen, S. (2010b) Evaluating the
feasibility of using candidate DNA barcodes in discriminating species of the
large Asteraceae family. BMC Evol. Biol. 10, 324-331.

Gaut, B.S., Muse, S.V., Clark, W.D. and Clegg, M.T. (1992) Relative rates of
nucleotide substitutions at the rbcL locus of monocotyledonous plants. J.
Mol. Evol. 35, 292-303.

Gere, J., Yessoufou, K., Daru, B.H., Mankga, L.T., Maurin, O. and van der Bank,
M. (2013) Incorporating trnH-psbA to the core DNA barcodes improves
significantly species discrimination within Southern African Combretaceae. In
DNA Barcoding: A Practical Tool for Fundamental and Applied Biodiversity
Research (Nagy, Z.T., Backeljau, T., De-Meyer, M. and Jordaens, K., eds),
ZooKeys 365, 129-147. Sofia: PenSoft Publishers.

Ghosh, S., Majumder, P.B. and Sen, M.S. (2011) Species-specific AFLP markers
for identification of Zingiber officinale, Z. montanum and Z. zerumbet
(Zingiberaceae). Genet. Mol. Res. 10, 218-229.

Gonzalez, M.A., Baraloto, C., Engel, J., Mori, S.A., Pétronelli, P., Riera, B.,
Roger, A., Thebaud, C. and Chave, J. (2009) Identification of amazonian trees
with DNA barcodes. PLoS ONE, 4, e7483.

Gowda, B., Chandrika, K., Prasanna, K.T. and Kirana, V.C. (2010) AFLP
authentication of Embelia ribes burm.f and Embelia tsjeriam- cottam a. Dc.
Int. J. Sci. Nat. 1, 58-60.

Gupta, D.D. and Mandi, S.S. (2013) Species-specific AFLP markers for
authentication of  Zanthoxylum acanthopodium and Zanthoxylum
oxyphyllum. J. Med. Plants, 1, 1-9.

Ha, W.Y., Yau, F.C., But, P.P., Wang, J. and Shaw, P.C. (2001) Direct
amplification of length polymorphism analysis differentiates Panax ginseng
from P. quinquefolius. Planta Med. 67, 587-589.

Han, J., Zhu, Y., Chen, X, Liao, B., Yao, H., Song, J., Chen, S. and Meng, F.
(2013) The short ITS2 sequence serves as an efficient taxonomic sequence tag
in comparison with the full-length /7S. BioMed. Res. Int. 2013, 1-7.

Hao, D.C., Chen, S.L. and Xiao, P.G. (2010a) Sequence characteristics and
divergent evolution of the chloroplast psbA-trnH noncoding region in
gymnosperms. J. Appl. Genet. 51, 259-273.

Hebert, P.D.N., Cywinska, A., Ball, S.L. and deWaard, J.R. (2003a) Biological
identifications through DNA barcodes. Proc. R. Soc. Lond. B, 270, 313-321.

Hebert, P.D.N., Ratnasingham, S. and deWaard, J.R. (2003b) Barcoding animal
life: cytochrome c¢ oxidase subunit 1 divergences among closely related
species. Proc. Biol. Sci. 270, 96-99.

Hidalgo, O., Garnatje, T., Susanna, A. and Mathez, J. (2004) Phylogeny of
Valerianaceae based on matK and /TS markers, with reference to matK
individual polymorphism. Ann. Bot. 93, 283-293.

Hilu, K.W., Borsch, T., Muller, K., Soltis, D.E., Soltis, P.S., Savolainen, V., Chase,
M.W., Powell, M.P., Alice, L.A., Evans, R., Sauquet, H., Neinhuis, C., Slotta,
T.A., Rohwer, J.G., Campbell, C.S. and Chatrou, L.W. (2003) Angiosperm
phylogeny based on matK sequence information. Am. J. Bot. 90, 1758-1776.

Hollingsworth, P.M. (2011) Refining the DNA barcode for land plants. Proc. Nat!
Acad. Sci. USA, 108, 19451-19452.

Hollingsworth, P.M., Graham, S.W. and Little, D.P. (2011) Choosing and using a
plant DNA barcode. PLoS ONE, 6, €19254.

Harborne, J.B. (1998) Phytochemical Methods, A Guide to Modern Techniques
of Plant Analysis, 3rd edn. London: Chapman and Hall, UK Press.

http://Awww.cbd.int.

Ishtiag, C.M., Mumtaz, A.S., Wang, Y., Yiyu, C., Mehmood, T. and Ashraf, M.
(2010) Proteins as biomarkers for taxonomic identification of traditional
Chinese medicines (TCMs) from subsection Rectae genus Clematis from
China. World Appl. Sci. J. (Special Issue of Biotechnology & Genetic
Engineering) 8, 62-70.

Jamil, S.S., Nizami, Q. and Salam, M. (2007) Centella asiatica (Linn.) Urban—a
review. Nat. Prod. Radiance, 6, 158-170.

Jiang, C., Cao, L., Yuan, Y., Chen, M., Jin, Y. and Huang, L. (2014) Barcoding
melting curve analysis for rapid, sensitive, and discriminating authentication
of Saffron (Crocus sativus L.) from its adulterants. BioMed Res. Int. doi:
10.1155/2014/809037.

Jigden, B., Wang, H., Kyum, K.M., Kim, Y.J., Gyo, I.J. and Yang, D.C. (2010a)
Authentication of the oriental medicinal plant Ligusticum tenuissimum
(Nakai) Kitagawa (Korean Go-Bon) by multiplex PCR. Planta Med. 76, 648
651.

Jigden, B., Wang, H., Samdan, N. and Yang, D.C. (2010b) Molecular
identification of oriental medicinal plant Anemarrhena asphodeloides
Bunge (“Jimo") by multiplex PCR. Mol. Biol. Rep. 37, 955-960.

Johnson, L.A. and Soltis, D.E. (1994) matK DNA sequence and phylogenetic
reconstruction in Saxifragaceae. Syst. Bot. 19, 143-156.

Joshi, P. and Dhawan, V. (2005) Swertia chirayita—an overview. Curr. Sci. 89,
635-640.

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 14, 8-21


http://dx.doi.org/10.1016/j.fsigen.2014.10.005
http://www.cbd.int
http://dx.doi.org/10.1155/2014/809037

Joshi, S.P., Ranjekar, P.K. and Gupta, V.S. (1999) Molecular markers in plant
genome analysis. Curr. Sci. 77, 230-240.

Kalivas, A., Ganopoulos, I., Xanthopoulou, A., Chatzopoulou, P., Tsaftaris, A.
and Madesis, P. (2014) DNA barcode /TS2 coupled with high resolution
melting (HRM) analysis for taxonomic identification of Sideritis species
growing in Greece. Mol. Biol. Rep. 41, 5147-5155.

Kane, N.C. and Cronk, Q. (2008) Botany without borders: barcoding in focus.
Mol. Ecol. 17, 5175-5176.

Karp, A., Seberg, O. and Buiatti, M. (1996) Molecular techniques in the
assessment of botanical diversity. Ann. Bot. 78, 143-149.

Karp, A., Kresovich, S., Bhat, K.V., Ayad, W.G. and Hodgkin, T. (1997)
Molecular Tools in Plant Genetic Resources Conservation: A Guide to the
Technologies. IPGRI Technical Bulletin No. 2. Rome, Italy: International Plant
Genetic Resources Institute.

Katoch, M., Kumar, R., Pal, S. and Ahuja, A. (2010) Identification of
Chlorophytum  species  (C. borivilianum, C. arundinaceum, C. laxum,
C. capense and C. comosum) using molecular markers. Ind. Crops Prod.
32, 389-393.

Khan, S., Khanda, J.M., Tayaab, M. and Abdin, M.Z. (2009) Rapd profile for
authentication of medicinal plant Glycyrrhiza glabra Linn. Internet J. Food Saf.
11, 24-28.

Khan, S., Mirza, K.J. and Abdin, M.Z. (2010) Development of RAPD markers
for authentication of medicinal plant Cuscuta reflexa. Eurasian J. Biosci. 4,
1-7.

Kim, H.M., Oh, S.H., Bhandari, G.S., Kim, C.S. and Park, C.W. (2014) DNA
barcoding of Orchidaceae in Korea. Mol. Ecol. Res. 14, 499-507.

Kircher, M. and Kelso, J. (2010) High-throughput DNA sequencing-concepts
and limitations. BioEssays, 32, 524-536.

Ko, R.J. (1998) Adulterants in Asian patent medicines. N. Engl. J. Med. 339,
847-854.

Kress, W.J. and Erickson, D.L. (2007) A two-locus global DNA barcode for land
plants: the coding rbcL gene complements the non-coding trnH-psbA spacer
region. PLoS ONE, 2, 1-10.

Kress, W.J. and Erickson, D.L. (2008) DNA barcodes: genes, genomics, and
bioinformatics. Proc. Natl Acad. Sci. USA, 105, 2761-2762.

Kress, W.J., Wurdack, K.J., Zimmer, E.A., Weigt, L.A. and Janzen, D.H. (2005)
Use of DNA barcodes to identify flowering plants. Proc. Natl Acad. Sci. USA,
102, 8369-8374.

Kretz, K., Callen, W. and Hedden, V. (1994) Cycle sequencing. PCR Methods
Appl. 3, 107-112.

Kugita, M., Kaneko, A., Yamamoto, Y., Takeya, Y., Matsumoto, T. and
Yoshinaga, K. (2003) The complete nucleotide sequence of the hornwort
(Anthoceros formosae) chloroplast genome: insight into the earliest land
plants. Nucleic Acids Res. 31, 716-721.

Kumar, R.M. and Janagam, D. (2011) Export and import pattern of medicinal
plants in India. Indian J. Sci. Technol. 4, 245-248.

Kumar, P., Gupta, V.K., Misra, A.K., Modi, D.R. and Pandey, B.K. (2009)
Potential of molecular markers in plant biotechnology. Plant Omics J. 2, 141—
162.

Laasonen, M., Pulkkinen, T.H., Simard, C.L., Michels, E., Rasanen, M. and
Vuorela, H. (2002) Fast identification of Echinacea purpurea dried roots using
near-infrared spectroscopy. Anal. Chem. 74, 2493-2499.

Lahaye, R., van der Bank, M., Bogarin, D., Warner, J., Pupulin, F., Gigot, G.,
Maurin, O., Duthoit, S., Barraclough, T.G. and Savolainen, V. (2008) DNA
barcoding the floras of biodiversity hotspots. Proc. Natl Acad. Sci. USA, 105,
2923-2928.

Law, S.K., Simmons, M.P., Techen, N., Khan, l.A., He, M.F., Shaw, P.C. and But,
P.P.H. (2010) Molecular analyses of the Chinese herb Leigongteng
(Tripterygium wilfordii Hook.f.). Phytochemistry, 72, 21-26.

Lazarowych, N.J. and Pekos, P. (1998) The use of fingerprint and marker
compounds for identification and standardization of botanical drugs. J. Drug
Inf. 32, 497-512.

Lekouch, N., Sedki, A., Nejmeddine, A. and Gamon, S. (2001) Lead and
traditional Moroccan pharmacopoeia. Sci. Total Environ. 280, 39-43.

Li, D.Z., Gao, L.M., Li, H.T., Wang, H., Ge, X.J., Liu, J.Q., Chen, Z.D., Zhou, S.L.,
Chen, S.L, Yang, J.B,, Fu, C.X,, Zeng, C.X,, Yan, H.F,, Zhu, Y.J,, Sun, Y.S,,
Chen, S.Y., Zhao, L, Wang, K., Yang, T. and Duan, G.W. (2011a)
Comparative analysis of a large dataset indicates that internal transcribed

DNA barcoding for the herbal industry 19

spacer (ITS) should be incorporated into the core barcode for seed plants.
Proc. Natl Acad. Sci. USA, 108, 19641-19646.

Li, M., Cao, H., But, P.P.H. and Shaw, P.C. (2011b) Identification of herbal
medicinal materials using DNA barcodes. J. Syst. Evol. 49, 271-283.

Lin, T.C., Yeh, M.S., Cheng, Y.M., Lin, L.C. and Sung, J.M. (2012) Using ITS2
PCR-RFLP to generate molecular markers for authentication of Sophora
flavescens Ait. J. Sci. Food Agric. 92, 892-898.

Lipscomb, D., Platnick, L. and Wheeler, Q. (2003) The intellectual content of
taxonomy: a comment on DNA taxonomy. Trends Ecol. Evol. 18, 65-66.
Little, D.P. and Jeanson, M.L. (2013) DNA barcode authentication of saw
palmetto herbal dietary supplements. Sci. Rep. 3, 3518. doi: 10.1038/

srep03518.

Liu, Y., Zhang, L., Liu, Z.,, Luo, K., Chen, S. and Chen, K. (2012a) Species
identification of Rhododendron (Ericaceae) using the chloroplast
deoxyribonucleic acid psbA-trnH genetic marker. Pharmacogn. Mag. 8, 29—
36.

Liu, Z., Zeng, X., Yang, D., Chu, G., Yuan, Z. and Chen, S. (2012b) Applying
DNA barcodes for identification of plant species in the family Araliaceae.
Gene, 499, 76-80.

Liu, Z., Chen, S.L., Song, J.Y., Zhang, S.J. and Chen, K.L. (2012¢) Application of
deoxyribonucleic acid barcoding in Lauraceae plants. Pharmacogn. Mag. 8,
4-11.

Liu, J., Shi, L., Han, J., Li, G., Lu, H., Hou, J., Zhou, X., Meng, F. and Downie,
S.R. (2014) Identification of species in the angiosperm family Apiaceae using
DNA barcodes. Mol. Ecol. Resour. 14, 1231-1238.

Lo, H.Y., Li, C.C., Huang, H.C., Lin, LJ., Hsiang, C.Y. and Ho, T.Y. (2012)
Application of transcriptomics in Chinese herbal medicine studies. J. Tradit.
Complement. Med. 2, 105-114.

Luo, K., Chen, S., Chen, K., Song, J., Yao, H., Ma, X, Zhu, Y., Pang, X., Yu, H.,
Li, X. and Liu, Z. (2010) Assessment of candidate plant DNA barcodes using
the Rutaceae family. Sci. China Life Sci. 53, 701-708.

Madesis, P., Ganopoulos, I., Ralli, P. and Tsaftaris, A. (2012) Barcoding
the major Mediterranean leguminous crops by combining universal
chloroplast and nuclear DNA sequence targets. Genet. Mol. Res. 11,
2548-2558.

Madhavan, V., Tijare, R.D., Mythreyi, R., Gurudev, M.R. and Yoganarasihman,
S.N. (2010) Pharmacognostical studies on root tubers of Asparagus
gonoclados Baker- alternate source for the Ayurvedic drug Shatavari.
Indian. J. Nat. Prod. Resour. 1, 57-62.

Mahadani, P. and Ghosh, S.K. (2013) DNA barcoding: a tool for species
identification from herbal juices. DNA Barcodes, 1, 35-38.

Mardis, E.R. (2013) Next-generation sequencing platforms. Annu. Rev. Anal.
Chem. 6, 287-303.

Marichamy, K., Kumar, N.Y. and Ganesan, A. (2014) Sustainable development
in exports of herbals and Ayurveda, Siddha, Unani and Homeopathy (Ayush)
in India. Sci. Park Res. J. 1, doi: 10.9780/23218045/1202013/49.

Meena Devi, V.N., Nagendra Prasad, P. and Kalirajan, K. (2010) Infrared spectral
studies on Siddha drug- Pavalaparpam. Int. J. Pharma Bio Sci. 1, 474-483.
Metzker, M.L. (2010) Sequencing technologies—the next generation. Nat. Rev.

Genet. 11, 31-46.

Moore, M.J., Bell, C.D., Soltis, P.S. and Soltis, D.E. (2007) Using plastid genome-
scale data to resolve enigmatic relationships among basal angiosperms. Proc.
Natl Acad. Sci. USA, 104, 19363-19368.

Morgan, D.R. and Soltis, D.E. (1993) Phylogenetic relationships among
members of Saxifragaceae sensu lato based on rbcL sequence data. Ann.
Mo. Bot. Gard. 80, 631-660.

Newmaster, S.G., Fazekas, A.J. and Ragupathy, S. (2006) DNA barcoding in
land plants: evaluation of rbcL in a multigene tiered approach. Can. J. Bot. 84,
335-341.

Newmaster, S.G., Fazekas, A.J., Steeves, R.A.D. and Janovec, J. (2008) Testing
candidate plant barcode regions in the Myristicaceae. Mol. Ecol. Resour. 8,
480-490.

Newmaster, S.G., Ragupathy, S. and Janovec, J. (2009) A botanical renaissance:
state-of-the-art DNA bar coding facilitates an automated identification
technology system for plants. Int. J. Comput. Appl. Technol. 35, 50-60.

Newmaster, S.G., Grguric, M., Shanmughanandhan, D., Ramalingam, S. and
Ragupathy, S. (2013) DNA barcoding detects contamination and substitution
in North American herbal products. BMC Med. 11, 222-235.

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 14, 8-21


http://dx.doi.org/10.1038/srep03518
http://dx.doi.org/10.1038/srep03518
http://dx.doi.org/10.9780/23218045/1202013/49

20 Priyanka Mishra et al.

Nithaniyal, S., Newmaster, S.G., Ragupathy, S., Krishnamoorthy, D., Vassou,
S.L. and Parani, M. (2014) DNA barcode authentication of wood samples of
threatened and commercial timber trees within the tropical dry evergreen
forest of India. PLoS ONE, 9, e107669.

Olmstead, R.G. and Palmer, J.D. (1994) Chloroplast DNA systematics: a review
of methods and data analysis. Am. J. Bot. 81, 1205-1224.

Pang, X., Song, J., Zhu, Y., Xu, H., Huang, L. and Chen, S. (2011) Applying
plant DNA barcodes for Rosaceae species identification. Cladistics, 27, 165—
170.

Pang, X., Liu, C., Shi, L., Liu, R., Liang, D., Li, H., Cherny Stacey, S. and Chen, S.
(2012) Utility of the trnH-psbA intergenic spacer region and its combinations
as plant DNA barcodes: a meta-analysis. PLoS ONE, 7, e48833.

Parks, M., Cronn, R. and Liston, A. (2009) Increasing phylogenetic resolution at
low taxonomic levels using massively parallel sequencing of chloroplast
genomes. BMC Biol. 7, 84. doi: 10.1186/1741-7007-7-84.

Passinho-Soares, H., Felix, D., Kaplan, M.A., Margis-Pinheiro, M. and Margis, R.
(2006) Authentication of medicinal plant botanical identity by amplified
fragmented length polymorphism dominant DNA marker: inferences from
the Plectranthus genus. Planta Med. 72, 929-931.

Pillon, Y., Johansen, J., Sakishima, T., Chamala, S., Barbazuk, W.B., Roalson,
E.H., Price, D.K. and Stacy, E.A. (2013) Potential use of low-copy nuclear
genes in DNA barcoding: a comparison with plastid genes in two Hawaiian
plant radiations. BMC Evol. Biol. 13, 1-10.

Poornima, B. (2010) Adulteration and substitution in herbal drugs a critical
analysis. JRAP, 1, 8-12.

Prakash, O., Jyoti, AK., Kumar, P. and Manna, N.K. (2013) Adulteration and
substitution in Indian medicinal plants: an overview. J. Med. Plants Stud. 1,
127-132.

Purushothaman, N., Newmaster, S.G., Ragupathy, S., Stalin, N., Suresh, D.,
Arunraj, D.R., Gnanasekaran, G., Vassou, S.L., Narasimhan, D. and Parani, M.
(2014) A tiered barcode authentication tool to differentiate medicinal Cassia
species in India. Genet. Mol. Res. 13, 2959-2968.

Qian, L., Ding, G., Zhou, Q., Feng, Z., Ding, X., Gu, S., Wang, Y., Li, X. and
Chu, B. (2008) Molecular authentication of Dendrobium loddigesii Rolfe by
amplification refractory mutation system (ARMS). Planta Med. 74, 470-
473.

Qin, J., Leung, F.C., Fung, Y., Zhu, D. and Lin, B. (2005) Rapid authentication of
ginseng species using microchip electrophoresis with laser-induced
fluorescence detection. Anal. Bioanal. Chem. 381, 812-819.

Rai, P.S., Bellampalli, R., Dobriyal, R.M., Agarwal, A., Satyamoorthy, K. and
Narayana, D.A. (2012) DNA barcoding of authentic and substitute samples of
herb of the family Asparagaceae and Asclepiadaceae based on the /TS2
region. J. Ayurveda Integr. Med. 3, 136-140.

Rubinoff, D., Cameron, S. and Will, K. (2006) Are plant DNA barcodes a search
for the Holy Grail? Trends Ecol. Evol. 21, 1-2.

Ruzicka, J., Lukas, B., Merza, L., Gohler, I., Abel, G., Popp, M. and Novak, J.
(2009) Identification of Verbena officinalis based on ITS sequence analysis
and RAPD-derived molecular markers. Planta Med. 75, 1271-1276.

Sahare, P. and Srinivasu, T. (2012) Barcoding for authentic identification of
medicinal plants. Int. J. Eng. Sci. 1, 33-36.

Saper, R.B., Kales, S.N., Paquin, J., Burns, M.J., Eisenberg, D.M., Davis, R.B.
and Phillips, R.S. (2004) Heavy metal content of Ayurvedic herbal medicine
products. JAMA, 292, 2868-2873.

Sarwat, M. and Yamdagni, M.M. (2014) DNA barcoding, microarrays and next
generation sequencing: recent tools for genetic diversity estimation and
authentication of medicinal plants. Crit. Rev. Biotechnol. doi: 10.3109/
07388551.2014.947563.

Sasaki, Y., Komatsu, K. and Nagumo, S. (2008) Rapid detection of Panax
ginseng by loop-mediated isothermal amplification and its application to
authentication of Ginseng. Biol. Pharm. Bull. 31, 1806-1808.

Schena, M., Heller, R.A., Theriault, T.P., Konrad, K., Lachenmeier, E. and Davis,
R.W. (1998) Microarrays: biotechnology’s discovery platform for functional
genomics. Trends Biotechnol. 16, 301-306.

Seethapathy, G.S., Ganesh, D., Santhosh Kumar, J.U., Senthilkumar, U.,
Newmaster, S.G., Ragupathy, S., Shaanker, R.U. and Ravikanth, G. (2014)
Assessing product adulteration in natural health products for laxative yielding
plants, Cassia, Senna, and Chamaecrista in Southern India using DNA
barcoding. Int. J. Legal Med. doi: 10.1007/s00414-014-1120-z.

Sharma, R.K., Gupta, P., Sharma, V., Sood, A., Mohapatra, T. and Ahuja, P.S.
(2008) Evaluation of rice and sugarcane SSR markers for phylogenetic and
genetic diversity analyses in bamboo. Genome, 51, 91-103.

Shaw, J., Lickey, E.B., Beck, J.T., Farmer, S.B., Liu, W., Miller, J., Sirpun, K.C.,
Winder, C.T., Schilling, E.E. and Small, R.L. (2005) The tortoise and the hare II:
relative 0f21 noncoding chloroplast DNA sequences for phylogenetic analysis.
Am. J. Bot. 92, 142-166.

Shi, L.C., Zhang, J., Han, J.P., Song, J.Y., Yao, H., Zhu, Y.J., LI, J.C., Wang, Z.Z.,
Xiao, W., Lin, Y.L., Xie, C.X., Qian, Z.Z. and Chen, S.L. (2011) Testing the
potential of proposed DNA barcodes for species identification of
Zingiberaceae. J. Syst. Evol. 49, 261-266.

Shukla, A.K., Mall, M., Rai, S.K., Singh, S., Nair, P., Parashar, G., Shasany,
AK., Singh, S.C., Joshi, V.K. and Khanuja, S.P.S. (2013) A transcriptomic
approach for exploring the molecular basis for dosha-balancing property-
based classification of plants in Ayurveda. Mol. Biol. Rep. 40, 3255-
3262.

Siddiqui, M.Z. (2011) Guggul: an excellent herbal panacea. Asian J. Pharm.
Health Sci. 1, 36-39.

Singh, A., Rai, V.P., Sing, M., Singh, AK. and Sinha, B. (2013) Molecular
diversity analysis of Asparagus racemosus and its adulterants using random
amplified polymorphic DNA (RAPD). J. Med. Plant Res. 7, 1050-1056.

Soltis, P.S. and Soltis, D.E. (2004) The origin and diversification of angiosperms.
Am. J. Bot. 91, 614-1626.

Song, J., Yao, H., Li, Y., Li, X, Lin, Y., Liu, C., Han, J., Xie, C. and Chen, S.
(2009) Authentication of the family Polygonaceae in Chinese pharmacopoeia
by DNA barcoding technique. J. Ethnopharmacol. 30, 434-439.

Srirama, R., Senthilkumar, U., Sreejayanc, N., Ravikantha, G., Gurumurthy, B.R.,
Shivanna, M.B., Sanjappa, M., Ganeshaiaha, K.N. and Shaanker, R.U. (2010)
Assessing species admixtures in raw drug trade of Phyllanthus, a hepato-
protective plant using molecular tools. J. Ethnopharmacol. 130, 208-215.

Srivastava, S. and Mishra, N. (2009) Genetic markers—a cutting-edge
technology in herbal drug research. J. Chem. Pharm. Res. 1, 1-18.

Srivastava, G.N. and Srivastava, A.K. (1988) Pharmacognosy of Catharanthus
roseus (L.) G. Don (Sadabahar) root and its adulterants. Pharm. Biol. 26, 33—
44.

Stoeckle, M.Y., Gamble, C.C., Kirpekar, R., Young, G., Ahmed, S. and Little,
D.P. (2011) Commercial teas highlight plant DNA barcode identification
successes and obstacles. Sci. Rep. 1, 42.

Storchovd, H. and Olson, M.S. (2007) The architecture of the chloroplast psbA-
trnH non-coding region in angiosperms. Plant Syst. Evol. 268, 235-256.

Su, H., Wang, L., Liu, L., Chi, X. and Zhang, Y. (2008) Use of inter-simple
sequence repeat markers to develop strain-specific SCAR markers for
Flammulina velutipes. J. Appl. Genet. 49, 233-235.

Sucher, N.J. and Carles, M.C. (2008) Genome-based approaches to
authentication of medicinal plants. Planta Med. 74, 603-623.

Sucher, N.J., Hennell, J.R. and Carles, M.C. (2012) DNA fingerprinting, DNA
barcoding, and next generation sequencing technology in plants. Methods
Mol. Biol. 862, 13-22.

Tamhankar, S., Ghate, V., Raut, A. and Rajput, B. (2009) Molecular profiling of
“Chirayat” complex using inter simple sequence repeat (ISSR) markers. Planta
Med. 75, 1266-1270.

Techen, N., Parveen, I, Pan, Z. and Khan, I.A. (2014) DNA barcoding of
medicinal plant material for identification. Curr. Opin. Biotechnol. 25, 103~
110.

Theodoridis, S., Stefanaki, A., Tezcan, M., Aki, C., Kokkini, S. and Vlachonasios,
K.E. (2012) DNA barcoding in native plants of the Labiatae (Lamiaceae) family
from Chios Island (Greece) and the adjacent Cesme Karaburun Peninsula
(Turkey). Mol. Ecol. Resour. 12, 620-633.

Tripathi, A.M., Tyagi, A., Kumar, A., Singh, A., Singh, S., Chaudhary, L.B. and
Roy, S. (2013) The internal transcribed spacer (ITS) region and trnH-psbA are
suitable candidate loci for DNA barcoding of tropical tree species of India.
PLoS ONE, 8, €57934.

Vassou, S.L., Kusuma, G. and Parani, M. (2015) DNA barcoding for species
identification from dried and powdered plant parts: a case study with
authentication of the raw drug market samples of Sida cordifolia. Gene, 559,
86-93.

Ved, D.K. and Goraya, G.S. (2007) Demand and Supply of Medlicinal Plants in
India, 1st edn. Bangalore, India: NMPB, New Delhi and FRLHT.

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 14, 8-21


http://dx.doi.org/10.1186/1741-7007-7-84
http://dx.doi.org/10.3109/07388551.2014.947563
http://dx.doi.org/10.3109/07388551.2014.947563
http://dx.doi.org/10.1007/s00414-014-1120-z

Verma, S.K. and Goswami, G.K. (2014) DNA evidence: current perspective and
future challenges in India. Forensic Sci. Int. 241, 183-189.

Vinitha, M.R., Kumar, U.S., Aishwarya, K., Sabu, M. and Thomas, G. (2014)
Prospects for discriminating Zingiberaceae species in India using DNA
barcodes. J. Integr. Plant Biol. 56, 760-773.

Vohra, P. and Khera, K.S. (2013) DNA barcoding: current advance and future
prospects—a review. AJBLS, 3, 185-189.

Wang, J., Ha, W.Y., Ngan, F.N., But, P.P. and Shaw, P.C. (2001) Application of
sequence characterized amplified region (SCAR) analysis to authenticate
Panax species andtheir adulterants. Planta Med. 67, 781-783.

Wang, W., Wu, Y., Yan, Y., Ermakova, M., Kerstetter, R. and Messing, J. (2010)
DNA barcoding of the Lemnaceae, a family of aquatic monocots. BMC Plant
Biol. 10, 205-216.

Wang, H., Kwon, W.S., Yang, D.U., Kim, M.K., Sathiyamoorthy, S., Jin, H. and
Yang, D.C. (2011) Development of a multiplex amplification refractory
mutation system for simultaneous authentication of Korean ginseng cultivars
“Gumpoong” and “Chungsun”. Mitochondrial DNA, 22, 35-38.

Wang, N.A., Jacques, F.M.B., Milne, R.I., Zhang, C.Q. and Yang, J.B. (2012)
DNA barcodingof Nyssaceae (Cornales) and taxonomic issues. Bot. Stud. 53,
265-274.

Watthanachaiyingcharoen, R., Komatsu, K., Zhu, S., Vajragupta, O. and
Leelamanit, W. (2010) Authentication of Coscinium fenestratum among
the other menispermaceaeplants prescribed in Thai folk medicines. Biol.
Pharm. Bull. 33, 91-94.

Whitlock, B.A., Hale, A.M. and Groff, P.A. (2010) Intraspecific inversions pose a
challengefor the trnH-psbA plant DNA barcode. PLoS ONE, 5, e11533.

WHO. http://apps.who.int/medicinedocs/documents/s7150e/s7150e.pdf.

Wicke, S. and Quandt, D. (2009) Universal primers for amplification of the trnk/
matK regionin land plants. An. Jard. Bot. Madr. 66, 285-288.

DNA barcoding for the herbal industry 21

Wittwer, C.T. (2009) High-resolution DNA melting analysis: advancements and
limitations. Hum. Mutat. 30, 857-859.

Xiang, X.G., Zhang, J.B., Lu, A.M. and Li, R.Q. (2011) Molecular identification of
species in Juglandaceae: a tiered method. J. Syst. Evol. 49, 252-260.

Xue, C.Y. and Xue, H.G. (2008) Application of real-time scorpion PCR for
authentication and quantification of the traditional Chinese medicinal plant
Drynaria fortunei. Planta Med. 74, 1416-1420.

Xue, C.Y., Li, D.Z. and Wang, Q.Z. (2009) Application of light cycler polymerase
chain reaction and melting curve analysis to the authentication of the traditional
Chinese medicinal plant Cimicifuga foetida. Planta Med. 75, 873-875.

Yang, H.Q., Dong, Y.R., Gu, Z.J,, Liang, N. and Yang, J.B. (2012) A preliminary
assessment of matK, rbcL and trnH-psbA as DNA barcodes for Calamus
(Arecaceae) species in China with a note on ITS. Ann. Bot. fenn. 49, 319—
330.

Yao, H., Song, J.Y., Ma, X.Y., Liu, C., Li, Y., Yu, H.X,, Han, J.P., Duan, L.S. and
Chen, S.L. (2009) Identification of Dendrobium species by a candidate DNA
barcode sequence: the chloroplast psbA-trnH intergenic region. Planta Med.
75, 667-669.

Yao, H., Song, J., Liu, C., Luo, K., Han, J., Li, Y., Pang, X., Xu, H., Zhu, Y., Xiao,
P. and Chen, S. (2010) Use of ITS2 region as the universal DNA barcode for
plants and animals. PLoS ONE, 5, e13102.

Yu, M.T.,, Wong, K.L., Zong, Y.Y. Shaw, P.C. and Che, C.T. (2008)
Identification of Swertia mussotii and its adulterant Swertia species by 5S
rRNA gene spacer. Zhongguo Zhong Yao Za Zhi, 33, 502-504.

Zhao, Z.L., Zhou, K.Y., Dong, H. and Xu, L.S. (2001) Characters of nrDNA /TS
region sequences of fruits of Alpinia galanga and their adulterants. Planta
Med. 67, 381-383.

© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 14, 8-21


http://apps.who.int/medicinedocs/documents/s7150e/s7150e.pdf

