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Introduction

Botanical extracts, a new type of hi-tech product
derived from modern pharmaceutical techniques, are
not only the core products in the market of natural
medicines, dietary supplements, and the raw materials
of plant pharmaceutical reagents, but also used in the
nutrient supplements and cosmetic products. In recent
years, botanical extracts are accepted by the scientific
community and approved by main stream markets.
China’s exports of traditional Chinese medicinal
products increased by 10.27% compared to 2004
reaching a trade value of USD $153 million
(Anonymous, 2006a; 2006b). In America, “Tropical
Product” is a USDA category that includes herbs and
spices, such as American ginseng root (Panax
quinquefolius L.) and ginger rhizome (Zingiber
officinale Roscoe), essential oil including peppermint
leaf oil (Mentha x piperita) and spearmint leaf oil
(Mentha spicata Linn.), herbal teas, as well as cocoa
(Theobroma cacao L.) and coffee beans (Coffea spp.).
U.S. exports of “Tropical Product” rose nearly 3% to
USD $2.2 billion in 2005 (Brinckmann, 2006).

Whether they taken as

are being dietary

supplements by the general public or being evaluated in
a clinical study, the authenticity of botanical products is
a matter of paramount concern (Smillie and Khan,
2010). In order to protect consumers and promote
development of the relevant industry, reliable authen-
tication of plant materials is critically important.
Authentication should be implemented in the whole
process from the collection of the raw material to the
finished products. In addition, they can be used to
eliminate adulterants and fraudulent behavior of
unscrupulous individuals. However, there is no single
authentication method that can be applied to every
medicinal plant. The chain of custody must be formed
by combining various technologies and practices that
are needed.

Traditionally the macroscopic and microscopic
identifications are performed to authenticate plant
materials at the species level. However, a staff’s
experience or training in plant identification may be
limited. Moreover, morphology method is not suitable
for the fragmented or powdered crude plant material.
Plant metabolic profile and other physical-chemical
properties determined by TLC, HPLC, IR, NMR, and
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X-ray (Mukherjee et al, 2010) are influenced by both
genetic and environmental factors. Therefore, additional
methods of identification at the species level have been
sought and genome-based methods have been
developed for the identification of medicinal plants
starting in the early 1990°s (Shaw, Wang, and But, 2002;
Techen et al, 2004; Sucher and Carles, 2008; Hao, Yang,
and Huang, 2009). This work was greatly facilitated by
the invention of the polymerase chain reaction (PCR)
and the introduction of a heat-stable DNA polymerase
from the thermophilic bacterium. Presently, a practical
and powerful tool, i.e., DNA barcodes, is developed for
identifying medicinal plants and their adulterants in
trade and for ensuring safety in their use (Chen et al,
2010; CBOL Plant Working Group, 2009). This review
summarizes recent studies of our own and gives a
comprehensive and prospective review of the
implications of the authentication based on molecular
biology and genomics, microchip-based authentication
influencing factors

strategy, and applications of

molecular authentication, etc.

Molecular biology and genomics techniques
for authentication

Amplified fragment length polymorphism PCR
(AFLP) and restriction fragment length polymorphism
(RFLP)

AFLP is a PCR-based tool used in genetics
research, DNA fingerprinting, and in the practice of
genetic engineering. Developed in the early 1990’s by
AFLP  uses

restriction enzymes to cut genomic DNA, followed by

Keygene (http://www.keygene.com),
ligation of adaptors to the sticky ends of the restriction
fragments. A subset of the restriction fragments are then
amplified using primers complementary to the adaptor
and part of the restriction site fragments. The amplified
fragments are visualized on denaturing polyacrylamide
gels either through auto-radiography or fluorescence
methodologies.

There are many advantages to AFLP when compared
to other marker technologies including randomly
amplified polymorphic DNA (RAPD), RFLP, and
microsatellites. AFLP not only has higher reproduce-
bility, resolution, and sensitivity at the whole genome
level compared to other techniques (Mueller and
Wolfenbarger, 1999), but it also has the capability to

amplify between 50 and 100 fragments at one time. In
addition, no prior sequence information is needed for
amplification (Meudt and Clarke, 2007). As a result,
AFLP has become extremely beneficial in the study of
taxa including bacteria, fungi, and plants, where much
is still unknown about the genomic makeup of various
organisms. Examples of recent applications in the
authentication of medicinal plants are seen in the papers
of Passinho-Soares et al (2006), Wang et al (2008), Suo
et al (2010) and Watthanachaiyingcharoen et al (2010).

RAPD and sequenced characterized amplified
region marker (SCAR)

RAPD is a type of PCR reaction, but the segments
of DNA that are amplified are random. The scientist
performing RAPD creates several arbitrary, short
primers (8—12 nucleotides), then proceeds with the
PCR using a large template of genomic DNA, hoping
that fragments will amplify. By resolving the resulting
patterns, a semi-unique profile can be gleaned from a
RAPD reaction.

No knowledge of the DNA sequence for the
targeted gene is required, as the primers will bind
somewhere in the sequence, though the exact binding
site is unknown. This makes the method popular for
comparing the DNA of biological systems that have not
had the attention of the scientific community, or in a
system in which relatively few DNA sequences are
compared (it is not suitable for forming a DNA
databank). Because it relies on a large and intact DNA
template sequence, it has some limitations in the use of
degraded DNA samples. Its resolving power is much
lower than targeted, species specific DNA comparison
methods, such as short tandem repeats. In recent years,
RAPD has been used to characterize and trace the
phylogeny of diverse plant and animal species. When
developing locus-specific and co-dominant markers
from RAPDs, new longer and specific primers are
designed for the DNA sequence, which is called the
SCAR. Examples
authentication of medicinal plants are seen in the papers
of Ruzicka et al (2009), Devaiah and Venkatasubramanian
(2008), Cao et al (2010), and Choo et al (2009).

Inter-simple sequence repeat (ISSR) and simple
sequence repeats (SSR)

Microsatellites,

of recent applications in the

SSRs, or tandem repeats, are

repeating sequences of 1 — 6 base pairs of DNA.



252 Hao DC et al. Chinese Herbal Medicines, 2010, 2(4): 248-259

Microsatellites are typically neutral and co-dominant.
They are used as molecular markers in genetics, for
kinship, population, and other studies. ISSR is a general
term for a genome region between microsatellite loci.
The complementary sequences to two neighboring
microsatellites are used as PCR primers; The variable
region between them gets amplified. The limited length
of amplification cycles during PCR prevents excessive
replication of overly long contiguous DNA sequences,
so the result will be a mix of a variety of amplified
DNA strands which are generally short but vary much
in length.

Sequences amplified by ISSR-PCR can be used for
DNA fingerprinting. Since an ISSR may be a conserved
or nonconserved region, this technique is not useful for
distinguishing individuals, but rather for phylogeo-
graphy analyses or maybe delimiting species; Sequence
diversity is lower than in SSR-PCR, but still higher
than in actual gene sequences. In addition, micro-
satellite sequencing and ISSR sequencing are mutually
assisting, as one produces primers for the other.
Examples of recent applications in the authentication of
medicinal plants are seen in the papers of Tamhankar et
al (2009), Su et al (2008), Wang et al (2008), and
Sharma et al (2008).

Arbitrarily primed (AP)-PCR and the direct
amplification of length polymorphism (DALP)

AP-PCR is similar to RAPD but PCR is performed
using sets of two longer primers ( > 18 nucleotides) of
arbitrary sequence. In DALP, PCR is conducted with
variable forward primers that contain a universal core
sequence at their 5' ends and a constant reverse primer
resulting in multiple amplicons that can be separated by
gel electrophoresis, isolated and directly sequenced.
Examples of applications in the authentication of
medicinal plants are seen in the papers of Ha et al
(2001) and Cao, But, and Shaw (1996).

In the above approaches, rather than focusing on
specific genetic loci, researchers make use of
species-specific variations (polymorphisms) of the
nucleotide sequence that are spread randomly over the
entire genome resulting in characteristic “fingerprints”
of genomic DNA. In the following approaches, the
nucleotide sequences of one or more genetic loci
(“genes”) in the plants of interest are determined and

the nucleotide sequences that are characteristic (i.e.,

inherited by all members) of a given species are
identified (Table 1).

Multiplex PCR, PCR-SR

Multiplex PCR is a modification of PCR in order to
rapidly detect deletions or duplications in a large gene.
This process amplifies genomic DNA samples using
multiple primers and a temperature-mediated DNA
polymerase in a thermal cycler. Multiplex-PCR was
first described in 1988 as a method to detect deletions
in the dystrophin gene (Chamberlain et al, 1988). In
2008, multiplex-PCR was used for analysis of
microsatellites and SNPs (Hayden et al, 2008).

Multiplex-PCR consists of multiple primer sets
within a single PCR mixture to produce amplicons of
varying sizes that are specific to different DNA
sequences. By targeting multiple genes at once,
additional information may be gained from a single test
run that otherwise would require several times the
reagents and more time to perform. Annealing
temperatures for each of the primer sets must be
optimized to work correctly within a single reaction,
and amplicon sizes, i.e., their base pair length, should
be different enough to form distinct bands when
visualized by gel electrophoresis. In PCR-selective
restriction (SR), PCR amplicons obtained with gene
specific primers are cut with restriction enzymes and
analyzed by gel electrophoresis. Examples of recent
applications in the authentication of medicinal plants
are seen in the papers of Jigden et al (2009; 2010) and
Lin et al (20006).

Amplification refractory mutation
(ARMS) and Multiplex ARMS (MARMS)

ARMS is a variation of PCR that is based on the

fact that the primers only bind to their target sequence

system

when their 3' ends are complementary. Oligo-
nucleotides with mismatched (“mutated”) 3' end
residues will not bind to the “normal” target sequences
and no amplification will take place. MARMS is the
multiplex PCR using a common primer and multiple
mutation specific primers as used in ARMS. Examples
of recent applications in the authentication of medicinal
plants are seen in the papers of Diao et al (2009), Qian
et al (2008), and Ding et al (2008).

Melting curve analysis

Real-time PCR, also called quantitative real time
PCR (Q-PCR/gPCR) or kinetic PCR, is a laboratory
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technique based on the PCR, which is used to amplify
and simultaneously quantify a targeted DNA molecule.
It enables both detection and quantification (as absolute
number of copies or relative amount when normalized
to DNA input or additional normalizing genes) of one
or more specific sequences in a DNA sample. Melting
curve analysis is an assessment of the dissociation-
characteristics of double-stranded DNA during heating.
The information gathered can be used to infer the
presence and identity of single-nucleotide poly-
morphisms (SNPs). Since the late 1990’s product
analysis via SYBR Green and other double-strand
specific dyes, probe-based melting curve analysis had
become nearly ubiquitous. The probe-based technique
is sensitive enough to detect SNPs and can distinguish
wildtype,
homozygous mutant alleles by virtue of the dissociation

among homozygous heterozygous, and
patterns produced. Examples of recent applications in
the authentication of medicinal plants are seen in the
papers of Xue, Li, and Wang (2009) and Xue and Xue (2008).

Loop-mediated isothermal amplification (LAMP)

Studies of DNA polymorphisms in organisms have
given us access to such information as possible diseases
in humans, genomic evolution, and individual
recognition. Many convenient methods to detect SNPs
including PCR-RFLP and

TagMan assay. In particular, LAMP (Sasaki and

have been developed,

Nagumo, 2007) is convenient because the reaction
could be conducted under isothermal conditions,
thereby facilitating amplification. LAMP employs four
kinds of primers and amplification proceeds only when
all the primers are annealed to the target DNA.
Although primer design is difficult because many
combinations of primers are conceivable, amplification
is achieved within two hours once a set of primers is
designed. Moreover, it was reported that loop primers
accelerated LAMP, achieving detection in less than one
hour. An example of recent applications in the
authentication of medicinal plants is seen in the paper
of Sasaki, Komatsu, and Nagumo (2008).

Authentication of medicinal plants based
on microchip

A DNA microarray is a multiplex technology used
in molecular biology and in medicine. It consists of an

arrayed series of thousands of microscopic spots of

DNA oligonucleotides, called features, each containing
picomoles (10—12 moles) of a specific DNA sequence,
known as probes (or reporters). This can be a short
section of a gene or other DNA elements that are used
to hybridize a cDNA or cRNA sample (called target)
under high-stringency conditions. Probe-target hybridi-
zation is usually detected and quantified by detection of
fluorophore-, silver-, or chemiluminescence-labeled
targets to determine relative abundance of nucleic acid
sequences in the target. Since an array can contain tens
of thousands of probes, a microarray experiment can
accomplish many genetic tests in parallel. Therefore
arrays have dramatically accelerated many types of
investigation.

DNA microarrays can be used to measure changes
in expression levels, to detect SNPs, to genotype or
resequence mutant genomes (Table 1). Microarrays also
differ in fabrication, workings, accuracy, efficiency, and
cost. Additional factors for microarray experiments are
the experimental design and the methods of analyzing
the data.

5S ribosomal DNA (rDNA)

A silicon-based DNA microarray was designed
and fabricated for the identification of toxic traditional
Chinese medicinal plants (Carles et al, 2005). Species-
specific oligonucleotide probes were derived from the
5S rRNA gene of Aconitum carmichaeli Debx., A.
kusnezoffi Reichb., Alocasia macrorrhiza (Linn.) Schott,
Croton tiglium L., Datura inoxia Mill., D. metel L., D.
tatula L., Dysosma pleiantha (Hance) Woodson, D.
versipellis (Hance) M. Cheng ex Ying, Euphorbia
kansui L., Hyoscyamus niger L., Pinellia cordata N.e.
Brown, P. pedatisecta Schott, P. ternata (Thunb.)
Breit., Rhododendron molle (Blum) G. Don, Strychnos
nux-vomica L., Typhonium divaricatum (Linn.) Decne.,
and T. giganteum Engl., and the leucine transfer RNA
gene of A. pendulum Busch and Stellera chamaejasme
L. The probes were immobilized via dithiol linkage on
a silicon chip. Genomic target sequences were ampli-
fied and fluorescently labeled by asymmetric PCR.
Multiple toxic plant species were identified by parallel
genotyping. Chip-based authentication of medicinal
plants may be useful as an inexpensive and rapid tool
for quality control and safety monitoring of herbal
pharmaceuticals and neutraceuticals.

Sze et al (2008) constructed a DNA microarray for



254 Hao DC et al. Chinese Herbal Medicines, 2010, 2(4): 250-261
Table 1  Strengths and weaknesses of the various authentication methods
PCR-SR ARMS
Items AFLP RAPD ISSR AP-PCR Multiplex MARMS
SSR DALP PCR
Basis of fingerprints of fingerprints of fingerprints of gDNA' fingerprints of gDNA' specific specific
authentication gDNA' gDNA' genetic genetic
loci loci
Cost high low low low low low
Time slow fast fast fast fast fast
Information high high high high low low
content®
Multiglex high high high high intermediate  low
ratio”
Reproducibility  high good* good* good good good
Accuracy high good good good good good
Database none none none none none none
Identification up to intra-specific; up to intra-specific; up to intra-specific; up to intra-specific; species up to
level population population population population strain
Effectiveness effective Effective Effective Effective Not Effective
in assessing applicable
relationships
btw
accessions
Prior sequence  no no no no yes yes
knowledge
Level of skills medium low low-medium low low low
required
Automation yes yes yes yes yes yes
Possible radioactive markers are null alleles® sensitive to reaction positive controls
problems; contamination; high dominant’ conditions; quality, needed; PCR inhibitory
limitations template purity quantity and purity of effects
templates
Items LAMP H(I;}I,t(]:nRg curve M]\iﬁrc(iggifay DNA barcoding
Basis of specific genetic loci specific genetic loci  specific genetic loci specific genetic loci
authentication
Cost low high high intermediate
Time fast fast slow fast
Information low low high low
content’
Multiplex low low high low
ratio’
Reproducibility  good good intermediate Good
Accuracy good good good Good
Database none none none barcode of life’
biobarcode®
Identification species species up to subspecies species
level
Effectiveness not applicable not applicable
in assessing
relationships
btw
accessions
Prior sequence  yes yes yes no
knowledge
Level of skills high high medium medium
required
Automation yes yes difficult yes
Possible susceptible to PCR data difficult to groups with little sequence
problems; inhibition; primer exchange’ diversity; Resolution of
limitations design statistical recently diverged species;
challenges'® Hybrids
1: species-specific variations (polymorphisms) of the nucleotide sequence
2: expected heterozygosity
3: No. of loci simultaneously analyzed per expt, throughput
4: only if SOPs are in place and the same commercial PCR mixes are used
5: http://www.barcoding.si.edu/dnabarcoding.htm
6: http://www.asianbarcode.org
7: not possible to distinguish whether a DNA segment is amplified from a locus that is heterozygous (1 copy) or homozygous (2 copies)
8: microsatellites fail to amplify in PCR
9: due to the lack of standardization in platform fabrication, assay protocols, and analysis methods

—
=]

: include taking into account effects of background noise and appropriate normalization of the data
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high throughput identification of the plant resource of
commercial FDSH [Fengdu Shihu (Dendrobium
officinale Kimura et Migo)]. The 5S rDNA intergenic
spacer region in D. officinale, D. nobile Lindl., D.
moniliforme (L.) Sw., D. hercoglossum Rchb.f., D.
williamsonii Day et Rchb. F., D. capillipes, D. wilsonii,
and D. jenkinsii was amplified by a single primer pair
and sequenced. The sequences showed polymorphism.
They were incorporated on a glass slide and hybridized
labelled 5S
commercial Shihu. The DNA microarray enabled the
differentiation of D. officinale from the other species
tested. FDSH could thus be distinguished from its
adulterants. It is evident that DNA microarrays provide

with  fluorescently sequences from

a high-throughput and reliable approach for the
identification of plant resources, and the method is
useful for the authenti- cation of FDSH.

18S rDNA

Ginseng drugs, derived from underground parts of
Panax species (Araliaceae), are the most important
group of herbal medicines in the Orient. Previously, the
nucleotide sequences of the nuclear 185 rRNA gene of
13 Panax taxa were determined, as were the specific
polymorphic nucleotides for identification of each
species. On the basis of the nucleotide difference, a
DNA microarray (PNX array) was developed for the
identification of various Panax plants and drugs (Zhu,
Fushimi, and Komatsu, 2008). Thirty-five kinds of
specific oligonucleotide were designed and synthesized
as probes spotting on a decorated glass slide, which
included 33 probes corresponding to the species-
specific nucleotide substitutions and 2 probes as
positive and negative controls. The species-specific
probes were of 23-26 bp in length, in which the
substitution nucleotide was located at the central part.
Triplicate probes were spotted to warrant accuracy by
correcting variation of fluorescent intensity. Partial 18S
rRNA gene sequences amplified from Panax plants and
drugs as well as their derived health foods were
fluorescently labeled as targets to hybridize to the PNX
array. After hybridization under optimal condition,
specific fluorescent patterns were detected for each
Panax species, and the analyzed results could be
indicated as barcode patterns for quick distinction. The
developed PNX array provided an objective and
reliable method for the authentication on plants of

Panax L. and drugs as well as their derived health
foods.

26S rDNA

Tsoi et al (2003)
polymorphism of several species of Fritillaria L. and

investigated the genetic

developed a DNA chip for the genotyping and
identification of the origin of wvarious species of
Fritillaria L. at molecular level. Genomic DNA (gDNA)
from bulbs of several species of Fritillaria L. was
extracted and the polymorphisms of the D2 and D3
regions inside the 26S rDNA gene were identified by
direct sequencing. Oligonucleotide probes specific for
these polymorphisms were designed and printed on the
poly-lysine coated slides to prepare the DNA chip. PCR
products from the species of Fritillaria L. were labeled
with fluorescence by incorporation of dye-labeled
dideoxy-ribonucleotides and hybridized to the immobi-
lized probes on the chip. The polymorphisms were used
as markers for discrimination among various species.
Differentiation of the various species of Fritillaria L.
was accomplished based on hybridization of fluorescent
labeled PCR products with the DNA chip. The results
demonstrated the reliability of using DNA chips to
identify different species of Fritillaria L., and the DNA
chip technology can provide a rapid and high
throughput tool for genotyping and quality assurance of
the plant species verification.

Subtracted diversity array (SDA)

Traditionally, the identification of plants relied on
conventional techniques, such as morphological,
anatomical, and chemical profiling, that are often
inefficient or unfeasible in certain situations. Extensive
literature exists describing the use of PCR DNA-based
identification techniques, which offer a reliable
platform, but their broad application is often limited by
a low throughput. However, hybridization-based
microarray technology represents a rapid and high-
throughput tool for genotype identification at the
molecular level. Using an innovative technique, an
SDA of 376 features was constructed from a pooled
gDNA library of 49 angiosperm species, from which
the pooled nonangiosperm gDNA was subtracted
(Jayasinghe et al, 2007). The SDA method was superior
in accuracy, sensitivity and efficiency, and showed
high-throughput capacity and broad application. SDA

was validated for potential genotyping use, and the
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results indicated a successful subtraction of non-
Statistical
polymorphic features from the pilot study enabled the

angiosperm  DNA. analysis of the
establishment of accurate phylogenetic relationships,
confirming the potential use of the SDA technique for
genotyping. Further, the technique substantially
enriched the presence of polymorphic sequences; 68%
were polymorphic when using the array to differentiate
six angiosperm clades (Asterids, Rosids, Caryophyllids,
Ranunculids, Monocots, and FEumagnoliids). The
“proof of concept” experiments demonstrate the
potential of establishing a highly informative, reliable
and high-throughput microarray-based technique for
novel application to sequence independent genotyping
of major angiosperm clades.

The accurate identification of medicinal plants is
becoming increasingly important due to reported
concerns about purity, quality, and safety. SDA was
thus validated for the ability to distinguish clade-level
targets in a accurate
Jayasinghe et al (2009) further investigated the SDA for

genotyping capabilities, including the genotyping of

phylogenetically manner.

plant species which was not included during the
construction of the SDA, as well as to lower
classification levels including family and species. The
results show that the SDA has the ability to accurately
genotype species which was not included during SDA
development to clade level. Additionally, for those
species that were included during SDA development,
genotyping is successful to the family level, and to the
species level with minor exceptions. Twenty
polymorphic SDA features were sequenced in a first
attempt to characterize the polymorphic DNA between
species, which showed that transposon-like sequences
may be valuable as polymorphic features to
differentiate angiosperm families and species. Future
refinements of the SDA to allow more sensitive
genotyping are discussed with the overall goal of
accurate medicinal plant identification in mind.

PCR-short tandem repeats (STR)

A microchip electrophoresis method coupled with
the STR technique was developed for rapid authentication
of ginseng species (Qin et al, 2005). A low viscosity
hydroxypropyl methylcellulose solution was used as the
sieving matrix for separation of the amplified STR

fragments. The allele sizing of the amplified PCR

products could be detected within 240 s or less. Good
reproducibility and accuracy of the fragment size were
obtained with the relative standard deviation for the
allele sizes less than 1.0% (n = 11). At two microsatellite
loci (CT 12 and CA 33), American ginseng had a
different allele pattern on the -electropherograms
compared with that of the Oriental ginseng. Moreover,
cultivated and wild American ginseng can be
distinguished on the basis of allele sizing. This work
establishes the feasibility of fast genetic authentication

of ginseng species by use of microchip electrophoresis.

Molecular basis of genome-based authenti-
cation: molecular phylogenetics/DNA barcoding

Molecular phylogenetics, also known as molecular
systematics, is the use of the structure of molecules to
gain information on an organism’s evolutionary
relationships. The result of a molecular phylogenetic
analysis is expressed in a phylogenetic tree. The most
common approach is the comparison of homologous
sequences for genes using sequence alignment
techniques to identify similarity. Another application of
molecular phylogeny is in DNA barcoding, where the
species of an individual organism is identified using
small sections of chloroplast/nuclear/mitochondrial
DNA. The use of genome-based methods for the
authentication of medicinal plants should be seen in the
context of plant phylogenetic studies and a general
effort aimed at barcoding of all plants. For example, we
contribute to the phylogeny and specific delineation of
the two conifer families, Taxaceae and Cephalotaxaceae,
on the basis of molecular data (Hao et al, 2008). A
cladistic analysis of the sequences of five chloroplast
(matK, rbcL, trnL, trnL-trnF, and psbA-trnH spacer)
and one nuclear (ITS) molecular marker was carried out,
both individually and in combination, by distance,
parsimony, likelihood, and Bayesian methods. The
results confirm that the two families are monophyletic.
Phylogenetic relationships were clarified in the
respective genus, which contains many important
medicinal plants (e.g., the source plant of taxane).
psbA-trnH, rbcL third codon position, and matK first
codon position contributed most to the separation of
taxa in discriminant function analysis. Our results
confirm, on a basis of multiple molecular markers and a

complete sampling of basic species, the suggested
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monophyly of Taxaceae and Cephalotaxaceae and
propose interspecific relationships within each group,
with profound nomenclatural, taxonomic, and
authentication implications.

Hao, Chen, and Xiao (2009) analyzed the evolutionary
patterns of sequence divergence in genes from the
medicinal genus Taxus L., encoding paclitaxel biosyn-
thetic enzymes taxadiene synthase (TS) and 10-deacetyl-
baccatin III-10 beta-O-acetyltransferase (DBAT). N-
terminal fragments of TS, full-length DBAT and ITS
were amplified from 15 closely related species of Taxus
L. and sequenced. Premature stop codons were not
found in TS and DBAT sequences. Codon usage bias
was not found, suggesting that synonymous mutations
are selectively neutral. TS and DBAT gene trees are not
consistent with the ITS tree, where species formed
monophyletic clades. In fact, for both genes, alleles
were sometimes shared across species and parallel
amino acid substitutions were identified. While both TS
and DBAT are, overall, under purifying selection, we
identified a number of amino acids of TS under positive
selection based on inference using maximum likelihood
models. Positively selected amino acids in the
N-terminal region of TS suggest that this region might
be more important for enzyme function than previously
thought. Moreover, we identify lineages with signifi-
cantly elevated rates of amino acid substitution using a
genetic algorithm. These findings demonstrate that the
pattern of adaptive paclitaxel biosynthetic enzyme
evolution can be documented between closely related
species of Taxus L., where species-specific taxane
metabolism has evolved recently. In another study, a
cladistic analysis of Taxus, using the sequences of one
chloroplast (trnS-trnQ spacer) and three nuclear TS,
DBAT, and 18S rDNA markers, was carried out by
distance, parsimony, likelihood, and Bayesian methods
(Hao, Huang, and Yang, 2008). Three of the four New
World species (T. brevifolia, T. floridana, and T.
globosa) form a well-supported clade, whereas T.
canadensis initially branches — appearing distantly
related to both Old World taxa and New World species.
In Asia, Taxus chinensis, T. mairei, T. sumatrana, and T.
wallichiana cluster together and are sisters to a clade
containing T. baccata and T. contorta.
yunnanensis is more closely related to T. wallichiana
than other four Taxus species from China; T. contorta is

Taxus

closer to the Euro-Mediterranean T. baccata than the
Asian species. This study provides a genetic method for
authentication of economically important Taxus species
and proposes a robust phylogenetic hypothesis for the
genus. Using trnS-trnQ spacer sequences, we were able
to distinguish T. mairei (the major source plant of
taxane) from all other species of Taxus.

DNA barcoding is the dominant method for
species identification and discovery (Table 1). All other
methods have various limitations and can not be used in
a large scale and an efficient manner. As a result, all
new researchers should focus on DNA barcoding
technology. DNA barcoding uses a short genetic marker
in an organism’s DNA to identify it as belonging to a
particular species. It differs from molecular phylogeny
in that the main goal is not to determine classification
but to identify an unknown sample in terms of a known
classification (Kress et al, 2005). Although barcodes
are sometimes used in an effort to identify unknown
species or assess whether species should be combined
or separated, such usage, if possible at all, pushes the
limits of what barcodes are capable of (Seberg and
Petersen, 2009).

Applications include, for example, identifying
plant leaves even when flowers or fruits are not
available, identifying the diet of an animal based on
stomach contents or feces, and identifying products in
commerce (e.g., herbal supplements or wood; Kress et
al, 2005). DNA barcoding is a novel technology that
uses a standard DNA sequence to facilitate species
identification. Although a consensus has not been
reached regarding which DNA sequences can be used
as the best plant barcodes, the psbA-trnH spacer region
has been tested extensively in recent years.

Yao et al (2009) hypothesized that the psbA-trnH
spacer regions were effective barcodes for species of
Dendrobium Sw. The chloroplast psbA-trnH intergenic
spacers of 17 species of Dendrobium Sw. were
sequenced. The sequences were found to be
significantly different from those of other species, with
percentages of variation ranging from 0.3% to 2.3%
and an average of 1.2%. In contrast, the intraspecific
variation among the species of Dendrobium Sw. studied
ranged from 0% to 0.1%. The sequence difference
between the psbA-trnH sequences of 17 species of
Dendrobium Sw. and one Bulbophyllum odoratissimum
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ranged from 2.0% to 3.1%, with an average of 2.5%.
The psbA-trnH intergenic spacer region could be used
as a barcode to distinguish various species of
Dendrobium Sw. and to differentiate species of
Dendrobium Sw. from other adulterating species.
Medicinal plants belonging to the family Polygonaceae
in Chinese Pharmacopoeia possess important medicinal
efficacy in traditional Chinese medicines. DNA barcodes
are for the first time used to discriminate the
Polygonaceae in Chinese Pharmacopoeia and their
adulterants (Song et al, 2009). DNA samples, extracted
from thirty-eight specimens belonging to eighteen
species in Polygonaceae, were used as templates. Eight
candidate barcodes were amplified by PCR. Species
identification was performed using MEGA V 4.0. The
amplification efficiency of six candidate DNA barcodes
(rbcL, trnH-psbA, ndhJ, rpoB, rpoCl, and accD) was
100%, while the efficiencies of YCF5 and nrITS were
56% and 44%, respectively. The interspecific
divergence was highest for the trnH-psbA (20.05%),
followed by the nrITS (14.01%) across all species pairs,
while intraspecific variation both within populations
and between populations was absent. The trnH-psbA
can not only distinguish ten species of Polygonaceae in
Chinese Pharmacopoeia, but also recognize eight other
species of Polygonaceae including their adulterants.

The psbA-trnH intergenic region is among the
most variable regions in the gymnosperm chloroplast
genome (Hao, Chen, and Xiao, 2010c). It is proposed
as suitable for DNA barcoding studies and is useful in
species level phylogenetics. This region consists of two
parts differing in their evolutionary characteristics: 1)
the psbA 3’ UTR (untranslated region) and 2) the
psbA-trnH
sequence and RNA secondary structure of the psbA 3’

intergenic spacer. We compared the
UTR across gymnosperms and found consensus motifs
corresponding to the stem portions of the RNA stem-loop
structures and a consensus TGGATTGTTATGT box.
The psbA-trnH spacer is highly variable in length and
composition. Tandem repeats that form stem—loop
structures were detected in both the psbA 3'UTR and
the psbA-trnH spacer. The topology of the psbA-trnH
tree may reflect the suitability of this marker for DNA
barcoding in Taxaceae, but not in Cephalotaxaceae.
psbA-trnH could not be candidate marker of DNA

barcoding for Ephedrales (Fig. 1A) and Araucariaceae

(Fig. 1B), but could be suitable for Cupressaceae and
Pinaceae (Fig. 1C). Whether it is valid for Gnetales and
Podocarpaceae is worth further study. The pshA-trnH
spacer primers specified by Kress et al (2005) yielded
distinct double bands in all Cycadales species but Cycas
(Sass et al, 2007), and the addition of psbA-trnH sequence
data did not further resolve the non-specific identification
made by nrITS for the species tested. This is in accordance
with our finding that psbA-trnH might not be used as the
barcoding marker of Cycadales (Fig. 1B).

The plant working group of the Consortium for the
Barcode of Life recommended the two-locus combi-
nation of rbcL+matK as the plant barcode, yet the
combination was shown to successfully discriminate
among 907 samples from 550 species at the species
level with a probability of 72% (CBOL Plant Working
Group, 2009). The group admits that the two-locus
barcode is far from perfect due to the low identification
rate, and the search is not over. Chen et al (2010)
compared seven candidate DNA barcodes (psbA-trnH,
matK, rbcL, rpoCl, ycf5, ITS2, and ITS) from
medicinal plant species. The ranking criteria included
PCR amplification efficiency, differential intra- and
inter-specific divergences, and the DNA barcoding gap.
It was found that the second internal transcribed spacer
(ITS2) of nuclear rDNA represents the most suitable
region for DNA barcoding applications. Furthermore,
Chen et al (2010) tested the discrimination ability of
ITS2 in more than 6600 plant samples belonging to
4800 species from 753 distinct genera and found that
the rate of successful identification with the ITS2 was
92.7% at the species level. The ITS2 region can be
potentially used as a standard DNA barcode to identify
medicinal plants and their closely related species. ITS2
could serve as a novel universal barcode for the
identification of a broader range of plant taxa. For
example, Gao et al (2010) found that ITS2 sequences
had considerable variation at the genus and species
level within the family Fabaceae. The intra-specific
divergence ranged from 0% to 14.4%, with an average
of 1.7%, and the inter-specific divergence ranged from
0% to 63.0%, with an average of 8.6%. Twenty-four
species found in the Chinese Pharmacopoeia, along
with other 66 species including their adulterants, were
successfully identified based on ITS2 sequences. In
addition, ITS2 worked well, with over 80.0% of species
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Fig. 1 Phylogenetic relationship of nucleotide sequences
of gymnosperm psbA-trnH intergenic regions revealed
by neighbour joining (NJ) trees

NJ used maximum composite likelihood (MCL) distances and
pairwise deletion of gaps. Numbers beside the branches are bootstrap
values. A: Gnetales, Welwitschiales, and Ephedrales; B:

Araucariaceae and Cycadales; C: Cupressaceae and Pinaceae

and 100% of genera being correctly differentiated for
the 1507 sequences derived from 1126 species
belonging to 196 genera. Pang et al (2010) tested the
applicability of four DNA regions (RBCL, MATK, ITS,
and ITS2) as barcodes for identifying species within
Euphorbiaceae. Based on assessments of the specific
genetic divergence, the DNA barcoding gap, and the
ability for species discrimination, the results affirmed
that ITS/ITS2 is
Euphorbiaceae species. This study also provided a

a potential barcode for the

large-scale test to evaluate the effectiveness of
ITSATS2  for
Euphorbiaceae. Of the 1183 plant samples collected

differentiating  species  within
from 871 species in 66 diverse genera, ITS/ITS2
successfully identified > 90% and 100% of them at the
species and genus levels, respectively. Therefore, use of
the ITS/ITS2 region is a powerful technique for
Euphorbiaceae identification. In addition, the molecular
evolution and sequence characteristics of the important
barcoding markers such as matK, rbcL, and trnL-trnF
spacer were also studied in detail (Hao, Huang, and

Chen, 2009; Hao, Chen, and Xiao, 2009; 2010a; 2010b).

Conclusion

A large number of molecular techniques have been
used to authenticate medicinal plants based on
species-specific variations in the sequences of various
chloroplast and nuclear DNA regions (Table 1).
Genomic fingerprinting can differentiate between
individuals, species and populations and has been
proved useful for the characterization of sample
homogeneity and detection of adulterants. DNA-based
authentication of medicinal plants is a work in progress
that offers powerful new tools and entry points for
measures aimed at quality control and quality assurance
in medicinal plant research as well as the production,
clinical use, and forensic examination of herbal
medicines. However, a few failure cases were reported.
It is necessary to examine the failure rate of various
DNA methods,
medicinal plants. It should be noted that DNA-based
species identification alone is not sufficient for quality

especially for those high-value

control and assurance because plants are the products of
both the genome and the environment. The chemical
metabolites play an important role in mediating the
pharmacologic effects of herbal medicines, therefore
the importance of extensive and standardized
phytochemical characterization of medicinal plants by
chromatographic and spectroscopic methods cannot be
overemphasized. A complete array of authentication
and evaluation tools can be utilized to provide a
well-rounded scientific approach to the authentication

of medicinal plants and botanical products.
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