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1. INTRODUCTION

Carl Linnaeus formalized biological classification, with binomial system of
nomenclature in 1700’s which assigns each organism a genus and species name for
identification purposes. Since then, of the 8.74 million species exists on earth, only
1.5 million species have only been described using conventional taxonomy. This
means that more than 80 % of the living organisms are yet to be discovered. The
current rate of extinction of 100-1000 species per million species points out that
thousands of plants and animals are lost each year without being identified (Mora et
al, 2011). Classical taxonomy which requires trained expertise for species
identification falls short in the race to catalogue biological diversity before it
disappears. To help discovering the hidden biodiversity and in order to provide a
useful and standardized supplementary tool for species identification, the sequence
based molecular tool of ‘DNA barcoding’ has been proposed in 2003. DNA
barcoding has been developed for providing rapid, accurate and automatable
species identification using standardized DNA sequences (Hebert et al., 2003). DNA
barcodes allow even non-experts to precisely identify species, even from small bits of
specimens, independent of developmental stages or environmental variations.

The initial goal of DNA barcoding was to find a universal barcode gene locus
for the identification of living organisms. This was first experimented in metazoans
by Hebert et al. (2003) and has drawn attention of taxonomists worldwide (Miller,
2007). In 2004, barcoding project was formally initiated by the establishment of the
Consortium for the Barcode of Life (CBOL), which aims to develop a standard
protocol for barcoding of living organisms. Consequently, CBOL has developed
certain criteria for recommending a locus for DNA barcoding purposes that includes
suitability of the locus for a wide range of taxa (universality), high variation between
species and conserved nature within species, among others. Ideal barcodes also
should be routinely retrievable with a single primer pair and be short enough to ease
PCR amplification (Hollingsworth et al., 2009).

Barcoding is now a well established technique for species identification in
animals using cytochrome C oxidase subunit (COX 1) in mitochondria which is

characterised by the presence of multiple copies, absence of indels, introns and ease
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in PCR amplification (Folmer et al., 1994; Hebert et al., 2003). Contrary to this, no
universal single barcode locus for land plants is available. mtDNA has low
substitution rates when compared to plastid DNA in plants (Wolfe et al., 1987). To
facilitate and formalize the selection of a plant barcode, a plant working group was
constituted by the Consortium of Barcode of Life (CBOL) in 2004 with representation
from the different research groups/consortia. After evaluation of several candidate
plastid gene loci, twelve chloroplast gene regions were suggested as plant DNA
barcodes. Because of the high species discrimination and universality, maturase K
(matK) and of the ease of PCR amplification, ribulose 1,5-bisphosphate
carboxylase/oxygenase large subunit (rbcL), were recommended as core barcodes
(Hollingsworth et al., 2009).

The intergenic spacer sequences such as trnH-psbA, atpF- atpH, psbK-psbl were
suggested by CBOL as supplementary barcodes with highest species discrimination
for trnH-psbA of size ~300 bp up to 1000 bp for DNA barcoding in plants (Kress et al.,
2005). Combinations of this region along with matK were also widely studied (Chase
et al., 2007, Newmaster et al., 2008; Erickson et al., 2008; Wiel et al., 2009). atpF- atp H
encoding the ATP subunits CFO I -CFO III (Dragger and Hallick, 1993) and psbK -
psbl genes which encodes for two low molecular mass polypeptides, K-I of the
photosystem II (Meng et al., 1991) were also added to the list later on. However, due
to the inconsistency in getting bidirectional unambiguous sequences, this was only
considered as a supplementary barcode by CBOL (Lahaye et al., 2008). Eventhough
supplementary chloroplast barcode regions, rpoB, rpoC1, rpoC2, accD, ycF5 and ndh]
have high universality, they were eliminated as barcode because of their low species
discrimination ability (Guisinger et al., 2008; Tsumara et al., 1996).

nrlTS spacer sequences, a part of the rDNA cistron has been proposed as a
potential candidate for barcoding in plants as well as in fungi. The rDNA cistron is a
multigene family encoding the nucleic acid core of the ribosome. All the units of this
multigene family evolve in a concerted manner and higher level of overall sequence
homogeneity exists among copies of the rDNA within a species (Chase et al., 2007).
The availability of universal primers, presence of multiple copies in cells, high

universality and good species discriminatory power makes nrITS a potential



candidate for barcoding in plants as well as fungi (Kress et al., 2005; Chen et al., 2010;
O'Brien H, et al., 2005). Molecular identification through DNA barcoding of fungi
using ITS sequences has become an integrated and essential part of fungal ecology
research and has provided new insights into the diversity and ecology of many
different groups of fungi (Seifert et al. 2007; Chase and Fay, 2009). Molecular analysis
allows to study abundance and species richness of fungi at a high rate and more
reliably than conventional biotic surveys (O'Brien et al., 2005).

Many researchers have suggested that a multi-locus method will be required
to obtain adequate species discrimination in plants (Hebert et al., 2004; Kress and
Erickson, 2007; Erickson et al., 2008; Kane and Cronk, 2008; Lahaye et al., 2008; CBOL
Plant Working Group, 2009; Chase and Fay, 2009). CBOL recommended the two-
locus combination of matK + rbcL as the best plant barcode with a discriminatory
efficiency of only 72% (CBOL Plant Working Group, 2009). Various combinations of
plastid loci have been proposed including rbcL + trnH-psbA (Kress and Erickson,
2007), rpoC1 + rpoB + matK or rpoC1 + matK + trnH-psbA (Chase et al., 2007) and matK
+ atpF-atpH + psbK-psbl or matK + atpFatpH + trnH-psbA (Pennisi, 2007). These
combined barcodes exhibit higher species discrimination than single-locus
approaches. Researchers have recently proposed the use of the whole-plastid
genome sequence in plant identification (Erickson et al., 2008; Nock et al., 2011; Yang
et al., 2013). However since this requires high cost next generation sequencing (NGS),
the approach is not widely accepted.

DNA Barcoding has extensive applications and has been used for ecological
surveys (Dick and Kress, 2009) and biosystematics including cryptic taxon
identification (Hebert et al., 2004; Lahaye et al., 2008; Xue and Li, 2011), to support
ownership or intellectual property rights (Stewart, 2005), authentication of
Ayurvedic raw drugs (Hou et al., 2013), to link biological samples to crime scenes in
forensics (Yoon, 1993; Coyle et al., 2005; Mildenhall, 2006), timber forensics (Lowe
and Cross, 2011; Dev et al., 2014), biosecurity, wild life forensics and food forensics

(Galimberti et al., 2012; Huxley-Jones et al., 2012).



At the Kerala Forest Research Institute, research in biodiversity particularly in
species discovery has been a priority since we are located in the hotspot of the
Western Ghats. The technique of DNA barcoding is expected to support this
endeavour in a substantial manner. Precise species identification is also required by
researchers within the institute and by others in the region who depend on us for the
species identification needs. The project was taken up to build the competence
within the institute to undertake routine DNA barcoding work in all life forms.

To demonstrate the capability and the application of the DNA barcoding
technology, two case studies were taken up. The difficulties encounter when
conventional methods are used for identification of plant species and the potential of

DNA barcoding to offer solutions was demonstrated.



2. OBJECTIVES

A precise molecular tool which can supplement the traditional species
identification procedure, particularly in case of taxonomic complexities has long
been envisaged by researchers. This particular project aims at standardizing a
sequence based molecular tool, DNA barcoding for addressing biosystematic

issues across all the life forms.

This study therefore has been undertaken with the following objectives:

e Standardisation of protocols for DNA barcoding of various life forms
e To demonstrate the capability of DNA barcoding techniques through case

studies



3. STANDARDIZATION OF PROTOCOLS FOR DNA
BARCODING OF VARIOUS LIFEFORMS

DNA barcoding is based on the principle that a short standardized sequence can
distinguish individuals of a species, since between species genetic variation
exceeds within species. Identification of an unknown specimen is performed
through the identification of sequences from the recommended standard barcode
regions. The species of a query sample (an unknown specimen) can be identified
based on the similarity index of the developed barcode sequences to a reference
sequence (from a voucher specimen) in the NCBI genbank public domain. DNA
barcoding workflow begins with the collection of a tissue sample from the
specimens to be barcoded, DNA extraction from the tissue, PCR amplification of
the barcode region using universal primers, screening of the PCR products and
an automated DNA sequencing to generate the barcode sequences. With the
recent technological innovations and automation through high-throughput
sequencing, the entire process can be completed at a reduced cost, within a short
span of time (Hajibabaei et al., 2005).

PROTOCOL FOR DNA BARCODING IN PLANTS

Genomic DNA extractions can be performed from fresh, dried, degraded or fossil
specimens for barcoding purposes. DNA extractions were performed from fresh
as well as dried specimens adopting standard CTAB method (Doyle and Doyle,
1987). For each silica gel dried sample, genomic DNA was extracted from 50-100
mg tissue which was ground using a mortar and pestle with liquid nitrogen.
Extractions were performed using the modified CTAB method as well as by
commercial DNA isolation kit (Qiagen, USA) with required modifications. In the
CTAB method, the powdered tissue sample was transferred to pre-warmed
(65°C) CTAB extraction buffer. RNase (10 mg/ 100 ml) was added to this slurry
and the samples were incubated at 65°C on a water bath for two hours with
gentle inversion for every 5 minutes. After incubation, the lysate was allowed to
cool to room temperature. An equal volume of chloroform: isoamylalcohol (24:1)

was added to the lysate and mixed properly by inversion and centrifuged at



8,000 rpm for 5 minutes. The supernatant was pipetted out carefully and
transferred to a 1.5 ml microcentrifuge tube. A half volume of 5M NaCl and
double volume of ice cold ethanol were added to precipitate the DNA. The
solution was centrifuged at 5000 rpm for 10 minutes. The DNA pellet was air
dried to remove the residual ethanol. The pellet was dissolved in sterile water
and stored in -20°C deep freezer for further use. The isolated genomic DNA was
subjected to electrophoresis to visualise the DNA. The samples were separated
on 1.5 per cent agarose gel and then stained in ethidium bromide and visualised
under UV transilluminator (Fig.1). DNA was quantified using a Nanodrop

spectrophotometer (Nanodrop Fisher Thermo., USA).

Figure 1. Total genomic DNA of plants

The PCR amplifications were carried out for the CBOL recommended core
DNA barcodes viz. rbcL, matK as well as for the supplementary barcodes trnH-
psbA, nuclear ITS (Internal Transcribed Spacer) regions (ITS1 and ITS2), rpoB and
rpoC barcode regions (CBOL, 2009). Reported universal primer sequences for
plant barcoding purposes were selected for the specific barcode loci (Table 1)
(Vijayan and Tsou, 2010; China Plant BOL Group, 2011). PCR was performed to
amplify the gene sequences in 20 pl reaction volume, containing 1 pl genomic

DNA, 2 pl primer (20 picomoles), 200 pM dNTPs, 2 pL of 10x Taq buffer and 2U of
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Taq DNA polymerase. DNA was amplified by a programmable thermal cycler
PTC 200 (M] Research Inc., USA). PCR reaction followed is given in Table 1.
Annealing temperature varies from primer to primer as well as species to species.
PCR products were resolved on 2 % agarose gels stained with ethidium
bromide and then purified using Nucleospin Elution Kit (Machery-Nagel, U.S.A.)
(Fig. 2). PCR reaction has been scaled up to 50 pL volume for the purpose of
elution. Elution of the PCR product was done by Nucleospin gel and PCR clean
up kit as per the manufacturer’s protocol (Machery-Nagel, U.S.A.). DNA
sequencing was performed for the eluted PCR products in both forward and

reverse directions employing Sanger’s dideoxy chemistry.
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Figure 2. PCR products of plant barcode regions (lane 1-100bp ladder, lane 2-rbcL,
lane 3-matK, lane 4-trnH-psbA, lane 5-rpoB, lane 6-rpoC, lane 7-ITS1, lane 8-ITS2)



Table 1. Primer sequences of seven candidate DNA barcodes and their reaction

conditions

Barcode | Primer Primer sequence 5-3’ Reaction
region conditions

rbcL 1F ATGTCACCACAAACAGAAAC 94°C 5 min.

724R 94°C 1 min.

TCGCATGTACCTGCAGTAGC )
60°C 1min.

72°C 1min.

35 cycles

72 °C 10 min.

matk 472F CCCRTYCATCTGGAAATCTTGGTT 94°C 10 min.
1248R GCTRTRATAATGAGAAAGATTTCTGC | 94°C 1 min.
57°C Tmin.
72°C 1.5 min.
35 cycles

72 °C 12 min.

psbA- psbA GTWATGCAYG AACGTAATGCTC 94°C 5 min.
trnH trnH CGCGCATGGTGGATTCACAATCC 94°C 1 min.
60.5°C 1min.
72°C 1 min.
35 cycles

72 °C 10 min.

rpoC rpoC GGCAAAGAGGGAAGATTTCG 94°C 5 min.
rpoC CCATAAGCATATCTTGAGTTGG 94°C 1 min.
57°C Imin.
72°C 1min.
35 cycles

72 °C 10 min.

rpoB rpoB F AAGTGCATTGTTGGAACTGG 94°C 5 min.
rpoBR GATCCCAGCATCACAATTCC 94°C 1 min.
60°C 1min.
72°C 1min.
35 cycles

72 °C 10 min

ITS1 ITSF TCCGTAGGTGAACCTGCGG 94 °C-5 min.
ITSR GCTGCGTTCATCGATGC 94 °C-1 min.
63 °C -1 min.
72 °C-1 min.
35 cycles

72 °C-10 min.

ITS2 ITS3F GCATCGATGAAGAACGCAGC 94 °C-7 min.
IT4R TCCTCCGCTTATTGATATGC 94 °C-1 min.
59 °C -1 min.
72 °C-1 min.
35cycles

72 °C-10 min.




PROTOCOL FOR DNA BARCODING IN INSECTS

Insects comprise about 1 million species and are the most abundant life forms on
earth. India has listed among the top ten mega diversity nations of the world with
respect to insect diversity, comprising 7.10 % of the world insect fauna (Ghorpade
et al., 2010). Diversification of the insect fauna is more extensive when compared
to other animal phyla and hence species identification of insects is always a
challenging task for the conventional taxonomists. Insect DNA barcoding refers to
the identification of an insect species, by the use of 648bp conserved DNA
sequences from the specific mitochondrial gene CO1 (cytochrome oxidase 1), and
provides a supplementary tool for insect species identification (Hebert et al., 2003).

Insect sample was collected and ground using mortar and pestle with 150 pul
SDS Buffer [200 mM Tris- HCI (pH 8.0), 25 mM EDTA, 250 mM NaCl and 0.5 %
sodium dodecylsulfate]. This was transferred into a 2 ml vial and 350 pl SDS
buffer was added. RNase A solution (100 mg/ml) was added to the homogenate.
Samples were incubated at 37 °C for 1 hour. After incubation, proteinase K
(20mg/ ml) was added and mixed well. This was again kept for incubation at 50
°C for 1 hour. The homogenate was then extracted with 240 pl of
chloroform:isoamyl alcohol (24:1) and was centrifuged for 10 minutes at 12,000 g.
Supernatant was transferred to a new tube. To precipitate DNA, 500 pl chilled
absolute ethanol was added and tube was centrifuged at 12,000 g for 15 min. The
pellet was washed with 500 pl of 70% ethanol and centrifuged at 12,000 g for 3
minutes to remove residual salts. The pellet was dried in a vial at 37 °C for 30
minutes in an incubator or air dried at room temperature for overnight. The pellet
was resuspended in 50 pl sterile double distilled water. The samples were
separated on 1.5 % agarose gel and then stained in ethidium bromide and
visualized under UV transilluminator (Fig.3). DNA was quantified using a

Nanodrop spectrophotometer (Nanodrop, Fisher Thermo., USA).
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Figure 3. Total genomic DNA of insect

The COI barcode region was PCR amplified using the reported primer
combinations C1-J-1718 F (5-GGAGGATTTGGAAATTGATTAGTGCC- 3') and
C1-N-2191 (5 - CCCGGTAAAATTAAAATATAAA -3') (Folmer et al., 1994). PCR
was performed to amplify the COI sequence in 20 pul reaction volume, containing 1
ul genomic DNA, 2 pl primer (20 picomoles), 200 uM dNTPs, 2 pL of 10x Taq
buffer and 2U of Taqg DNA polymerase. DNA was amplified by a programmable
thermal cycler PTC 200 (M] Research Inc.,, USA). PCR reaction was performed
with the following conditions of initial denaturation of 94 °C for 5 min, followed
by 35 cycles of 94 °C for 1 min, 62 °C for 1 min, 72 °C for 1 min and a final
extension of 72 °C for 10 min.

PCR products were resloved on 2 % agarose gels stained with ethidium
bromide. PCR reaction has been scaled up to 50 pL volume for the purpose of
elution and then purified using Nucleospin Elution kit (Machery-Nagel, U.S.A.)
(Fig. 4). DNA sequencing was performed for the eluted PCR products in both

forward and reverse directions employing Sanger’s dideoxy chemistry.
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Figure 4. PCR products of insect CO1 barcode region (lanel-100 bp ladder,
lane 2 & 3- COI)
PROTOCOL FOR DNA BARCODING IN FUNGI

Internal transcribed spacer region (ITS) of nuclear DNA, a routinely used
sequence data for analyzing fungal diversity in environmental samples, has
recently been recommended as the standard region for fungal DNA barcoding.
DNA barcoding for fungal species identification has immensely contributed to
fungal ecology research and has generated information about the diversity and
ecology of many different groups of fungi. This sequence based tool has the
specific advantage of studying the ecology of fungal species even from the
inconspicuous myecelial stage in the absence of fruiting bodies (Anderson and
Cairney, 2004; Chase and Fay, 2009). Environmental barcoding employing
sequence based barcodes has significantly advanced over the past decade as a
reliable tool to study abundance and species richness of fungi (O’Brien et al., 2005).
The internal transcribed spacer (ITS) of nuclear DNA (nrDNA) has also been
proposed as the official primary barcoding marker for fungi (Deliberation of 37
mycologists from 12 countries at the Smithsonian's Conservation and Research
Centre, 2007) (Bellemain et al., 2010).

For the development of DNA barcode, fungal mucelium was cultured on

Potato Dextrose Agar (PDA) in a petridish. Fungal mycelia were scraped directly

12



from the surface of the fully grown PDA plate. The mycelial mass was ground
using liquid nitrogen in a mortar and pestle to form a fine powder. After grinding,
2 ml of extraction buffer [100 mM Tris- HCI (pH 8.0), 20 mM EDTA, 0.5 M NaCl
and 1 % Sodium dodecylsulfate] was added and the slurry was transferred to a 2
ml vial. 8 ul RNase was added and incubated at 65 °C for 20 minutes with a gentle
inversion in every 5 minutes. After incubation, an equal volume of
chloroform:isoamyl alcohol (24:1) was added and centrifuged at 16,000 g for 5
minutes. Aqueous phase was carefully transferred to a new micro centrifuge tube
and the previous step was repeated. Final aqueous phase was transferred to a new
tube and mixed with half volume of 5 M NaCl and double volume of ice cold
ethanol. Samples were incubated at room temperature for 10 min and centrifuged
for 15 min at 16,000 g to recover the pellet. After rinsing the pellet with 95 %
ethanol, the pellet was allowed to air dry briefly and was subsequently
resuspended in 50 pl sterile double distilled water. The isolated genomic DNA
was subjected to electrophoresis to visualize the genomic DNA. The samples
were separated on 1.5 % agarose gel and then stained in ethidium bromide and
visualized under UV transilluminator (Fig. 5). DNA was quantified using a

Nanodrop spectrophotometer (Nanodrop, Fisher Thermo., USA).

Figure 5. Total genomic DNA of fungi
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ITS regions (ITS1 and ITS2) considered as the universal barcode of fungi were
amplified using the recommended primers, ITSIF TCCGTAGGTGAACCTGCGG,
ITS2R  GCTGCGTTCATCGATGC  for  ITS1 region and  ITS3
GCATCGATGAAGAACGCAGC and ITS4 TCCTCCGCTTATTGATATGC for
ITS2 region used primers (White et. al., 1990). PCR was performed to amplify the
gene sequences in 20 pl reaction volume, containing 1 pl genomic DNA, 2 ul
primer (20 picomoles), 200 uM dNTPs, 2 pL of 10x Taq buffer and 2U of Taqg DNA
polymerase. DNA was amplified by a programmable thermal cycler PTC 200 (M]
Research Inc., USA). For ITS1 barcode region, the PCR parameters were initial
denaturation of 94 °C for 5 min, followed by 35 cycles of 94 °C for 1 min, 55 °C for
1 min and 72 °C for 1 min, and a final extension of 10 min at 72 °C. ITS2 barcode
region was amplified using PCR parameters of initial denaturation of 94 °C for 5
min, followed by 35 cycles of 94 °C for 1 min, 59 °C for 1 min and 72 °C for 1 min,
and a final extension of 10 min at 72 °C for 5 min.

PCR products were resolved on 2 % agarose gels stained with ethidium
bromide and then purified using Nucleospin elution kit (Machery-Nagel, U.S.A.)
(Fig. 6). PCR reaction has been scaled up to 50 pL volume for the purpose of
elution. DNA sequencing was performed for the eluted PCR products in both

forward and reverse directions employing Sanger’s dideoxy chemistry.
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Figure 6. PCR products of fungal ITS regions (lane 1-100 bp ladder, lane 2-
ITS1, lane 3-ITS-2)
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SEQUENCE DATA ANALYSIS

The raw sequence chromatograms obtained after sequencing were edited using
BioEdit Software v.7.0. The edited sequences were used for multiple sequence
alignment in CLUSTAL X (Thompson et al., 1997). The sequences after alignment
were then subjected to BLAST sequence similarity search in NCBI GenBank

(http:/ /www.ncbi.nlm.nih.gov/genbank/). The Kimura 2-parameter (K2P)

nucleotide substitution model was used for calculating pairwise distances with
MEGA v.6.0 (Tamura et al., 2013). Average pairwise intraspecific divergence (K2P
distance), mean theta (0), and average coalescent depth were used to characterize
intraspecific divergence, as described in Meyer and Paulay (2005). Intraspecific as
well as interspecific divergence parameters were compared for all the analyzed
barcode regions along with their possible combinations. An ideal barcode should
have high interspecific but low intraspecific divergence. DNA barcoding gaps
were calculated by comparing intra and interspecific genetic distances (Kress and
Erickson, 2008). Wilcoxon signed rank tests for testing the significance of inter-
intraspecific divergence were also performed (Lahaye et al. 2008). Positive species
identification by a candidate barcode was counted only if multiple individuals
formed a monophyletic cluster in the Neighbor-Joining trees (MEGA v.6.0),
according to the method of Starr et al. (2009). Clade support was estimated with
1,000 heuristic bootstrap replicates (100 random addition cycles per replicate, with
tree bisection-reconnection and branch-swapping) to test the reliability of the

inferred phylograms.
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4. IDENTIFICATION OF MARKET ADULTERANTS
IN EAST INDIAN SANDALWOOD USING DNA BARCODING

Sandalwood, the most valuable tropical hardwood, is mainly extracted from
Santalum album L. (East Indian sandalwood) and S. spicatum R.Br (Australian
sandalwood) (Hewson and George, 1984). In India, S. album is distributed naturally
over 9400km2 on the Deccan Plateau in the states of Karnataka, Kerala and Tamil
Nadu (Srimathi et al., 1995). Indian sandalwood is the most appreciated in the world,
for its fragrant heartwood and oil used for incenses, soaps, creams, perfumes,
carvings, paintings and for religious rituals for over 4000 years. The global supply of
natural Indian sandalwoods has reached critical levels due to illegal felling and over-
harvest with the tree being recognised as a vulnerable species on the World
Conservation Union’s (IUCN) Threatened Species Red List (IUCN 2009). In India,
official production of sandalwood has been declined significantly over the years due
to the depletion of the existing natural resources (Ananthapadmanabha, 2012).

To supplement internal demands, which are 5,000 tonnes per annum, India has to
adopt sandalwood import in substantial quantity and the import of substitutes
especially the “Tanzanian or African sandalwood’, Osyris lanceolata Hochst. & Steud.
was more than 3,000 tonnes in 2006 (Ananthapadmanabha, 2012). Consequently, the
quality of superior sandalwood oil was affected and Government had to impose a
ban on import of sandalwood in India. The East Indian sandalwood oil is very
unique with a large number of essential molecules which are extremely difficult to
replace with a synthetic substitute. The common sandalwood adulterants available
in commercial market of India are the “Nepal sandalwood’, Osyris wightiana Wall. ex
Wight (Santalaceae) and ‘Indian bastard sandal’, Erythroxylum monogynum Roxb.
(Erythroxylaceae) (Anupama et al., 2012). It is difficult to distinguish between O.
wightiana and “East Indian sandalwood’ in grain or colour with the scent of the two
woods differing only slightly. The heart wood is faintly fragrant and used for
adulterating sandalwood (Shyaula, 2012). The heartwood of E. monogynum, is
reddish-brown and with a pleasant odour (Oyen and Dung, 1999).

17



A number of lawsuits registered with regard to the adulteration of sandalwood
and oil, get stalled due to the lack of technical tools for the correct identification of
the source wood (Bhat et al., 2006). The ability to track or identify timber resources of
economic value is therefore critically essential for the effective management and
appropriate regulation of timber trade. DNA barcoding has been suggested as a
valid technical tool even in the court of law (Lowe and Cross, 2011) and can replace
other timber species verification means like wood anatomy (Bhat et al., 2006),
chemical composition (Deguilloux et al., 2002) and isotopic fingerprinting (Boner et
al., 2007), which in majority cases are unable to resolve down to the species level.
DNA barcoding, as facilitated by the Consortium for the Barcode of Life (CBOL) and
the International Barcode of Life Project (iBOL), has developed a standardized set of
gene regions and central database of reference samples (Barcode of Life Database -
BOLD) to identify many species around the world (Hebert et al., 2003; Costion et al.,
2011). Developments over the last 10 years in the extraction of DNA from dried and
processed wood samples, leads to the development of reliable and efficient tracing
methods particularly for forest trees affected by illegal logging and adulteration
activities (Deguilloux et al., 2002; Liepelt et al., 2006; Rachmayanti et al., 2006; Lowe et
al., 2010).

This study demonstrates the ability of DNA barcoding, using three standard
plant barcodes, to distinguish East Indian sandalwood from its adulterant species

viz. O. wightiana and E. monogynum.

MATERIAL AND METHODS

DNA extraction

Leaf samples of S. album as well as of the adulterants O. wightiana and E. monogynum
were collected from the Marayur sandalwood reserve forest and Chinnar Wildlife
Sanctuary located on the leeward side of the Western Ghats in the SouthWest region
of India (10°15'N latitude and 77°11'E longitude). Voucher specimens for all the
species were deposited at the KFRI herbaria maintained in the institute. Genomic

DNA was extracted from silica gel dried leaves using DNeasy Plant Mini Kit
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(Qiagen, U.S.A)) in accordance with the manufacturer’s protocol with slight
modifications.

PCR amplification and Sequencing

PCR amplifications were performed as per standard protocols in five samples each
for the three standard barcode loci viz. rbcL (ribulose bis phosphate carboxylase) and
matK (maturase K) as well as for the non-coding trnH-psbA intergenic spacer region
of the plastid genome. Polymerase chain reaction (PCR) amplifications were carried
out using CBOL (2009) recommended universal primers for rbcL, matK and trnH-
psbA listed in Table 2.

Table 2. Barcode loci and primer information

Barcode | Primer information Primer
loci Annealing
Temperature
rbcL 1F ATGTCACCACAAACAGAAAC 600C
724R TCGCATGTACCTGCAGTAGC
matK 472F CCRTCATCTGGAAATCTTGGTT 600C
1248R GCTRTRATAATGAGAAAGATTCTGC
TrnH- trnHF CGCGCATGGTGGATTCACAATCC 60.8°C
psbA psbA RGTWATGCAYGAACGTAATGCTC

Sequence analysis, barcode design and phylogeny construction
Please refer to the methodology provided in page 19.

Sequences of rbcL, matK and trnH-psbA of Buxus sempervirens available in the
NCBI nucleotide library (Accession nos. HE963366.1, HE966887.1, HE966523.1,
respectively) were also included in the distance analysis. All positions containing
gaps and missing data were eliminated from the dataset (complete deletion option).

There were 1358 positions in the final dataset.

RESULTS

All selected barcode regions were amplified with the COBOL primers and the eluted
products gave good read length in the forward direction. Molecular diagnosis of
sandalwood adulterants were performed by a multi-locus DNA barcoding approach.
The final aligned partial sequences had a length of 679 bp, 710 bp and 443 bp for
rbcL, matK and trnH-psbA intergenic spacer respectively (NCBI Genbank accession
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nos. KC503279-KC503287). Unique barcodes using rbcL, matK and psbA-trnH were

generated

for sandalwood and its adulterants  through

BOLD

(http:/ /www.boldsystems.org/) and the rbcL barcodes are provided in Figure 7.
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Figure 7. rbcL DNA barcodes for S. album, O. wightiana and E. monogynum

Of the total number of aligned nucleotides, conserved sites, variable but

uninformative and parsimony informative sites showed variation among the three

standard barcodes (Table 3). Generally, a very low percentage of parsimony

informative characters of 1% or 2% were observed with all the three analysed

barcodes. Transitions were more common than transversions except for trnH-psbA

and hence transition/trasversion ratio was >1 in rbcL and matK. We manually

examined the sequence alignments for SNPs and found unique SNPs in sandalwood

and its adulterants (Fig. 8). Unique SNPs were observed with rbcL and trnH-psbA of

E. monogynum and also in the matK barcode of O. wightiana.
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Table 3. SNPs and Tajima’s test (1993) statistics for the three barcode loci

Loci Conserv | Variable Parsimon | Overall
ed y transition/trasver
informati | sion ratio (R)
ve
rbcL 617 61 9 (1%) 1.6
matK 560 110 5(2%) 1.4
trnH-psbA | 242 153 7 (2%) 0.7

ﬁ**** ﬂ***mi i****ﬂ

5 ﬁzlslélé-mma%l

G l
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Figure 8. Multiple sequence alighment showing single nucleotide polymorphisms
(SNPs) (highlighted in boxes) in rbcL sequences of S. album (1), O. wightiana (2) and E.

monogynum (3)
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Estimates of genetic distances among sandalwood and its adulterants calculated
using the Kimura 2-parameter method in MEGA 4 (Kimura, 1980) with a total of
1358 positions in the combined dataset. The genetic distance between S. albumy/ O.
wightiana was 0.037 and that of S. album/ E. monogynum was 0.080. Aligned molecular
sequence data from all the three barcodes were used to generate a dendrogram
which depicted the genetic relationship among sandalwood (Fig. 9) and its common

adulterants. S. album and O. wightiana formed the most genetically similar cluster.

89 S.album
0.02580
0.01339 O.wightiana

0.02778

qoosg0 E.monogynum
0.08909 _
B.sempenvrens
0.09510
—
0.02

Figure 9. Cladogram depicting genetic relationships of sandalwood and its
adulterants (values indicate genetic distances)

DISCUSSION

DNA barcoding offers numerous potential applications in the field of forest forensics
including the identification of timber species in the timber trade industry as well as
to monitor the illegal trade of wildlife, such as protected or endangered species or to
identify the species of origin in the case of commercially processed food (Shiviji et al.,
2002). DNA barcoding has been employed to identify an endangered tropical timber
species, Gonystylus bancanus (Asif and Cannon, 2005) as well as to identify wood of
Shorea species and its origin by the Forestry and Forest Products Research Institute
(FFPRI, Tsukuba), the Forest Research Centre, Sabah (FRC) as well as by the Forest
Research Institute Malaysia (FRIM) (Fuji, 2007). In the Royal Botanic Gardens, Kew,
DNA barcoding has been employed to detect illegal logging and origin of
endangered timber species of the genera Aquilaria and Cedrela (Chase et al., 2005).
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The present study demonstrated the usefulness of DNA barcodes to distinguish
common wood adulterants from the original sandalwood. Out of the three barcodes
tested, unique SNPs were identified with two of the standard barcodes viz. rbcL,
trnH-psbA in E. monogynum and with matK barcode in O. wightiana which can be
efficiently used for the genetic identification of sandalwood adulterants. SNPs have
been used previously also for the timber tracking of wood adulterants (Degen and
Fladung, 2008). Among the two adulterants, O. wightiana was found to be more
genetically similar to S. album as revealed in the distance based dendrogram. Earlier
studies on genetic grouping based on rDNA sequences revealed close genetic
affinities of S. album and O. wightiana (Anupama et al., 2012). In the barcodes,
transitions, which mostly do not result in amino acid changes, were more frequent
than transversions. Since barcode genes are more conserved, transitions which do
not make any change in the amino acid sequence occur more frequently and DNA
sequences in general are more likely to undergo transition than transversion with the
ti/ tv ratio above unity (Holmquist, 1983).

The Indian species of sandalwood (S. album) commands the highest price of upto
A$105,000 per tonne at auction due to its superior oil yields and long-term market
acceptance. An unfortunate consequence due to these rising prices is that some
dealers are even using polished and scented sticks of most inferior quality woods
which are difficult to identify by traditional means (Page et al., 2012). The ability of
the standard DNA barcodes to differentiate sandalwood adulterant species
demonstrated in the present study can thus be effectively utilized as a diagnostic
adulterant monitoring tool by enforcement agencies (customs/border inspection)
and traders of sandalwood and its products. The new technological advancements in
the timber forensics have minimised the need for basic skills as well as dramatically
reduced the cost, so that it can complement an integrated approach even in the court

of law.
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5. SPECIES DISCRIMINATION THROUGH DNA BARCODING
FOR THE GENUS SALACIA OF THE WESTERN GHATS IN
INDIA

The tropical genus Salacia L. (Celastraceae) comprises of 150 species, 21 of which are
distributed in India and 8 of them in the Kerala region of the Western Ghats
(Sasidharan, 2004; Ramamurthy and Venu; 2005, Udayan et al., 2012). The genus
includes scandent or erect shrubs, small trees and lianas with opposite/ subopposite
leaves, fascicled/ panicled flowers with intrastaminal conical disc and drupaceous/
subglobose fruits. Plants of this genus are used in traditional medicine as acrid,
bitter, thermogenic, urinary, astringent, anodyne, anti-inflammatory, depurative,
vulnerary, liver tonic and stomachic. The roots have also been used for treating itch,
rheumatism, diabetes and venereal diseases such as gonorrhoea (Paarakh et al.,
2008). Many Salacia species serve as a source of pharmaceutical chemicals used in

the Ayurvedic system of medicine in India.

Species identity within the genus is conventionally established based on
morphological features. However, identification of species within the genus Salacia
is often difficult due to the high level of morphological similarities. To ensure quality
and assured therapeutic effects in the raw drugs extracted from the genus, proper
identification at the species level is critical. Salacia reticulata is the most widely
recommended species for treating diabetes in Ayurveda, but availability of the
species has diminished considerably in India (Udayan and Pradeep, 2012). Several
other species of Salacia are heavily extracted from the natural areas of distribution
and the roots sold in the raw drug market as that of S. reticulata, “ponkarandi or
ekanayakam’ (in local language) and go undetected due to difficulties in the correct
identification of species (Udayan and Pradeep, 2012).

In this study, three plastid loci viz. ribulose-bisphosphate carboxylase (rbcL),
maturase K (matK) and the non-coding chloroplast intergenic spacer (trnH-psbA) and
a nuclear locus viz. the internal transcribed sequence (ITS2), were employed to
develop species specific barcodes for identifying eight species and one variety of the

genus Salacia. Our objective was to arrive at suitable barcodes that can accurately
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and efficiently identify the botanical origins of the raw drugs out of the genus

Salacia.

MATERIALS AND METHODS

Taxon sampling

Eight species and one variety of the genus Salacia (S. beddomei, S. chinensis, S.
fruticosa, S. macrosperma, S. malabarica, S. oblonga, S. vellaniana, S. agasthiamalana and
one variety S. oblonga var. kakkayamana were included in the present analysis. Six
species and one variety of the genus are endemic to the Western Ghats region of
peninsular India, either with restricted distribution only to the type locality (S.
agasthiamalana, S. vellaniana and S. oblonga var. kakkayamana) or to a few sparsely
distributed populations (S. beddomei, S. macrosperma and S. malabarica). S. fruticosa is
widely distributed throughout the Western Ghats with a few individuals in each
distribution zones. Non-endemic species, S. oblonga and S. chinensis were collected
from four and six localities in the Western Ghats respectively. A map indicating the
taxon sampling locations of the eight Salacia species and one variety is provided as
Figure 10. Voucher specimens for all the species were deposited in the Kerala Forest

Research Institute (KFRI) herbarium (www.kfriherbarium.org).

DNA extraction, amplification and sequencing

Genomic DNA was extracted from silica gel dried leaves using DNeasy Plant Mini
Kit (Qiagen, U.S.A.) in accordance with the manufacturer’s protocol with slight
modifications. PCR amplifications as per standard protocols were performed for the
four recommended standard barcode regions rbcL, matK, trnH-psbA of the plastid
genome as well as for ITS2 (CBOL Plant Working Group, 2009) of the nuclear

genome, using previously reported primers (Table 4).
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Figure 10. The localities of Salacia species in peninsular India used for this

study
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Table 4. Barcode loci and primer information

Barcode loci Primer information (5'-3") Primer
Annealing
Temperature

rbcL 1F ATGTCACCACAAACAGAAAC 60°C

(Fay et al. 1997) 724R TCGCATGTACCTGCAGTAGC

matK 472F CCRTCATCTGGAAATCTITGGTT 60°C

(Yu et al. 2011) 1248R GCTRTRATAATGAGAAAGATTTCTGC

trnH-psbA trnH CGCGCATGGTGGATTCACAATCC 60.8°C

(Kress et al. 2005) psbA RGTWATGCAYGAACGTAATGCTC

ITS2 ITS3-GCATCGATGAAGAACGCAGC 590C

(White et al. 1990) ITS4-TCCTCCGCTTATTGATATGC

Sequence alignment and data analysis

Please refer to the methodology provided in page 19.

RESULTS

All the four analyzed barcode regions (rbcL, matK, trnH-psbA and ITS2) were
amplified using recommended specific primers and PCR efficiency was 100%. All
the sequences generated out of the study were submitted to GenBank

(http:/ /www.ncbi.nlm.nih.gov/ genbank/) as well as to BOLD

(http:/ /www.barcodinglife.org) (Table 5). Sequence length and basic sequence

statistics like conserved sites, variable sites, singletons and transition/ transversion
ratio, based on CLUSTAL X alignment as well as with alignment explorer in MEGA
4.0, are provided in Table 6. The number of variable sites was greater for ITS2 as

compared to other barcode regions.
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Table 5. NCBI Genbank accession numbers and BOLD process ID of all the 60 samples

Species name Sample  Genbank accession numbers BOLD
ID Process ID
rbcL matK trnH- ITS2 ITS2
psbA

S. fruticosa S.frul KR091312  KR091372 KR091432  KR091492  SALAC001-15
S. fruticosa S.fru02 KR091313  KR091373 KR091433  KR091493  SALAC002-15
S. fruticosa S.fruo3 KR091314  KR091374 KR091434  KR091494  SALAC003-15
S. fruticosa S.fruo4 KR091315  KR091375 KR091435  KR091495  SALAC004-15
S. fruticosa S.fruos KR091316  KR091376 KR091436  KR091496  SALAC005-15
S. fruticosa S.fruo6 KR091317  KR091377 KR091437  KR091497  SALAC006-15
S. fruticosa S.fruo7 KR091318  KR091378 KR091438  KR091498  SALAC007-15
S. fruticosa S.fruos KR091319  KR091379 KR091439  KR091499  SALAC008-15
S. fruticosa S.fruo9 KR091320  KR091380 KR091440  KR091500  SALAC009-15
S. fruticosa S.fru10 KR091321  KR091381 KR091441  KR091501  SALAC010-15
S. fruticosa S.frull KR091322  KR091382 KR091442  KR091502  SALAC011-15
S. fruticosa S.fru12 KR091323  KR091383 KR091443  KR091503  SALAC012-15
S. fruticosa S.fru13 KR091324  KR091384 KR091444  KR091504  SALAC013-15
S. fruticosa S.frul4 KR091325  KR091385 KR091445  KR091505  SALAC014-15
S. oblonga S.0b01 KR091326 ~ KR091386 KR091446  KR091506  SALAC015-15
S. oblonga S.0b02 KR091327  KR091387 KR091447  KR091507  SALAC016-15
S. oblonga S.0b03 KR091328  KR091388 KR091448  KR091508  SALAC017-15
S. oblonga S.0b04 KR091329  KR091389 KR091449  KR091509  SALAC018-15
S. beddomei S.bed01 KR091330  KR091390 KR091450  KR091510  SALAC019-15
S. beddomei S.bed02 KR091331  KR091391 KR091451  KR091511  SALAC020-15
S. beddomei S.bed03 KR091332  KR091392 KR091452  KR091512  SALAC021-15
S. beddomei S.bed04 KR091333  KR091393 KR091453  KR091513  SALAC022-15
S. beddomei S.bed05 KR091334  KR091394 KR091454  KR091514  SALAC023-15
S. beddomei S.bed06 KR091335  KR091395 KR091455  KR091515  SALAC024-15
S. beddomei S.bed07 KR091336  KR091396 KR091456  KR091516  SALAC025-15
S. beddomei S.bed08 KR091337  KR091397 KR091457  KR091517  SALAC026-15
S. chinensis S.chio1 KR091338  KR091398 KR091458  KR091518  SALAC027-15
S. chinensis S.chi02 KR091339  KR091399 KR091459  KR091519  SALAC028-15
S. chinensis S.chi03 KR091340  KR091400 KR091460  KR091520  SALAC029-15
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S. chinensis

S. chinensis

S. chinensis

S. macrosperma
S. macrosperma
S. macrosperma
S. macrosperma
S. macrosperma
S. macrosperma
S. vellaniana

S. vellaniana

S. vellaniana

S. vellaniana

S. vellaniana

S. vellaniana

S.

S

S.

. agasthiamalana

. agasthiamalana

agasthiamalana

. agasthiamalana

agasthiamalana

S. oblonga var.
kakkayamana
S. oblonga var.
kakkayamana
S. oblonga var.
kakkayamana
S. oblonga var.
kakkayamana
S. oblonga var.
kakkayamana
S. oblonga var.
kakkayamana
S. oblonga var.
kakkayamana
S. oblonga var.
kakkayamana
S.malabarica

S.malabarica

S.malabarica

S.chio4
S.chi05
S.chi06
S.ma01
S.ma02
S.ma03
S.ma04
S.ma05
S.ma06
S.vel0l
S.vel02
S.vel03
S.vel04
S.vel05
S.vel06
S.aga0l
S.aga02
S.aga05
S.aga04
S.aga05
S.ka01
S.ka02
S.ka03
S.ka04
S.ka05
S.ka06
S.ka07
S.ka08
S.mal01
S.mal02

S.mal03

KR091341

KR091342

KR091343

KR091344

KR091345

KR091346

KR091347

KR091348

KR091349

KR091350

KR091351

KR091352

KR091353

KR091354

KR091355

KR091356

KR091357

KR091358

KR091359

KR091360

KR091361

KR091362

KR091363

KR091364

KR091365

KR091366

KR091367

KR091368

KR091369

KR091370

KR091371

KR091401

KR091402

KR091403

KR091404

KR091405

KR091406

KR091407

KR091408

KR091409

KR091410

KR091411

KR091412

KR091413

KR091414

KR091415

KR091416

KR091417

KR091418

KR091419

KR091420

KR091421

KR091422

KR091423

KR091424

KR091425

KR091426

KR091427

KR091428

KR091429

KR091430

KR091431

KR091461

KR091462

KR091463

KR091464

KR091465

KR091466

KR091467

KR091468

KR091469

KR091470

KR091471

KR091472

KR091473

KR091474

KR091475

KR091476

KR091477

KR091478

KR091479

KR091480

KR091481

KR091482

KR091483

KR091484

KR091485

KR091486

KR091487

KR091488

KR091489

KR091490

KR091491

KR091521

KR091522

KR091523

KR091524

KR091525

KR091526

KR091527

KR091528

KR091529

KR091530

KR091531

KR091532

KR091533

KR091534

KR091535

KR091536

KR091537

KR091538

KR091539

KR091540

KR091541

KR091542

KR091543

KR091544

KR091545

KR091546

KR091547

KR091548

KR091549

KR091550

KR091551

SALACO030-15

SALACO031-15

SALAC032-15

SALACO033-15

SALAC034-15

SALACO035-15

SALAC036-15

SALAC037-15

SALACO038-15

SALAC039-15

SALAC040-15

SALAC041-15

SALAC042-15

SALAC043-15

SALAC044-15

SALAC04515

S47AC046-15

SALACO047-15

SALAC048-15

SALAC049-15

SALACO050-15

SALACO051-15

SALACO052-15

SALAC053-15

SALAC054-15

SALAC055-15

SALACO056-15

SALAC057-15

SALACO058-15

SALAC059-15

SALACO060-15
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Table 6. Summary statistics of the four analysed barcodes

rbcL matK trnH-psbA ITS2
Length range (bp) 701 743 643 410
Conserved sites 685 720 559 353
Variable sites 10 18 39 44
Singletons 3 12 23 11
Transition/ 2.7 1.2 1.8 2.2
transversion ratio
Nearest DISTANCE |0 0 40 100
method
(Identification
Efficiency (1%)

Genetic divergence was estimated using six parameters (Table 7). ITS2 barcode
exhibited the highest interspecific divergence (i.e., average interspecific distance;
theta prime) followed by trnH-psbA, matK and rbcL and the minimum interspecific
genetic distance was zero in all these four barcode loci. At the intraspecific level,
maximal intraspecific genetic distance (coalescent depth) was highest for trnH-psbA
followed by ITS2 and lowest for matK. Wilcoxon’s signed rank test demonstrated
that the interspecific divergence measures displayed by ITS2 barcode were
significantly higher than that of other barcode regions.

DNA barcoding gap was evident for ITS2 whereas it was less conspicuous for
trnH-psbA as well as for matK. For rbcL, the intraspecific distance was higher than
that of interspecific genetic distance. Nearest distance method was used to test the
suitability of different barcodes for species identification. ITS2 barcode possessed
100% species identification efficiency in all the tested samples whereas the
identification efficiency was 40% for trnH-psbA and the rest of the barcode loci (rbcL,

matK) failed to discriminate species.
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Table 7. Analysis of interspecific divergence among congeneric species and
intraspecific variation within species

Marker rbcL matK trnH-psbA | ITS2
Average 0.0012+0.003 | 0.005+0.005 | 0.026+0.019 | 1.362+1.008
interspecific

distance

Average Theta 0.004+0.005 | 0.004+0.004 | 0.028+0.017 | 0.725+0.962
prime

Minimum 0 0 0 0
interspecific

distance

Average 0.001+0.004 |0 0.011+0.015 | 0.052+0.1484
intraspecific

distance

Average theta 0.003+0.002 | 0.003+0.003 | 0.026+0.016 | 0.698+0.628
Average coalescent | 0.0031+0.000 | 0.001+0.001 | 0.027£0.036 | 0.0045+0.021
depth

The topology of the four NJ derived phylograms revealed two or three major
distinct clusters. Most species of Salacia, except S. marcrosperma/ S. beddomei, formed
well supported monophyletic clusters in the generated phylograms. S. macrosperma
and S. beddomei were clustered together in the ITS2 (Fig. 11) and ITS2/ trnH-psbA
derived phylograms while they displayed monophyletic clusters in the rest of the
phylograms with many shared nucleotides. S. oblonga and its variety ‘kakkayamana’
also displayed similar nucleotide changes and both clustered together in the
generated phylograms. The widely distributed S. fruticosa showed many unique base
pair changes in their haplotypes (Fig. 12). Salacia chinensis can be considered as a
standalone species and generated strongly supported (100 %) monophyletic clusters
in all the phylograms. Reciprocal monophyly was shown by S. fruticosa, S. chinensis,
S. agasthyamalana and S. macrosperma in the phylogram generated out of the

combined dataset of the four barcodes.
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Figure 11. Phylogenetic tree of ITS2 sequences. The lengths of the nodes represent the
substitution rate, which is defined as the percentage of substitution sites per alignment
length. Boot strap value&35 are shown on the branch points. Phylogenetic trees were
drawn as NJ trees adopting Kimura 2-parameter in the MEGA 4.0.
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Figure 12. Unique base pair changes in ITS2 sequences of S. fruticosa (S.fr)

DISCUSSION

DNA barcoding technique has been utilized as a powerful tool to confirm species
identity in cases of taxonomic complexities (Pang et al., 2011; Xin et al., 2012; Hou et
al., 2013). An ideal DNA barcode region should be evolutionarily conserved so as to
have lower variability within a species and greater variability among congeneric
species of a genus (Taberlet et al., 2007). Angiosperm DNA barcoding was proposed
originally by the CBOL Plant Working Group with two standard barcode regions
(rbcL and matK) and trnH-psbA and the ITS2 region were recommended later on
(Kress and Erickson, 2007; Chiou et al., 2007). The ITS2 region has been selected as a
barcode candidate because of the potential in phylogenetic analysis both at the genus
and species levels (Chen et al., 2010; Xin et al., 2013).

Results of the present study recommend ITS2 as the most promising DNA
barcode region for identifying Salacia species in terms of universality, specific genetic
divergence and discriminality among congeneric species. Among the four analysed
barcode regions, ITS2 was the shortest in length and was relatively easy to amplify
using the recommended universal primers. Even though matK, rbcL and trnH-psbA

were successfully amplified (100 %), the three markers were less powerful than ITS2
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in identifying Salacia species. Genetic divergence parameters derived out of ITS2
sequences displayed a significant difference between average inter and intraspecific
genetic distances and DNA barcoding gap was also highest. According to the nearest
distance method, identification accuracies of ITS2 barcode were 100% at the species
level. Even though in previous studies on other genera, trnH-psbA has been accepted
as a potential barcode (Kress et al., 2005; Song, 2009), it has been reported to be less
efficient in distinguishing closely related plants (Chen et al., 2010). The present study
also showed a lower efficiency of this non-coding chloroplast intergenic spacer
region (trnH-psbA) (40% identification efficiency) as compared to the ITS2 barcode.
ITS2 has been previously reported as a candidate marker for taxonomic classification
because of its correct identification rate and amplification efficiency (Coleman, 2003,
2007; Li et al., 2011; Hollingsworth, 2011) and has been recommended for the
barcoding of seed plants (China Plant BOL group et al., 2011). The potential of ITS2
region to identify closely related species has been previously reported for some
medicinal plants (Chen et al. 2010). Even though multiple copies of the nuclear ITS2
gene are present, they generally display a high amount of sequence similarity and
can often be treated as a single locus (Alvarez and Wendel, 2003; Coleman, 2007).
ITS2 as a DNA barcode had been used as a confirmatory tool in resolving taxonomic
complexities in the genus Astragalus and A. membranaceus was recommended to be a
variety of A. mongholicus (Dong et al., 2003). Similarly, 100% homology of ITS2
sequences and striking morphological similarities were also reported in Caragana
rosea and C. sinica (Hou et al., 2008). ITS2 has been used as a potential barcode in
identifying medicinal plants of the family Fabaceae (Gao et al., 2010), as well as in the
family Polygonaceae (Yao et al., 2009), for confirming the species identity in the
genus Nyssa (Wang et al., 2012) as well as to distinguish medicinal plant Boerhaavia
diffusa from its adulterant species (Selvaraj et al., 2012). ITS2 together with trnH-psbA
is used for discriminating the Chinese medicinal plant, Lonicera japonica from its
morphologically similar adulterant species (Hou et al., 2013).

Species identification in the genus Salacia is difficult when based solely on the
morphological characteristics and an accurate method is indispensable to ensure

proper and safe use and assured efficacy of extracted raw drugs. The ITS2 barcode
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with significant species discrimination power generated through the present study
can serve as a supplementary tool for confirming the species identity of the raw
drugs derived from the genus. The monophyletic clustering displayed by most
species demonstrated the efficiency of the barcode to identify Salacia species. Five of
the studied species (S. fruticosa, S. wvellanina, S. chinensis, S. malabarica, S.
agastyamalana) displayed well supported distinct monophyletic clustering in the
generated phylograms. The reciprocal monophyletic clustering displayed by S.
macrosperma/ S. beddomei in most of the cases suggest that they are closely related
sister species. All the vegetative characters of these species are substantially the same
and the only difference between these two species is the numerous flowers in dense
fascicles in S. macrosperma and some variation in fruit characteristics (Udayan and
Pradeep, 2012). Reciprocal monophyly and sharing of haplotypes between sister
species is an expected transitional stage for diverging lineages (Tajima, 1983;
Maddison, 1997). In all the derived phylograms, S. oblonga and its variety (S. oblonga
var. kakkayamana) showed 100 % homology and are clustered together.
Morphological differences among them exist only in the floral characteristics such as
globose nature of flowers, colour and size of flowers (Udayan et al., 2012, 2013). All
other species of Salacin even though morphologically similar displayed well
supported monophyletic clustering in the generated phylograms with unique

haplotypes for each species.
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6. SUMMARY AND CONCLUSIONS

The present project could standardise protocols for DNA barcoding and barcode
sequence data analysis for deriving interpretations on the identity of the unknown
specimens in the case of plants, insects and fungi. The case studies carried out could
demonstrate the capability of DNA barcoding technique in solving taxonomic
complexities as well as in discriminating the original species from the substitute/
adulterant species.

East Indian Sandalwood (Santalum album) in commercial markets is highly
prone to adulteration. A number of cases were registered with regard to the
adulteration of East Indian sandalwood, but the lack of technical tools for the precise
species identification of the source wood stalled most of the cases. The ability to
track or identify timber resources of economic value is essential for the effective
management and appropriate regulation of timber trade. The standard DNA
barcode regions rbcL, matK and trnH-psbA of choloroplast genomic sequences
recommended by the Consortium of Barcode of Life (CBOL) were analysed for their
potential to identify wood adulterants of sandalwood. Standard polymerase chain
reactions with CBOL recommended primers were performed for all the three
barcode loci. The PCR products after gel elution were sequenced and alignments
were performed using CLUSTALX.

The project could develop species specific DNA barcodes for the original East
Indian sandalwood and their market adulterants. Just like the Universal Product
Code (UPC) that is used for tracking trade items widely, the developed species
specific DNA barcodes would help to distinguish the market adulterants of
sandalwood from the original wood. Single nucleotide polymorphisms observed in
the adulterants of original sandalwood clearly indicated the utility of DNA
barcoding to keep track the wood adulterants in Indian sandalwood industry.
Recent technological innovations and high level of automation have reduced the
expenses and the technical skills required for the execution of DNA barcoding
technique. Practical checks at the credible voluntary wood certification agencies as
well as in the court of law could be made tamper proof by the implementation of

DNA barcoding along with the existing traditional techniques for timber monitoring.
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The second case study was carried out to prove the efficiency of DNA barcode
sequences to discriminate morphologically similar species” of the genus Salacia. The
genus Salacia is a source of many important pharmaceutical chemicals used in the
Ayurvedic system of medicine in India. Owing to the morphological similarities,
taxonomical complexities exist within the genus. To ensure quality and assured
therapeutic effects in the raw drugs from the genus, proper identification at the
species level is critical. The main objective of this study was to arrive at suitable
DNA barcodes that can accurately and efficiently identify the potential medicinal
species of the genus. Among the barcode loci analyzed, ITS2 DNA barcode exhibited
highest interspecific divergence followed by trnH-psbA, matK and rbcL. A clear
barcoding gap was evident for the ITS2 barcode region where as it was less
conspicuous for trnH-psbA as well as for matK. ITS2 barcode could discriminate all
the analyzed Salacia species with 100 % accuracy. We therefore propose DNA
barcoding with ITS2 to confirm the taxonomic identity of the raw drugs in the
market and to ensure safe supply of traditional medicines derived out of different
species of the genus Salacia. Further, DNA barcoding based on ITS2 region can be
employed for the biosystematics of the genus Salacia.

Altogether, the studies on the genus Salacia support the claim that ITS2 is a
valuable barcode locus for discriminating congeneric species and that DNA
barcoding can be used as a valid tool for biosystematics. We propose that applying
DNA barcoding technology with ITS2 barcode can resolve classification problems in
the genus Salacia at the species level. Further, the application of DNA barcoding for
identification of Salacia species can establish taxonomic identity of the raw drugs in
the market and ensure safe supply of traditional medicines derived from the genus.
These case studies established the capability of DNA barcoding technique for the
identification of the botanical origins at species level of commercially important

plant products.
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