PUBLICATIONS

Publications in peer-reviewed journals

1.

Chakraborty, M., & Ghosh, S. K. (2014). An assessment of the DNA barcodes of
Indian freshwater fishes. Gene, 537(1), 20-28.

Chakraborty, M., & Ghosh, S. K. (2014). Unraveling the sequence information in
COI barcode to achieve higher taxon assignment based on Indian freshwater fishes.
Mitochondrial DNA, (0), 1-3.

Chakraborty, M., Ghosh, S. K., Khomdram B. Revealing the genetic diversity of
Clarias batrachus using DNA barcode. Journal of environment and socio-
biology.10(1):25-32, 2013

Talukdar, F.R., Ghosh, S.K., Laskar, R.S., Mahadani, P., Chakraborty, M., Dhar, B.
and Bhattacharjee, M.J. Implication of nucleotide substitution at third codon position
of the DNA barcode sequences. Journal of environment and socio-biology.:10(1):55-
63, 2013.

Ghosh, S.K., Bhattacharjee, M.J., Devi, M.K., Ahanthem, M., Kundu, S., Mahadani,
P., Dhar, B., Khondram, B., Chakraborty, M., Rahman, F., Mondal, R., Hansa, J.,
Laskar, R., Mazumdar, Sarkar, P., Rajbonshi, S., Chakraborty, A., Das, M., Ghosh,
P.R., Das, K.C and Laskar, B.A. DNA Barcoding: Digital Taxonomy of Biorsources.
Strategic Physiological Research for Sustainable Animal Biodiversity.

Manuscript communicated

Barcode-motif: a novel approach for DNA barcode based species identification.
Chakraborty, M., Ghosh, S.K. PlosOne (Under review).

Book Chapter contribution

Mahadani, P., Devi, M K., Das, M., Chakraborty, M., Rahman, F., Hansa, J., Ghosh,
S.K. Bioinformatics in DNA Barcoding . A text book on DNA Barcoding. ISBN 81-
922989-4-8.

190



Gene 537 (2014) 20-28

Contents lists available at ScienceDirect

Gene

journal homepage: www.elsevier.com/locate/gene

An assessment of the DNA barcodes of Indian freshwater fishes

@ CrossMark

Mohua Chakraborty, Sankar Kumar Ghosh *

Department of Biotechnology, Assam University, Silchar 788011, Assam, India

ARTICLE INFO ABSTRACT

Article history:
Accepted 18 December 2013
Available online 28 December 2013

Freshwater fishes in India are poorly known and plagued by many unresolved cryptic species complexes that
masks some latent and endemic species. Limitations in traditional taxonomy have resulted in this crypticism.
Hence, molecular approaches like DNA barcoding, are needed to diagnose these latent species. We have analyzed
1383 barcode sequences of 175 Indian freshwater fish species available in the databases, of which 172 sequences

ﬁggﬁrfﬁ;hwmr fishes of 70 species were generated. The congeneric and conspecific genetic divergences were calculated using Kimura's
DNA barcode 2 parameter distance model followed by the construction of a Neighbor Joining tree using the MEGA 5.1. DNA
COl gene barcoding principle at its first hand approach, led to the straightforward identification of 82% of the studied spe-
BOLD and Genbank cies with 2.9% (S.E = 0.2) divergence between the nearest congeners. However, after validating some cases of

synonymy and mislabeled sequences, 5% more species were found to be valid. Sequences submitted to the data-
base under different names were found to represent single species. On the other hand, some sequences of the
species like Barilius barna, Barilius bendelisis and Labeo bata were submitted to the database under a single
name but were found to represent either some unexplored species or latent species. Overall, 87% of the available
Indian freshwater fish barcodes were diagnosed as true species in parity with the existing checklist and can act as
reference barcode for the particular taxa. For the remaining 13% (21 species) the correct species name was diffi-
cult to assign as they depicted some erroneous identification and cryptic species complex. Thus, these barcodes

Neighbor Joining tree
Cryptic species complex

will need further assay and inclusion of barcodes of more specimens from same and sister species.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

India is rich in fishery resources and comprises of around 2508 fish
species (Eschmeyer and Fricke, 2012) of which 856 are freshwater in-
habitants (Froese and Pauly, 2012; Menon, 1999). Indian freshwater
fishes represent about 8.9% of the known fish species of the world and
occupy the ninth position in terms of freshwater fish diversity
(Leveque et al., 2008). Distribution of freshwater fishes in India is widely
varied with the north eastern zone alone claiming 40% of the reported
species (Ponniah and Sarkar, 2000). However, the actual number of
fish species found in India is still not accurately known because of taxo-
nomic impediments (Hoagland, 1996) arising due to lack of exploration,
indiscernibility among some alike species, and ambiguity in taxonomic
keys (Pethyagoda and Kottelat, 1994). As a result, many species have
been considered as cryptic some of which may also be latent (Darshan
et al.,, 2010; Pethyagoda and Kottelat, 1994). Furthermore, due to lack
of proper morphological description with respect to sexual dimorphism,
allopatric population, etc., the statuses of a few nominal species have
been contentious (Darshan et al., 2010; Kottelat and Lim, 1995; Ng

Abbreviations: K2P, Kimura 2 parameter; COI, Cytochrome C oxidase 1; NJ, Neighbor
Joining; ML, Maximum Likelihood; S.E, Standard Error; NUMTs, nuclear DNA originating
from mitochondrial DNA sequences; EDTA, ethylenediaminetetraacetic acid; dNTPs,
deoxynucleotide triphosphates; MEGA, molecular evolutionary genetic analysis; BOLD,
barcode of life datasystem; BLAST, basic local alignment search tool.
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and Hadiaty, 2009; Roberts, 1992; Vishwanath and Linthoingambi,
2007). Therefore, for legible characterization of Indian freshwater fishes,
there is an urgent need of species scrutiny using advanced molecular
methods.

Among the molecular methods used for taxon diagnosis, DNA
barcoding has been extensively used for species identification as well
as species discovery in various groups of organism (Hajibabaei, 2012;
Mendonca et al., 2012). It has gained wide popularity with over 1000
publications in less than a decade's time. Effectiveness of DNA barcoding
has now been validated for many groups of animals (Waugh, 2007),
both invertebrates and vertebrates (Hajibabaei et al., 2006a,b; Hebert
et al., 2004; Hernandez-Davila et al., 2012), with fishes being one of
the most extensively studied groups among them (Becker et al., 2011;
Ward, 2012). Many successful nationwide studies on ichthyofaunal
diversity have been undertaken using this method for both marine
and freshwater fishes (Carvalho et al., 2011; de Oliveira Ribeiro et al.,
2012; Mabragana et al., 2011; Wang et al., 2012). These studies have re-
solved several cases of crypticism and diagnosed many latent species
(Carvalho et al., 2011; Pereira et al., 2011). Furthermore, these studies
have also generated a large scale of barcode data that are available in
BOLD (Ratnasingham, 2007) and NCBI. However, the reference library
of barcodes is still incomplete as many geographical locations, particu-
larly in Asia, are yet to be exhaustively covered. In India, in addition to
the absence of an updated compiled checklist of freshwater fishes, the
identification keys for many valid species have not been updated since,
the study of Talwar and Jhingran, 1991 (Talwar and Jhingran, 1991;
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Jayaram, 1999). During the last decade, many new species have been de-
scribed in India, particularly from the north-eastern region (Dishma and
Vishwanath, 2012; Nath and Dey, 1989; Selim and Vishwanath, 2002;
Vishwanath and Linthoingambi, 2005) and Western Ghat (Devi et al.,
2010; Pethyagoda and Kottelat, 1994). In this context, there is an urgent
need for the assessment of Indian freshwater fish species through DNA
barcoding. Many sequences of Indian freshwater fishes have been submit-
ted to the database and few studies have addressed problems specific to
certain groups (Benziger et al., 2011; Bhattacharjee et al., 2012; Laskar
et al., 2013). However, a comprehensive assessment of DNA barcodes of
Indian freshwater fishes has not yet been done though a similar study
has been done for the Indian marine fishes (Lakra et al., 2011). Further-
more, in order to ensure that the reference barcode library is accurate, it
is important to detect the ambiguities in the base collection of barcodes
at an early stage.

In this study, the entire DNA barcode data of Indian freshwater fish-
es, so far available in the database, were analyzed. Among them, DNA
barcodes of freshwater species from the north-eastern part of India
were developed. The study re-evaluated and elucidated the actual spe-
cies status of the majority of the studied species and particularly helped
to flag the species whose statuses have been doubtful. It will open up
scopes of research in the ambiguous fish groups and will also contribute
as a reference material for future studies.

2. Materials and methods
2.1. Data acquisition of DNA barcode sequences of Indian freshwater fishes

The Public Data Portal of BOLD (Ratnasingham, 2007) and Core Nu-
cleotide database of GenBank were searched for COI (Cytochorome C
Oxidase 1) barcode sequences of Indian freshwater fishes. The data
were retrieved using Boolean operator ‘AND’ with two terms under a
different context (taxonomic: Order and geographic: India) thereby
extracting records that only matched both the terms. Sequences from
both the databases were compiled together and duplicate records
were removed, to finally get a set of 1413 barcode sequences for 179
species. Sequences of length >600 bp, with no missing nucleotides or
gaps, were included, thereby reducing the possibility of NUMTSs (nuclear
DNA originating from mitochondrial DNA sequences) (Zhang and
Hewitt, 1996), and aligned using Clustal Omega (Sievers et al., 2011).
Suspected erroneous sequences, with highly unlikely positions (species
clustering with different family or order) or having extreme branch
lengths were omitted, based on a Neighbor-Joining tree. The COI coding
DNA sequence were translated using MEGA 5.1 and aligned with the
available COI amino acid sequences to ensure the presence of an open
reading frame (Tamura et al., 2011). The sequences were trimmed at ei-
ther ends to exclude any gaps and a final set of 503 bp long 1383 con-
sensus barcode sequences for 175 species were used for analysis.
Among them, 172 sequences for North-East Indian freshwater fishes
were developed following the protocol as below.

2.2. DNA extraction and PCR assay

The extraction of DNA was performed with Phenol-Chloroform-
Isoamylalcohol method (Sambrook and Russell, 2001). 20 mg of anal
fin tissue was taken aseptically and dissolved in 500 pL of TES buffer
(50 mM TrisHCl, 25 mM EDTA and 150 mM Nacl) in a microcentrifuge
tube. The COI gene (655 bp) was amplified using the set of published
primers (Ward et al.,, 2005) i.e. FishF1-5'TCAACCAACCACAAAGACATTG
GCAC 3/and FishR1-5'TAGACTTCTGGGTGGCCAAAGAATCA 3/in a Veriti
Mastercycler (Applied Biosystems Inc., CA, USA). The amplification reac-
tions were performed in a total volume of 25 pl comprising 1X PCR buff-
er, 2 mM MgCl,, 10 pmol of each primer, 0.25 mM of each dNTPs,
0.25 U of high-fidelity Taq polymerase (Applied Biosystems Inc., CA,
USA) and 100 ng of DNA template. The thermal profile of the PCR reac-
tion was as follows: An initial denaturation at 94 °C for 2 min, 30 cycles

at denaturation temperature of 94 °C for 45 s, annealing temperature of
50 °C for 45 s and elongation temperature of 72 °C for 1 min, and con-
cluded with a final elongation step at 72 °C for 8 min followed by a hold
at 4 °C. The PCR-amplified products were analyzed in 1% agarose gels
containing ethidium bromide staining (10 mg/ml) and the single
uniform band was then purified using QIAquick® Gel extraction kit
(QIAGEN, USA), following manufacturer's instructions. The amplicons
were bidirectionally sequenced in an automated DNA sequencer (ABI
3500, Applied Biosystems Inc., CA, USA), through the sequencing service
of Bose Institute (Kolkata, India).

The COI barcode sequences generated were submitted to BOLD
under 3 separate projects i.e., “DNA barcoding of freshwater catfishes
of North-East India,” “DNA barcoding of Mahseer fishes from North-
East India” and “DNA barcoding of ornamental fishes of North-East
India,” containing the detailed sampling and taxonomic information.
Most of the data used in this study were retrieved from the database
while fish samples for DNA extraction were collected from wild habitats
of North-East India. Department of Biotechnology, Government of India
has given the necessary permission to conduct research on fish DNA
barcoding of North-East India, vide letter number BT/HRD/01/002/
2007. Hence, no ethical permission is required for this study as collec-
tion of fishes is a routine practice for commercial purpose in this region.

2.3. Data analysis

Genetic distances were calculated using Kimura's two parameter
(K2P) models (Kimura, 1980), as implemented in MEGA 5.1 (Tamura
et al,, 2011) to quantify sequence divergences among individuals. K2P
based method has been argued to be not the best suited method for spe-
cies delimitation (Srivathsan and Meier, 2012). Despite this, we chose
this model as, studies have shown, differences in distance between
best considered model and K2P model estimates were usually minimal,
and identification success rates were largely unaffected by model choice
(Collins et al., 2012). Interspecific K2P distances were calculated for spe-
cies with at least 2 sequences, and intraspecific K2P distances were cal-
culated between species in the entire data set. Genetic distances were
analyzed at species, genus and family level in MEGA 5.1. Neighbor join-
ing (NJ) analysis was performed for COI using the K2P distance model as
recommended by Hebert et al.(2003) using MEGA 5.1. A second phylo-
genetic tree was constructed using Maximum likelihood (ML) method.
Node supports for both the trees were evaluated with 1000 bootstrap
pseudo-replicates. The details regarding the sequences generated and
retrieved from the database is given in Table S1. Correctly delimited
species based on cohesive clustering by the conspecifics in the NJ and
ML trees were considered as true species. The maximum conspecific
and minimum congeneric divergences between these species were
used to define the species boundaries as elaborated in the “Results” sec-
tion. The divergence between the minimum congeneric and maximum
conspecific divergence is the lowest divergence between congeners.
This divergence value has been assumed as the threshold level of spe-
cies delineation and thereby considered as a barcoding gap in this
study. This process of species delimitation is preferred over other
methods and has been used by many computational methods to parti-
tion a sequence alignment dataset into candidate species (Puillandre
et al.,, 2012; Zhang et al., 2013)

3. Results

A total of 1383 mitochondrial COI barcode sequences of 175 species
belonging to 10 orders, 34 families, 77 genera (Table S1) and constitut-
ing almost 20% of Indian freshwater fishes were retrieved. Among them,
172 barcode sequences, representing 70 different species, were gener-
ated from North-East India. No insertion, deletion or stop codons were
observed in any sequence. The absence of stop codon as well as coher-
ent partial amino acid codes confirmed them to be a partial fragment
of mitochondrial COI gene. In the dataset, for most species, multiple
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Table 1

Summary of genetic divergences (K2P model) for each taxonomic level of comparison. The
divergence showed an increase with the hierarchical increase of taxon comparison. Mean
interspecific divergence showed 6.2 folds higher than mean intraspecific divergence
however there is significant overlapping in the distribution of intra- and interspecific
divergence.

Comparison within Taxa(n) Mean Min Max SE
Species 175 16 0 18.87 0.1
Genus 77 7.16 0 21.42 1.1
Family 34 15.66 1151 32.23 19
Order 10 25.32 20.42 45.41 23

specimens were used to document intraspecific variability (with an av-
erage of 5 specimens per species). However, 30 species were represent-
ed by single specimen only.

The sequence analysis revealed a hierarchical increase in K2P mean
divergence across all the taxon from within species (1.6%, S.E = 0.1)
to within genus (9.925%, S.E = 2.7), within family (15.66%, S.E = 1.9)
and within orders (25.32%, S.E = 2.3) and is presented in Table 1. Con-
specific divergence between sequences of same species varied in the
range 0%-18%. While, congeneric divergence, between sequences of dif-
ferent species under same genus, varied from 0% to 21%. This overlap in
the distribution of conspecific and congeneric means caused hindrance
in defining the threshold value for species boundary. To resolve the
problem, we explored the NJ and ML tree (Figs. S1,S2) and found 3 gen-
eral cases, as shown in Fig. 1:

1) Sequences, with same species name, exhibiting cohesive clustering
by the conspecies and distinct clustering by the congeners with
high bootstrap support (90-100%).

2) Sequences, with same species name, not exhibiting cohesive cluster-
ing by the conspecies.

3) Sequences, with a different species name, exhibiting cohesive
clustering.

Among the 3 cases, only the first group abided by the first principle
of DNA barcoding (same named species should cluster cohesively and
distinctly from the rest) and represented 82% of the total 175 species.
These sequences were considered to represent true species.

In this set, the highest conspecific mean divergence was shown by
Mastacembelus armatus (2.3%, S.E = 0.1), and the lowest congeneric
divergence was shown between Tor khudree and Tor mosal (2.9%,
S.E = 0.2). These values were used to define the species boundary in
this study as shown in Fig. 2. All the remaining species of this group
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showed conspecific divergence lower than 2.3% and congeneric diver-
gence higher than 2.9%.

The remaining two groups, that constituted 18% of the studied spe-
cies, were considered problematic.

Sequences, with same species name, formed 2 or more distinct sub-
clusters and showed divergence above maximum conspecific value.
Here 17 species i.e., Puntius conchonius (n = 2), Osteobrama cotio cotio
(n = 4), Pterygoplichthys pardalis (n = 3), Devario devario (n = 2),
Clupisoma garua (n = 3), Garra hughi (n = 5), Channa marulius
(n = 6), Glossogobius giuris (n = 2), Barilius tileo (n = 6), Lates
calcarifer (n = 94), Heteropneustes fossilis (n = 14), Clarias batrachus
(n = 18), Labeo bata (n = 17), Channa orientalis (n = 11), Puntius
filamentosus (n = 4), Barilius bendelisis (n = 40), and Barilius barna
(n = 29) formed separate or dispersed cluster and are mentioned in
Table 2.

C. batrachus, represented by 18 sequences (mean = 6.6%, SE = 0.6),
formed 2 distinct clusters with 6 sequences (FJ459456-59, JQ667517-18)
being separated from the remaining 12 sequences of the species by 11.5%
mean distance (Fig. 3a). However, divergences within the individual
clusters were 1.2% (S.E = 0.2) and 0.6% (S.E = 0.2) respectively.
H. fossilis showed conspecific divergence of 2.6% (S.E = 0.3) and
one sequence of H. fossilis (HQ009491) clustered away from the
rest of the 13 sequences with mean K2P divergence between them
being 10.5% (S.E = 0.3). This single sequence of H. fossilis clustered
with Heteropneustes microps with a congeneric distance of 0.2%
(S.E = 0.1) (Fig. 3b). With the exclusion of the single aberrant sequence,
the remaining sequences of H. fossilis formed close cluster with a conspe-
cific divergence of 0. 9% (S.E = 0.1). L. calcarifer, represented by 94
sequences and conspecific divergence of 2.6% (S.E = 0.2), formed 2 dif-
ferent clusters with 4 sequences (HQ219138-HQ219141) clustering sep-
arately from the remaining 90 sequences of the same species. Similarly,
Labeo bata with a conspecific mean of 5.4% (S.E = 0.7) formed 2 distinct
clusters with one cluster of 6 sequences (EU30664-67, JQ713847,
FJ459423), clustering away with mean divergence between the 2 clus-
ters being 11.5% (S.E = 0.6) and mean distance within the clusters
being 0% and 2% respectively (Fig. 3c). In Barilius genus, 69 sequences
of the 2 species B. bendelisis and B. barna were indistinguishable in the
NJ and ML tree as their respective representative sequences did not
form unique clusters. Rather, they collectively formed 6 clusters and
were designated as Barilius cluster1 (accession numbers FJ459411,
FJ459412, FJ459418-22, JN965193, JN965195, ]N965196, ]X1054820-65
of B. bendelisis and accession numbers EU417797-99, HM042258-63,
HMO042170-81 of B. barna), Barilius cluster2 (accession numbers
EU822331-33, HM042230-35 of B. bendelisis), Barilius cluster3 (acces-
sion number HM042236-41 of B. bendelisis), Barilius cluster4 (accession

COI barcode sequences
retrieved from Indian
freshwater fishes (1383)

NJ/ML Clustering
A 4 A 4 A\ 4
1.Same species clustering 2.Same species not clustering 3. Different species clustering
cohesively (82%) cohesively (10%) cohesively (8%)
A 4 A\ 4 A 4

Considered as true species and used
to derive species boundaries

Considered as problematic and
analysed further using threshold
values

Fig. 1. The folwchart describes the categorization of the species into three groups based on clustering pattern in NJ and ML tree. Sequences having same species name clustering cohesively
and distinct from others are categorized as Group 1. Sequences having same species name but forming distinct clusters are categorized as Group 2. Sequences having different species name
and forming cohesive cluster are categorized as Group 3. Species representing first group are considered as true species and used to derive threshold to define species boundaries while the

remaining two groups are considered problematic.
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M. Chakraborty, S.K. Ghosh / Gene 537 (2014) 20-28 23

23

22

21

20

13

K2P divergence

Maximum conspecific divergence
— — Minimum congeneric divergence
< Conspecific divergence
% Congeneric divergence

Species

Fig. 2. Distribution of conspecific and congeneric K2P mean divergence of 175 species of Indian freshwater fishes (arranged in ascending order). The maximum conspecific divergence
(2.3%, black solid line) and minimum congeneric divergence (2.9%, black dashed line) represent the threshold level of conspecific and congeneric divergence respectively. Data series
marked by ‘cubes’ represent conspecific divergence of 142 species, which were represented by more than one sequence. 82% of the total 175 species showed divergence below 2.3%
and represented true species. Data series marked by ‘cross’ represents divergence between congeneric pairs of species, those points that lie below threshold conspecific line consists of

either synonymous or misidentified species and discussed in Table 3.

number HM042248-53 of B. bendelisis), Barilius cluster5 (accession num-
ber HM042242-47 of B. bendelisis), Barilius cluster6 (accession number
HMO042164-69 of B. barna) in the NJ and MLtree. The sequences within
each of the 6 cohesive clusters of Barilius showed mean K2P divergence
below the value of maximum conspecific divergence while the mean
divergences between the sequences of separate clusters were above
the value of minimum congeneric divergence (Table 4). Sequences of
C. orientalis, P. pardalis, P. filamentosus seemed to form subclusters
under single node. However, nodes parallel to these nodes gave rise to
different species. Moreover, sequences of these species showed high
mean intraspecific divergence of 2.8%, 2.7% and 3.1% respectively. For
the remaining 11 species, the number of representative sequences was
not sufficient to draw any conclusion.

In Group 3, sequences, with different species name, (that are expect-
ed to cluster separately) clustered cohesively and showed divergence
below maximum conspecific divergence [Labeo dussumieri versus
Labeo rajasthanicus (Fig. 3c), Poecilia sphenops versus Poecilia velifera,
Aspidoparia morar versus Aspidoparia jaya, Mystus vittatus versus Mystus
horai, Mystus tengara versus Neotropius atherinoides, Macrognathus aral
versus Macrognathus aculeatus (Fig. 3e)] and are detailed in Table 3.
P. sphenops versus P. velifera and L. dussumieri versus L. rajasthanicus ex-
hibited a divergence of 0%. Moreover, pairs with interspecific diver-
gence between 1.14% and 2.3% were not clustered together, but
formed dispersed clusters supported with low bootstrap value e.g. Tor
tor together with Tor putitora, Tor macrolepis, Tor mussullah, Tor mosal
mahanadicus; Poecilia latipinna with P. sphenops and P. velifera.

Table 2
Sequences with same species name that formed two or more distinct sub-clusters and showed divergence above maximum conspecific value.
Species name % distance SE Number of sequence Number of clusters Bootstrap

1 Lates calcarifer 2.60 0.2 94 2 100, 100
2 Heteropneustes fossilis 2.66 0.3 14 2 100, 100
3 Pterygoplichthys pardalis 273 0.5 3 2 100, 100
4 Channa orientalis 2.87 04 11 2 100,99

5 Puntius filamentosus 3.16 0.5 4 2 100, 100
6 Barilius bendelisis 3.96 0.5 40 Dispersed clusters 78,100
7 Barilius barna 424 0.5 29 Dispersed clusters 78,100
8 Osteobrama cotio cotio 448 0.7 4 2 100, 100
9 Labeo bata 543 0.7 17 2 100, 100
10 Devario devario 5.66 1 2 2 100, 100
11 Clupisoma garua 6.21 0.9 3 2 100, 100
12 Clarias batrachus 6.63 5 18 2 100, 100
13 Garra hughi 8.30 1 5 2 98, 82

14 Barilius tileo 9.36 1.2 6 2 100, 100
15 Channa marulius 10.13 1.1 6 2 100, 100
16 Glossogobius giuris 17.32 2.1 2 2 100, 100
17 Puntius conchonius 18.87 2 2 2 100, 100
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Fig. 3. Sections of Neighbor-Joining tree (Fig. S1) showing the problematic groups. Sequences having same species name forms separate clusters Clarias batrachus (a), Heteropneustes fossilis
(b), Labeo bata (c), Channa marulius (d) and Macrognathus aral (e). Sequences having different species name clusters together i.e. Heteropneustes fossilis and Heteropneustes microps (b),
Labeo dussumieri and Labeo rajasthanicus (c), Channa marulius and Channa striata (d), Macrognathus aral and Macrognathus aculeatus (e).
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Table 3

Sequences with different species name that clustered cohesively and showed divergence below maximum conspecific divergence.
Serial Number Species 1 Species 2 % distance S.E
1 Labeo dussumieri (6) Labeo rajasthanicus (3) 0.00 0
2 Poecilia sphenops (1) Poecilia velifera (4) 0.00 0
3 Tor mosal mahanadicus (11) Tor macrolepis (5) 0.04 0
4 Aspidoparia morar (2) Aspidoparia jaya (1) 0.20 0
5 Tor putitora (38) Tor macrolepis (5) 0.22 0.1
6 Tor mosal mahanadicus (11) Tor putitora (38) 0.26 0
7 Mystus vittatus (8) Mystus horai (1) 0.43 0.1
8 Mystus tengara (4) Neotropius atherinoides (7) 0.74 0.1
9 Macrognathus aral (6) Macrognathus aculeatus (1) 0.79 02

4. Discussion

Species identification through DNA barcoding is based upon the
principle that interspecific divergence sufficiently outscores intraspecif-
ic divergence and the biological species can be clearly demarcated by a
threshold value, which corresponds to the divergence between the
nearest neighbors within a group (Hebert et al., 2003). However,
despite extensive application of DNA barcoding throughout the last de-
cade, no universal standard threshold has been defined for interspecies
demarcation. A prime reason being that mitochondrial DNA (mtDNA)
rates of evolution vary between and within species and between differ-
ent groups of species resulting in broad overlaps of intra and interspecif-
ic distances (Rubinoff et al., 2006). Most of the DNA barcoding studies
have rather used a threshold that was specifically estimated for the
dataset under study (deWaard et al., 2011; Kim et al., 2012; Lijtmaer
et al,, 2011). Recent studies have preferred the use of difference be-
tween minimum congeneric and maximum conspecific divergence to
define the barcoding gap (April et al., 2011; Bhattacharjee et al., 2012)
and has found it to be more efficient over the use of mean of intra and
interspecific sequence variability (Meier et al., 2008). In this study,
136 species showed cohesive clustering between conspecies in the NJ
and ML tree and have been considered as true species. However, few
species like Badis badis, Schizothorax progastus, Channa gachua, Puntius
sarana, Macrognathus aral, Puntius chelynoides, Tor malabaricus, Channa
striata, Epalzeorhynchos bicolor, Acanthocobitis botia and Mastacembelus
armatus formed subclusters under single node. These straightforward
cases exhibit a mean divergence of 0.45% (S.E = 0.2) which is close to
such studies elsewhere like 0.73% for North American freshwater fishes
(April et al., 2011), 0.6% for Cuban freshwater fishes (Lara et al., 2010)
and 0.39% for Australian marine fishes (Ward et al., 2005). Besides
these straightforward cases that correspond to 82% of the studied spe-
cies (Group 1), some conspecific sequences exhibited interspecific di-
vergence and vice versa, indicating a mismatch of nomenclature and
DNA barcode.

Some conspecific sequences (Group 2) have clustered separately in
NJ and ML trees and have shown divergence above the threshold

Table 4
Mean divergence within and between clusters of Barilius genus.

value. These groups may comprise of either some erroneously identified
species or latent species. This high divergence may be an indicator of
unidentified candidate species within named species. Previous DNA
barcoding studies in other taxonomic groups have successfully identi-
fied cryptic species diversity within single known species (Mat Jaafar
et al, 2012; Rougerie et al,, 2012), for example ten undescribed species
embedded within a single known species of skipper butterfly was delin-
eated using DNA barcodes (Hebert et al., 2004). In some problematic
cases, the number of representative sequences in the dataset was too
few to be interpreted.

L. calcarifer, comprising of 94 sequences, formed 2 different clusters
with 4 sequences clustering separately. The similarity search result of
the 4 sequences using BLASTN have shown 99% (E-value = 0.00)
match with Pampus argenteus while the remaining 90 sequences
showed 100% match with L. calcarifer sequences of other countries.
This clearly has shown that the 4 sequences marked as L. calcarifer are
mislabeled, while the remaining 90 sequences represent true
L. calcarifer species. The case of C. batrachus has been clarified as
mislabeled in the database (Wong et al., 2011). Sequences of
B. bendelisis and B. barna have formed 6 dispersed clusters; the mean
conspecific divergence within each cluster was 0.8% and the sequences
representative of each cluster maintained the interspecies threshold.
The genus Barilius is comprised of at least 20 indigenous species from
India (Froese and Pauly, 2012), among them only 5 species have been
barcoded so far. Therefore, the sequences of B. bendelisis and B. barna al-
together may represent 6 species (Fig. 4) which may either belong to
the already described species or may represent latent species. Interest-
ingly, H. microps (type locality: Dambuwa, Sri Lanka) is distinguished
from its nominal congeners H. fossilis only by its caudal and anal fins
being confluent (vs. separate) (Giinther, 1864). It has long been consid-
ered as synonymous species of H. fossilis (Ferraris, 2007). Pethiyagoda
et al., stated that H. microps is a result of anomalous fin regeneration
in H. fossilis, injury being one of the possible cause and considered
H. microps a junior synonym of H. fossilis (Pethiyagoda and Lanka,
1991). However, there are also reports of these two species being sym-
patric thus reducing chances of hybridization between the two species.

Clusters of species

Mean divergence within and between clusters of Barilius genus

Barilius cluster1 131

Barilius cluster2 4.78 0.65

Barilius cluster3 4.67 3.20 0

Barilius cluster4 6.01 441 2.96 0.16

Barilius cluster5 9.94 8.15 6.89 6.89

Barilius cluster6 9.21 11.92 10.75 12.39 16.30 0

Barilius vagra 13.35 16.28 16.08 1631 18.84 17.61 0.09

Barilius gatensis 2035 22.81 22.35 23.05 2394 22.08 15.07 018

Opsarius bakeri 17.62 19.60 19.31 20.02 21.61 19.21 16.53 13.08 0.88

Opsarius canarensis 18.16 20.18 19.70 20.63 23.94 19.81 16.84 12.21 499 n/c
Barilius tileo 20.53 2341 23.70 2493 26.18 22.60 18.46 16.77 17.61 16.12 12.73

Diagonals represent mean divergence (in bold) within the group, and the remaining cells represent pair-wise divergence between the groups.
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Fig. 4. Divergence summary (1:1, computed with K2P model) of all COI barcode sequences (90) belonging to the genus Barilius and Opsarius. The Y-axis represents K2P divergence value while the species are represented along the X-axis. The max-
imum conspecific divergence (2.3%, black solid line) and minimum congeneric divergence (2.9%, black dashed line) represent the threshold level of conspecific and congeneric divergence respectively. Sequences that represented the species such as
Barilius vagra, Barilius gatensis, Barilius tileo (except sequences of accession number J]N965198, JQ692874) Opsarius bakeri and Opsarius canarensis showed divergence below maximum conspecific value with their conspecific sequences and above
minimum congeneric value with respect to all other congeneric sequences and are considered as true species. Based on the thresholds it is found that conspecific sequences of Barilius bendelisis and Barilius barna do not reveal conspecific divergence
however altogether represents 6 species (shown as species 1-6 in the figure) and thereby masks some latent species.
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In our study, one individual of H. fossilis has clustered away from rest of
the 13 individuals of H. fossilis with divergence in congeneric range and
has clustered with H. microps with low divergence, which creates the
contention that H. microps is a distinct species and the doubtful se-
quence of H. fossilis is mislabeled. Sequences of Channa orientalis
have formed 3 subclusters. Among them, two clusters (comprising of
FJ459480-F]459484 and |X105470-]X105474) clustered under a single
node. However, one sequence (JQ667514) has clustered distinctly, with
5.8% mean distance from the remaining 10 sequences of Channa
orientalis. This sequence belongs to a different geographical location
and is the sole representative of that location. Hence, it is unclear
whether this sequence belongs to a different species or represents a dis-
tant haplotype of the same species. Similarly, the distantly cluster se-
quences of P. filamentosus and P. pardalis have shown divergence of
5.9% and 8.2% with their respective conspecific sequences. These single
isolated sequences, therefore, might be erroneous and further evalua-
tion and inclusion of more sequences is required.

In Group 3, a total of 15 nominal species (Table 3) have exhibited
fairly low interspecies divergence, caused by the inclusion of either
some synonymous or misidentified species. There are some established
cases of synonymy like, T. macrolepis and T. mosal mahanadicus as a
synonym of T. putitora (Laskar et al., 2013). Moreover, inadequate taxo-
nomic details often result in identifying species located in different
geographical location as two different species. One such case of synon-
ymy has been addressed recently where M. horai was reported as a
junior synonym of M. vittatus (Bhattacharjee et al., 2012). Similarly,
L. rajasthanicusis known only from its type locality, Jasiamand lake in
Rajasthan and has never been reported after its initial documentation
(Talwar and Jhingran, 1991). In our study, cohesive clustering of all 3
sequences of L. rajasthanicus with L. dussumieri (0% divergence)
suggests that the former might be a junior synonym of the latter.
C. marulius (n = 11) with conspecific divergence of 10% has formed 2
distinct clusters, one of which (accession numbers Fj459472-F]459475)
has clustered closely with C. striata (categorized as true species in
82% straightforward cases) with a divergence of 0.15% (S.E = 0.02)
(Fig. 3d). Whereas, the divergence between the remaining sequences
of C. marulius and C. striata was above the congenerics threshold. Such
high intraspecific divergence in these C. marulius has also been reported
earlier (Benziger et al,, 2011) indicating that a few C. striata specimens
have been erroneously identified as C. marulius, while the remaining 7
sequences represented true C. marulius sequence. Similarly, the other
4 cases of low interspecific divergence were may be due to erroneous
identification that needs revision.

Thus confusion regarding 17 of the 32 problematic species has
been resolved, thereby leading to the categorization of 87.4% of
the studied species as true and valid in parity with the existing
checklist.

Our survey has revealed that DNA barcoding of freshwater fish re-
sources of India is far from being comprehensive with only 20% of the
recorded species being barcoded until now. With the available DNA
barcode data, 88% (approximately) of the species have been identified
in parity with existing checklist. Thus, the species level demarcation
based on the K2P divergence and NJ and ML based phylogenetic cluster-
ing of COI sequences is worthy. However, this study has detected some
cases of erroneous identification, and the presence of some latent spe-
cies, which have resulted in an incoherent reference barcode library of
freshwater fishes of Indian subcontinent. Therefore, there is a need to
revisit the specimens whose barcode data are erroneous and further
taxonomic inquiry is recommended for species whose statuses are
found to be doubtful. Thus, this study reflects the current quantitative
and qualitative status of DNA barcoding of Indian freshwater fishes. It
will also provide direction to future studies by highlighting the fish
groups, which need to be barcoded. Further, the development of a
comprehensive DNA barcode library of the nationwide fish resources
would help to describe some new species and to understand the endemic
fish species resources.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gene.2013.12.047.
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Unraveling the sequence information in COl barcode to achieve higher
taxon assignment based on Indian freshwater fishes

Mohua Chakraborty and Sankar Kumar Ghosh
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Abstract

Efficacy of cytochrome c oxidase subunit | (CO/) DNA barcode in higher taxon assignment is still
under debate in spite of several attempts, using the conventional DNA barcoding methods, to
assign higher taxa. Here we try to understand whether nucleotide and amino acid sequence in
COlI gene carry sufficient information to assign species to their higher taxonomic rank, using 160
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species of Indian freshwater fishes. Our results reveal that with increase in the taxonomic rank,

sequence conservation decreases for both nucleotides and amino acids. Order level exhibits

History

lowest conservation with 50% of the nucleotides and amino acids being conserved. Among the

variable sites, 30-50% were found to carry high information content within an order, while it
was 70-80% within a family and 80-99% within a genus. High information content shows sites
with almost conserved sequence but varying at one or two locations, which can be due to
variations at species or population level. Thus, the potential of COl gene in higher taxon
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assignment is revealed with validation of ample inherent signals latent in the gene.

Introduction

DNA barcode has proven to be an effective tool in species
identification and resolution of various taxonomic impediments.
Hebert et al. (2003a), while proposing barcoding of all animal life
using COI gene, advocated that diversity in the nucleotides and
coded amino acids of the 5" section of this gene, was sufficient to
reliably place species into higher taxonomic categories along with
discriminating the closely allied species. Over the years, the
efficiency of COI gene in accurate species identification has been
proved for various groups of animals (Dinca et al., 2011; Sass
et al., 2007; Saunders, 2005; Ward, 2012). However, its efficacy
in assigning species to their higher taxonomic ranks viz. genus,
family, order, is still dubious (Wilson et al., 2011). Many methods
of higher taxon assignment using DNA barcodes have been
proposed (Bergmann et al., 2013; Erickson & Driskell, 2012;
Rach et al.,, 2008; Ward et al., 2005) but, none could be
standardized.

Diagnostic attributes of DNA barcode is an outcome of two
phenomena. First, flexibility acquired from various combinations
of four nucleotides at each position. Second, constriction,
governed by several constraints like codon bias, degenerate
nature of genetic code and transition — transversion bias (DeSalle
et al., 2005; Hebert et al., 2003a, b). Both these cumulatively
define unique characteristic of each group of closely related
members. Thus, variation pattern of nucleotide and amino acid
content of COI gene across various taxonomic ranks might have
inherent information to enable classification at each level.

Here, we analyze the DNA sequence and translated protein
sequence of the barcode region of COI from 160 species of Indian
freshwater fishes. We choose this group, as fishes are one of the
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highest explored groups of organism using barcodes (Ward, 2012)
and many incongruities exist regarding higher level assignments
in Indian freshwater fishes (Talwar & Jhingran, 1991). Our results
reveal that, with increase in taxonomic rank, sequence conserva-
tion decreases for both nucleotides and amino acids. Order
level exhibits lowest conservation and 30-50% of the variable
sites, were found to carry high information content, while it
was 70-80% within a family and 80-99% within a genus. High
information content represents sites with nearly conserved
sequence varying at one or two locations, which can be due to
variations at species or population level. Thus, the potential of
COI gene in higher taxon assignment is revealed with validation
of ample inherent signal latent in the gene.

Materials and methods

COI barcode sequences of all Indian freshwater fish species
available in the Public Data Portal of BOLD (Ratnasingham &
Hebert, 2007) and GenBank were retrieved. Among them, three
orders, Siluriformes, Cypriniformes and Perciformes were
selected for the study as they were well represented by barcodes
at different taxonomic ranks. The accession number of the
sequences along with their taxonomic identity has been provided
in the Supplementary material. Sequences greater than 600 bp,
with no missing nucleotides or gaps, were included, thereby
reducing the possibility of NUMTs (Zhang & Hewitt, 1996). The
sequences were aligned using Clustal Omega (Sievers et al., 2011)
and MEGA 5.1 (Tamura et al., 2011). These sequences were of
varying length so they had to be trimmed at either end to exclude
any gaps in the alignment file. This also reduced the possibility of
including very low-frequency nucleotide variants (nVLFs) arising
from sequencing errors (Stoeckle & Kerr, 2012). Finally a set of
510bp long consensus sequences was obtained.

Information content at each nucleotide or amino acid position
from the sequences was calculated using Schneider & Stephens
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(1990) method. Here the degree of sequence conservation per site
Ryeq is defined as:

Rseq = 10g2N - (_ Zp 10g2[’)

where N is the number of options per site (4 for DNA, 20 for
proteins) and p is the observed frequency of each nucleotide base
or amino acid at a particular position.

At each taxonomic rank, the site with the highest possible
value of Ryq (2 for nucleotides and 4.32 for amino acids)
represented the site conserved at that level. For those that
represented lower Ry, values, we further looked into lower
taxonomic rank to locate where the saturation took place.

Results and discussion

A total of 1306 sequences belonging to 22 families, 71 genera and
160 species of Indian freshwater fishes (Supplementary material)
were analyzed to reveal the variation pattern of sequence
conservation of COI gene across various taxonomic ranks.
Figure 1 shows, as we move higher in taxonomic hierarchy (i.e.
from species to order) nucleotide conservation decreases. The
three orders studied here shows 47-71% conservation in their
nucleotide composition followed by 77-98% within their families
and 77-99% within the genera. Families having only one or few
genera showed high range of conservation (>90%) which is
actually a reflection of the conservation in the underlying genus.

The degree of sequence conservation was studied for each of
these variable sites to estimate the amount of sequence informa-
tion available in each taxonomic rank thereby facilitating their
identification. Information content of each of these sites,
measured in terms of Ry values, were found to increase from
order to species level (Table 1). All the three orders had a
significant proportion of variable sites (90%) with R4 value lying
in the range of 0.50-1.99 and 5% sites in the range of 0.00-0.49.
Thus, at order level, at least 50% of the sites had conserved

Mitochondrial DNA, Early Online: 1-3

nucleotide base pairs and 90% of the variable sites had possibility
of occurrence of two nucleotides. Furthermore, in 74% sites,
amino acids were variable between the different orders studied.
However, within the orders, 52% variable amino acid sites were
present in Cypriniformes, 49% sites in Siluriformes and 29% sites
in Perciformes. Most of the sites had possibility of occurrence of
two amino acids at a given position.

At family level, percentage of conserved and nearly conserved
nucleotide sites (sites with Req value 1.50-1.99) rose to around
70-80% and at genus level, it further increased to 80-99%.
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Figure 1. Pattern of distribution of sequence conservation across various
taxonomic ranks of Indian freshwater fishes. The horizontal axis
represents serial arrangements of different taxa. Different markers mark
different taxonomic ranks viz: orders are marked by diamonds, families
by squares, genera by triangles and species by crosses. Vertical axis
represents percentage of conserved sequence in each taxon. Clustering of
the markers in the scatter diagram represents the variation pattern of
conserved sequences in the representative taxon.

Table 1. Frequency distribution of R4 value of variable nucleotides and amino acids in various taxonomic ranks of Indian freshwater fishes.

Taxa Nucleotides R4 values Amino acid R4 values

Order Family Genus 0-0.49 0.5-0.99 1-1.49 1.5-1.99 2-2.49 3.12-3.41 3.42-3.71 3.72-4.01 4.02-4.31 4.32-4.61

Cypriniformes 23 62 81 120 0 0 3 5 82 0

Balitoridae 6 23 118 4 135 0 3 6 79 2

Acanthocobitis 0 0 20 2 264 1 1 1 0 87

Nemacheilus 0 0 2 0 284 0 0 0 0 90

Schistura 0 2 68 0 216 0 0 0 0 90

Balitora 0 0 1 0 285 0 0 0 0 90

Cyprinidae 20 61 79 124 2 1 0 3 1 85

Labeo 3 8 84 27 164 0 0 0 7 83

Tor 0 1 12 44 229 1 0 0 14 75

Puntius 18 40 92 53 83 2 2 8 7 71

Barilius 2 23 92 77 92 7 3 19 7 54

Neolissichilus 0 1 14 7 264 1 0 0 2 87

Garra 0 8 72 26 180 0 3 2 0 85

Osteobrama 0 4 83 1 198 0 6 1 0 83

Siluriformes 26 55 83 73 0 0 2 5 42 0

Schilbeidae 5 13 78 42 99 0 1 1 3 44

Eutropiichthys 0 0 59 2 176 0 0 2 0 47

Siluridae 5 16 82 37 97 1 1 0 1 46

Ompok 5 2 94 18 118 0 2 0 1 46

Bagridae 23 46 96 34 38 1 2 6 8 32

Sperata 0 0 50 0 187 0 1 0 0 48

Mystus 13 44 101 31 48 1 1 4 8 35

Sisoridae 2 25 64 109 37 1 1 0 20 27

Glyptothorax 0 5 76 53 103 1 1 0 6 41

Perciformes 24 61 95 86 1 4 3 1 41 1

Channa 16 41 105 53 53 5 0 18 8 18

Lates 0 0 5 36 227 0 0 1 4 45
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Moreover, a major share of the sites had a bias towards fewer
numbers of nucleotide. Sites having variable amino acid sequence
varied from as low as 3% in Siluridae to as high as 51% in
Cyprinidae. However, in Cyprinidae, of the 88 variable sites, 79
sites had R4 value close to 4.31 indicating that the variation was
mostly due to presence of point mutations between species or
population. At genus level, the percentage of variable amino acid
sites further decreased to a lower range (0—11%). Thus, at family
level, approximately 60—70% sequence information was carried by
nucleotide and amino acid sequences cumulatively. While at
genus level sequence information content rose to an approximate
value of 80-90%.

Thus, sequence conservation and variable site information of
nucleotides and amino acids together reflected the potential of the
COI gene in categorizing the species to their respective higher
taxonomic ranks. Potential of COI gene in higher taxon assign-
ment and phylogeny was also observed in some previous studies
(Hebert et al., 2003a; Rach et al., 2008; Wilson et al., 2011). Our
results, in concordance to previous studies, reveal that, a pattern
variation exists at each level of taxonomic hierarchy that endows
the COI gene with inherent potential to discriminate species as
well as higher taxa. Moreover, the bias towards binary pattern of
variation of both nucleotides and amino acids observed in this
study was also reported in other taxonomic groups such as aves
(Stoeckle & Kerr, 2012). This suggests that, use of COI barcode in
higher taxon assignment can be extended to other taxonomic
groups as well. Higher taxon assignment with DNA barcodes will
thus be advantageous with novel methods that will explore the
information content latent in the gene.
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ABSTRACT

Clarias batrachus is a species of freshwater catfish widely used for human consumption.
Increasing demand of this species worldwide, coupled with its ability to survive in
wide range of environmental conditions, has led to its introduction in many
countries. This widespread translocation and distribution of C. batrachus have
resulted in the rise of wide variety of haplotypes of this species. Nevertheless, there
has been constant decrement in their population density in the last two decades.
Thus, to endeavour conservation of the species we employ molecular technique of
DNA barcoding in solving the standing problem of crypticism and haplotype
sharing of the species. A better knowhow of the genetic makeup of the unique
identifier region, that is, the 648 basepair region of COI DNA barcode will help to
differentiate among closely related species and identify endemic species. In this
study, a comparative analysis of C. batrachus from different regions in India and
other parts of world shows presence of distinct haplotypes in different geographical
locations. We also present a descriptive study of the various species of Clarias genus
that have been barcoded in India till date. Our results also solve the dilemma of
considering some species as synonymy of C. batrachus.

Key words : Clarias batrachus, cytochrome c oxidase subunit I (COI), genetic
diversity, Kimura’s two parameter (K2P), mean divergence, neighbour
joining tree.

INTRODUCTION

The walking catfish, Clarias batrachus, is a species of freshwater air breathing catfish so
named for its ability to “walk” across dry land, to find food or suitable environments.
They normally inhabit in swamps, marshy and derelict waters (Lakra and Sarkar, 2007).
The walking catfish is a native of South East Asia including Malaysia, Thailand, eastern
India, Sri Lanka, Bangladesh, Burma, Indonesia, Singapore and Brunei (Kuang, 1986;
Shrestha, 1978) and is also found in Philippines. Owing to its capability to adapt to wide
range of environmental conditions, candidates of the genus Clarias has extensively
travelled to many continents, adapting itself successfully and is now found throughout
Asia and Africa.

* Telephone No: +919435372338, Fax: +91 3842270802, Email ID: drsankarghosh@gmail.com
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Such introduction of new population of C. batrachus in addition to its existing wildtype
species has resulted in enriching the ecosystem with wide variety of haplotypes of C.
batrachus. However, their population has decreased significantly during the last two
decades, owing mainly to imprudent development and reckless fishing. Conservation of
this species is therefore the need of the hour. But, despite centuries of taxonomic inquiry,
problems inherent to species identification continue to hamper the conservation of this
species as C. batrachus for a long period of time (Ng and Hadiaty, 2011; Talwar and
Jhingran, 1991). Many such populations of C. batrachus were originally identified as
distinct species but later they were amalgamated with C. batrachus or considered as
synonym of this species (Day, 1958; Talwar and Jhingran, 1991), though sufficient
molecular data supporting this debate is lacking. There is also a significant lag in
understanding the genetic diversity of the species. In such scenario, introduction of this
species in a new environment may severely affect the existing population. Therefore,
there is a need to understand the genetic composition of natural population of C. batrachus
using molecular techniques to evaluate the latent genetic effects induced by hatchery
operations. Among molecular methods, DNA barcoding has served as an effective tool in
solving many distorted views of biodiversity (Hebert and Cywinska, 2003a; Hebert ef al.,
2003b). Indeed, DNA barcoding surveys, using partial cytochrome ¢ oxidase subunit I
(COI) sequences, have revealed cryptic diversity across the animal kingdom (Dudgeon et
al., 2012; Janzen et al., 2011; Mat Jaafar et al., 2012; Puckridge et al., 2012). For instance,
previous DNA barcoding studies in other taxonomic groups have found as many as nine
undescribed species embedded within a single known species of skipper butterfly (Hebert
and Penton, 2004). Ward et al. (2005) had sequenced (barcoded) 655 bp region of the
mitochondrial COI of 207 species of fish and recommended that COI barcode of all fish
species could be generated from the same primer and all fish species could be differentiated
by their COI sequence. Bucklin et al.(2011) calculated an average retrieval of 2 % new
species in larger fish DNA barcoding studies, and they extrapolated this rate to about 600
overlooked or cryptic species to await discovery through similar studies. From the 31,000
species currently listed in the Catalog of Fishes, about 4000 have been described as new
during the past 10 years (2000-2009), with 500 added in 2008 and 300 in 2009 (Eschmeyer
et al., 2012).

Thus, DNA barcode can be used as an effective tool to understand the genetic diversity
of C. batrachus. In this study, we evaluate genetic diversity of Indian C. batrachus using
mitochondrial cytochrome c oxidase subunit I (COI) sequences as DNA barcodes. Using
distance based methods we attempt to resolve some of the key areas of discrepancies
underlying the current taxonomic classification of this species. Moreover, our study will
help to identify geographically isolated population of C.batrachus, which will further help
in sustainable regulation of fishing practice of this economically important species.

MATERIAL AND METHODS

Data acquisition

A total of 50 COI barcode sequences of C. batrachus were mined from BOLD and
GenBank. Among them, 12 sequences of C. batrachus were retrieved from BOLD and 38
sequences from NCBI. The two sets of sequences were checked for redundancy and a
collection of 38 sequences of C. batrachus was used for final analysis. Further, these

26



Revealing the genetic diversity of Clarias batrachus....

databases were mined for available sequences of other species of Clarias genus in Indian
subcontinent and six Clarias dussumieri and five Clarias gariepinus were retrieved. Sequences
were included provided they had length greater than 540 bp with no missing nucleotides
or gaps. All sequences were aligned using ClustalX. Probable erroneous sequences (with
highly unlikely positions or extreme branch lengths, based on a neighbour-joining tree
calculated with all sequences) were identified and omitted. The COI coding DNA
sequence alignments were guided by pre-aligned COI protein sequences using MEGAS5
software.

Data analysis

Genetic distances were calculated to quantify sequence divergences among individuals
using Kimura’s two parameter (K2P) models (Kimura, 1980), as implemented in MEGA
5.1 (Tamura et al., 2011). Interspecific K2P distances were calculated for those species with
at least two sequences, and intraspecific K2P distances were calculated between species
in the entire data set. Genetic distances were analysed at species level in MEGA 5.1.
Neighbour joining analyses were also conducted independently for COI using K2P
distance model using MEGA 5.1. Node support was evaluated with 1000 bootstrap
pseudoreplicates.

RESULTS AND DISCUSSION

We obtained 18 DNA barcode sequences of Indian C. batrachus deposited in NCBI,
among which two sequences are also deposited in BOLD. These sequences belonged to
specimens collected from different geographic regions in India. Of the 18 C. batrachus
barcodes, five specimens belonged to Alibagh coast, Mumbai, Maharashtra and another
four were from Mathabhanga, West Bengal. Further, two sequences were generated in our
lab which were collected from Lala, Assam and these are the only barcode sequences of
C. batrachus to be submitted in BOLD (Bhattacharjee et al., 2012), because the remaining
7 sequences in NCBI geographic

Table 1. £ ] trach
location is not specified. We also able 1. Summary of Clarias batrachus sequences

retrieved 20 other COI sequences of analyse'd _
C. batrachus from different countries | Name of species Geogre?phlc NCBI| BOLD
that have been barcoded till now location
(Table 1). Clarias batrachus Thailand 13 0
Distance analysis of COI barcode Clarz‘as batrachus Ph1.11pp1nes 4
Clarias batrachus Vietnam 1 1
sequence based on K2P method of C. ; .
. . Clarias batrachus India 18 2
batrachus species from India showed ; .
o . Clarias fuscus China 1 0
large conspecific mean divergence Unspecified 0 5
(6.85 = 0.76) % thus indicating either Total 38 0

the presence of different haplotypes
of C. batrachus in India or presence of some mislabelled sequence. Geographically isolated
populations of same species often show high genetic deviation. To explore the possibility
of presence of distinct haplotypes of C. batrachus, the sequences were grouped according
to different geographic locations (within India), from which they have been collected and
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genetic variation within and between the groups were analysed (Table 2 and Table 3). We
observed low conspecific mean genetic distance for C. batrachus species of a particular
geographic location. Mean genetic distance of C. batrachus from Alibagh coast, Mumbai,

Table 2. Conspecific mean genetic divergence of different species of Clarias genus of
different geographical locations

Species Geographic location Mean% Dist S.E
Clarias batrachus Thailand 0.12 0. 08
Clarias batrachus Philippines 0 0
Clarias batrachus Vietnam 6.85 0.07
Clarias batrachus India (all sequences) N/A N/A
Clarias batrachus India (not available) 5.66 0.62
Clarias batrachus India (Maharashtra ,Mumbai) 0.19 0.10
Clarias batrachus India (Mathabhanga, West Bengal) 0.31 0.18
Clarias batrachus India (Lala, Assam) 1.51 047
Clarias dussumieri India (not available) 0.30 0.19
Clarias gariepinus India (not available) 0.31 0.46

Table 3. Mean genetic distance between different samples of Clarias genus of different
geographical locations

Sample 1 Sample 2 Mean% Dist| S. E.
Clarias batrachus India Clarias batrachus Thailand 12.29 1.20
Clarias batrachus India Clarias batrachus Philippines 11.37 1.16
Clarias batrachus India Clarias batrachus Vietnam 8.95 1.04
Clarias batrachus Thailand | Clarias batrachus Vietnam 13.80 1.60
Clarias batrachus Philippines| Clarias batrachus Vietnam 12.33 1.52
Clarias batrachus Thailand | Clarias batrachus Philippines 2.51 0.63
Clarias batrachus India Clarias batrachus India (Lala, Assam) 1.80 0.40
Clarias batrachus India Clarias batrachus India
(Mumbai, Maharashtra) 1.85 0.50
Clarias batrachus India Clarias batrachus India
(Lala, Assam) (Mumbai, Maharashtra) 0.93 0.30
Clarias batrachus India Clarias batrachus India 12.69 1.50
Clarias batrachus India Clarias batrachus India 13.51 1.50
(Lala, Assam)
Clarias batrachus India Clarias batrachus India 13.11 1.50
(Mumbai, Maharashtra)
Clarias batrachus India Clarias batrachus India 12.92 1.50
(Mathabhanga, West Bengal)
Clarias batrachus India Clarias batrachus India
(Lala, Assam) (Mathabhanga, West Bengal) 13.63 1.50
Clarias batrachus India Clarias batrachus India
(Mumbai, Maharashtra) (Mathabhanga, West Bengal) 13.34 1.51
Clarias batrachus India Clarias batrachus India 0.87 0.30
(Mathabhanga, West Bengal)
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Maharashtra, Mathabhanga, West Bengal and Lala, Assam were found to be 0.5%, 0.31%
and 1.5% respectively, while remaining 7 individuals for which no location has been
specified, show an overall mean of 0.15%. The mean distance between populations of
Lala, Assam and Mathabhanga, West Bengal were found to be as high as 13.639 %. Many
other interpopulation divergences also showed similar high range of conspecific divergence
that lies in the range of congeneric divergence. However, not all populations exhibited
high divergence, e.g., species from Lala, Assam and Alibagh coast, Maharashtra shared
narrow divergence of 0.934%, thereby indicating that geographic isolation can be partly
but not solely responsible for the observed high genetic divergence within Indian C.
batrachus species.

Altogether, six sequences of Indian C. batrachus cluster separately from all other
sequences of C. batrachus and diverge from the other Indian C. batrachus sequences by
13.21 + 1.25%. Moreover, with exclusion of these six sequences, conspecific divergence of
remaining Indian C. batrachus sequences lowers to 1.21 = 0.25%. This indicates the
presence of cryptic species diversity within Indian C. batrachus and that the six sequences
might represent a different species. In previous taxonomic classification, many species
showed conflict with C. batrachus and some are considered to be synonyms (Ferraris,
2007) like C. assamensis, C. punctatus, C. marpus, C. magur, C. fuscus, etc. (Day, 2011).
Among these species many were traditionally found in India and some were introduced
later (Talwar and Jhingran, 1991). Thus, barcode analysis indicates that discrepancy in
conspecific mean divergence of Indian C. batrachus may be due to the presence of one or
more of these species wrongly identified as C. batrachus. A comparison of DNA barcodes
of the aberrant C. batrachus with barcode sequence of all other representative species of
Clarias genus will verify whether these sequences belong to some previously described
species or represent a latent or different species. However, C. dussumieri (six sequences in
NCBI, 0 in BOLD) and C. gariepinus (five sequences in NCBI, 0 in BOLD) are the only
species of Clarias genus other than C. batrachus for which barcode sequences are available
from India. These two species cluster distinctly from both the clusters of C. batrachus and
show divergence from C. batrachus in the range of congeneric divergence, thus validating
that the aberrant sequences of C. batrachus is not any of the two barcoded species of C.
batrachus. Further, taxonomic investigation and inclusion of more samples along with a
comprehensive barcoding of all species of Clarias genus is required to resolve this issue.

Comparing barcodes of C. batrachus of different countries it reveals that populations of
different countries also show high divergence between them (Table 3). C. batrachus
sequences from Thailand and Philippines showed low conspecific divergence of 0 % and
0.121 + .08% and formed single cohesive cluster in Neighbour joining tree. Further,
sequences of the two countries form two distinct clusters (Fig. 1) with divergence between
them being 2.5% (Table 3). This indicates that sequences of C. batrachus from these two
countries represent unique haplotype specific for each country. However, narrow divergence
in Thailand and Philippines (Table 2) is not conclusive of the diversity of C. batrachus in
these countries as small sample size and inadequate sampling within these countries may
result in the present observation. Barcode of a synonym species of C. batrachus from China
of the name C. fuscus was retrieved from GenBank, and it was found to cluster closely
with C. batrachus from Philippines (Fig 1) in the NJ tree with 0 % congeneric distance. This
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included in parentheses.
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supports the contention that C. fuscus is a synonymy of C. batrachus. Nevertheless,
inclusion of more sequences of individuals sharing morphological symmetry with the
specimen of C. fuscus is required to validate that these two species are synonymy and thus
the two species can be amalgamated into single named species.

Further, even after exclusion of the six aberrant sequences of Indian C. batrachus,
conspecific divergence of Indian C. batrachus sequences with the same named species of
other countries shows high mean divergence of 10.51 = 1.25%. Similarly as observed
above, all other sequences of C. batrachus show high conspecific mean divergence between
populations of different countries. These observations suggest presence of unique
haplotypes of C. batrachus with high genetic divergence between populations of different
countries. This may be the result of high rate of introduction of C. batrachus species
throughout the world, which have resulted in enriching the ecosystem with wide variety
of haplotypes of C. batrachus.

CONCLUSION

This study reveals the presence of high genetic diversity of C. batrachus species across
the world. Species of C. batrachus shows high range of divergence between different
countries, which is easily traceable by COI barcodes. However, there is a significant lack
of proper sampling of barcode sequences of all recorded populations of this economically
important species in India and other countries which when done will definitely resolve
the existing dilemma in this species. This is essential for proper regulation of import,
export and introduction of a population to a new environment thereby ensuring sustainable
fishing practice.
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ABSTRACT

DNA markers (barcode) differentiate species based on their nucleotide sequence
diversity among various species. In this study we analyzed the rate and pattern of
nucleotide substitution and their consequent influence on the amino acid substitution
patterns of the sequences used as barcode mitochondrial COI, cyt b and the exon 1
of nuclear IRBP gene for animals from 15 different species of vertebrates. The
analysis shows unlike other codon positions, nucleotide substitution at the third
codon position does not show strong correlation with the amino acid substitution,
for the three gene sequences. Furthermore, COI gene shows a very low percentage
of amino acid variability (15.38%) inspite of high percentage of variation in its
nucleotide sequence (40.76%) as well as a significantly (p<0.0001) low level of amino
acid sequence divergence than the other gene fragments under study. Interestingly
among the compared sequences, a significantly conserved amino acid substitution
pattern seems to be a unique feature of barcode region of the COI gene making it a
more efficient marker for species identification. Hence, it was concluded that the
property of species identification of these sequences is based upon the variable
nature of third codon position.

Key words : Species-specific marker, DNA barcoding, nucleotide substitution,
codon positions, amino acid substitution

INTRODUCTION

Diversity of animal kingdom provides a challenging task for taxonomists to identify
and characterize the millions of species thriving on earth. In addition to morphology-
based identification systems, recent scientific investigations have revealed that DNA-
based markers are promising and might provide more accurate and easy identification
and characterization of species. DNA markers distinguish species based on sequence
diversity in small segments of DNA among different species and the DNA used for this
purpose can be both protein coding and protein non-coding fragments (Kress and
Erickson, 2012).

* E-mail: drsankarghosh@gmail.com.
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Hebert et al. in 2003 proposed a DNA barcoding system for animals, which was
appreciated and widely accepted. Hebert's barcoding system is based upon sequence
diversity in cytochrome c oxidase subunit I (COI, approximate gene length 1600 bp) of
mitochondrial genome. The diversity is observed in the stretch of nucleotide sequence
nearly 650-700 bp from the 5' end of this gene that is sufficient to reliably place species
in their appropriate belonging groups. Barcoding based on mitochondrial COI gene has
been implemented for a wide range of animals (Luo et al., 2011).

Apart from the widely accepted mitochondrial COI barcode sequences, some other
genes and gene fragments are also claimed to be suitable for species identification in
animals. The nuclear gene, interstitial retinol-binding protein 3 (IRBP) is commonly used in
animals as a DNA phylogenetic marker ( Barbosa et al., 2012). The exon 1 of this gene has
been used to infer the phylogeny of placental mammal orders ( Madsen et al., 2001), major
clades of rodentia ( Blanga-Kanfi et al., 2009), primates ( Poux et al., 2006) even for
identification of carnivora species ( Yonezawa et al., 2009). In another instance, Johns and
Avise (1998) demonstrated that closely related species of vertebrates regularly show more
than 2% divergence at another mitochondrial gene, the cytochrome b (cyt b). The cyt b gene
is used for species identification by PCR-RFLP based ( Latrofa et al., 2012) as well as
sequence variability based identification ( Chen et al., 2012). It is also used for inferring
deep phylogenetic relationships (Lecompte et al., 2008). However, in a recent study it has
been reported that COI, IRBP and cyt b are together used as DNA barcode to decipher the
phylogeny based delimitation of species boundary of Rattini tribe (Pages et al., 2010).

These genes differentiate specifically each species based on the nucleotide sequence
variation within the specified segment of the DNA. However, the polypeptide encoded
by these regions of the gene fragments play functionally active roles in various metabolic
pathways in every species. So, the three dimensional structure and functional integrity of
the polypeptide must be maintained throughout the species in order to ensure normal
metabolism of an organism, and there must exist a mechanism which minimizes variations
at the amino acid level, despite of the high difference in the nucleotide sequence among
species. This mechanism is speculated to be due to the degeneracy of codons.

In this study, we aimed to determine the rate and pattern of base substitution and their
consequent influence on the amino acid substitution patterns of different genes and gene
fragments used for species identification, as well as to compare the characteristics that
make them reliable as identification marker. To achieve this objective, we have chosen
three genes or gene fragments, viz., mitochondrial cyt b gene, barcode region of the COI
gene and the exon 1 of nuclear gene IRBP. Our aim was to analyse how the functional
polypeptide encoded by these DNA sequences maintains their structural integrity inspite
of having nucleotide variations enough for resolving species identification discrepancies.
We assessed the substitution rate and pattern at nucleotide and amino acid level by
considering different parameters, such as, percentage of variation, amount of four-fold
degenerate codons, and sequence divergence of DNA and polypeptide across species that
reflects the mechanism responsible for allowing species identification. Further, we also
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established the correlation between the effects of base substitution rate at each of the three
codon positions with the subsequent amino acid substitution rate for each of the genes
under study.

MATERIALS AND METHODS

The barcode region of mitochondrial COI gene, cyt b gene and the exon 1 of the
nuclear IRBP gene sequences and their respective polypeptide sequences of 15 species
under this study were taken from NCBI genome website (http://www.ncbinlm.nih.gov/
genomes/organelles). The species under this study were selected from diverse classes of
chordates, such as, pisces (fishes), amphibians, reptiles, aves (birds) and mammals living
in different habitats (species names and Accession numbers are given in data accessibility
section).

Multiple alignments of the selected sequences were performed using ClustralX, and
the nucleotide and amino acid sequence divergence were calculated by MEGA version 4.1
and the percentage of nucleotide and amino acid variation as well as the number of four-
fold degenerate sites were obtained by using MEGA version 4.1 (Tamura et al., 2007). The
nucleotide substitution per site, as well as the as the amino acid differences among all the
compared species was calculated using p-distance parameters (number of base differences
per site for all the sequences, by pair-wise analysis between all the species). Standard
error was estimated by 500 bootstrap replicates. Numbers of synonymous and non-
synonymous substitution rates were calculated using Nei-Gojobori Method in MEGA
version 4.1.

Correlation coefficient was calculated between the nucleotide substitution rates at
different codon positions (vertebrate mitochondrial genetic code table was used for COI
and cyt b gene and standard genetic code table for IRBP gene) and the amino acid
substitution rate per site for all the sequences.

RESULTS

Percentage of nucleotide and amino acid sequence variation

Comparison of nucleotide and amino acid sequence variation over the selected species
revealed an exceptionally conserved pattern of amino acid variation in the barcode region
of the COI gene. There were a total of 287 variable sites, which account for 40.76% of 704
nucleotides in the COI barcode region, whereas, this variation accounted for around
47.72% (609 out of 1276) in the IRBP gene and 50.56% (578 out of 1143) in the cyt b gene
following multiple alignment. The resulting change in the amino acid composition is
highly masked in the COI gene as it is evident from a amino acid variation percentage
of only 15.38% (36 out of 234 amino acid residues) as compared to 41.64% in IRBP gene
and 41.05% in cyt b gene (Fig. 1). The amino acid conservation rate of the barcode
sequence is around 2.6 fold higher than the cyt b and IRBP genes, and as a rule, this must
get reflected in the underlying mechanisms that allow this conservation pattern to occur.
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Fig. 1. Nucleotide and amino acid sequence variation: Percentage of sequence variation in
the gene fragments and their corresponding amino acid sequences of COI, IRBP
and cyt b genes

Analysis of evolutionary divergence per site

Estimation of evolutionary divergence between the compared species was conducted
in terms of P-distance. It was found (Table 1) that, although there is no significant
difference in the nucleotide substitution rates (P-distance mean 0.19+0.01, p<1.5) among
the three gene sequences, the amino acid substitution rate was significantly lower (mean
0.15+0.01 in cyt b and IRBP versus 0.03+0.008 in barcode, p<0.0001) in the COI region as
compared to the IRBP and cyt b gene.

Synonymous and non-synonymous substitution rate

The number of synonymous differences per synonymous site (d ) and non-synonymous
differences per non-synonymous site (d,) averaging over all sequence pairs is calculated
for barcode region of the COI gene, exon 1 of the rbp3 gene and the cyt b gene.
Interestingly, the synonymous substitution rate was found to be highest in the barcode
region of the COI gene (d,= 0.68+0.02) as compared to IRBP (d;=0.40+0.01) and cyt b (d¢=
0.61+0.01) gene sequences. Moreover, the non-synonymous substitution rate was
significantly lower in the COI region (d,=0.02+0.004, p<0.0001, t= 7.44), whereas it was
found to be equal in the other two compared gene sequences (d = 0.08+0.007). As all the
genes under study are functionally active, the synonymous substitution (d) is expected
to be higher than the non-synonymous substitutions (d,) and so the 11, defined as (d,;/d,)

N7

should be lower than 1. The ratio of non-synonymous to synonymous substitution 1

58



Implication of nucleotide substitution....

(dy/ds) was much lower in the COI region, around 6.5 and10 fold lower than cytb and
rbp3 gene sequence respectively (Table 1).

Tablel. Comparison of different parameters among the gene sequences under study:
evolutionary divergence (p-distance) of nucleotide and amino acid sequences; the
rate of synonymous (dg) and non-synonymous (d,) substitution; the ratio of non-
synonymous to synonymous substitution (i=d,/d,) and the percentage of four
fold degenerate codons of the gene fragments under study namely COI, cytb and

IRBP

Gene Nucleotide| Amino acid | Synonymous | Non- u=d /d; | Percentage

fragments | p-distance | p-distance | substitution/ | synonymous of four fold
site (d,) substitution/ degenerate

site (d) codons

COI 0.19+0.01 | 0.03+0.01 0.68+0.02 0.02+0.004 0.02 43.61

Cytb 0.21+0.01 | 0.15+0.01 0.61+0.01 0.08+0.007 0.13 32.28

IRBP 0.17+0.01 | 0.15+0.01 0.40+0.01 0.08+0.007 0.20 41.17

Analysis of codon degeneracy

During the process of protein/polypeptide synthesis, most of amino acids are usually
encoded by more than one codon, commonly known as degeneracy of codons, which
consist of two degrees, two fold, four fold and six fold degenerate codons (2 codons, 4
codons and 6 codons encoding same amino acid). From the analysis of average amino
acid composition among the compared species it was revealed that, the percentage of four
fold degenerate amino acids, such as, Ala, Pro, Gly, Thr is quite high in the barcode region
of the COI gene. This result is also evident by the observation that the percentage of four-
fold degenerate codons is comparatively higher (43.16%) in the COI gene than the other
two gene sequences IRBP and cyt b (41.17% and 32.28% respectively) as shown in Table 1.

Correlation between the nucleotide base substitution rates at different codon positions
and amino acid substitution rates

Correlation co-efficient between substitution rates of nucleotide bases at different
codon positions and the corresponding substitution rate of the corresponding amino acids
was calculated. It was found that there is no significant (p = 1.42) correlation between the
base substitution at third codon position and amino acid substitution in the barcode
region of the COI gene. Whereas, other gene fragment under this study showed significant
(p< 0.00001) but low positive correlation for the third codon position (IRBP: r,= 0.93; cyt
b: r,= 0.79). However, the base substitution at the first and second positions of the COI
gene showed a strong positive correlation (COLr = 0.85, r,=0.90, p< 0.00001) with amino
acid substitution, as the other two sequences (IRBP: r,= 0.98, r,= 0.97 p< 0.00001; cyt b:
r=0.96, r,= 0.95 p= 0.00001, Fig. 2).

Thus, it can be concluded that, substitution at second codon position showed highest
correlation with the amino acid substitution followed by the first codon position and least
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Fig. 2.1. Correlation between amino acid substitution rate and nucleotide substitution rate at codon position
1 for the gene fragments under study. (a) COI: Correlation coefficient (r)=0.857, p<0.0001, (b) cyt b: r=0.95,
p<0.00001, (c) IRBP: r=0.987, p<0.00001.
Fig. 2.2. Correlation between amino acid substitution rate and nucleotide substitution rate at codon position
2 for the gene fragments under study. (a) COI: Correlation coefficient (r)=0.90, p<0.0001, (b) cyt b: r=0.96,
p<0.00001, (c) IRBP: r=0.97, p<0.00001.
Fig. 2.3. Correlation between amino acid substitution rate and nucleotide substitution rate at codon position
3 for the gene fragments under study. (a) COIL: Correlation coefficient (r)=0.63, p<1.42, (b) cyt b: r=0.79,
p<0.0001, (c) IRBP: r=0.93, p<0.00001.
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in case of third codon position. This observation was true for all the three gene sequences.
Another interesting feature to be noticed is that the substitution rate at the second codon
position is very less as compared to the first codon position and on the other hand, the
third codon position showed the highest substitution rate.

DISCUSSION

From the current study, it was revealed that the barcode region of the COI gene shows
a higher degree of conservation in the amino acid substitution pattern than the other gene
sequences used for barcoding, viz., IRBP and cyt b. The barcode region of COI has a lower
amino acid sequence variation (15.38%) instead of almost 40.76% variation in the
nucleotide sequence, which implies a minimum effect of nucleotide variation on the
amino acid sequence. On the other hand, IRBP and cyt b showed 47.72% and 50.56%
nucleotide sequence variation and 41.64% and 41.05% amino acid sequence variation
respectively, indicating that the variation of nucleotide sequence is reflected by the
consequent variation in amino acid sequence.

The estimation of evolutionary divergence (p-distance) based upon the nucleotide and
amino acid sequence showed an almost equal pattern of divergence at both the levels for
IRBP and cyt b genes. Surprisingly, in case of COI gene the sequence divergence at the
nucleotide level was not reflected at the amino acid level, with a significantly greater
extent (p<0.0001) of conservation in the amino acid sequence encoded by the gene
fragment. This may be due to the higher synonymous substitution in the barcode region
of the COI gene (dg = 0.68 + 0.02) as compared to IRBP (d = 0.40 + 0.01) and cyt b (dg=
0.61 + 0.01), as well as significantly low non-synonymous substitution rate in the COI
gene (d = 0.02 + 0.004, p < 0.0001). As the gene fragments under this study are
functionally active, the synonymous substitution (d,) is expected to be higher than that of
non-synonymous substitutions (d,) in order to maintain functional constraint. This
hypothesis was proved to be correct as the 11, defined as (d/d,) was found much lower
than 1, a value true for functionally active genes. Moreover, in the COI gene the ratio of
non-synonymous to synonymous substitution ‘4" (d,/d;) was found to be approximately
6.5 and 10 fold lower than for cyt b and IRBP gene sequence respectively. This indicates
a very high extent of synonymy in the COI gene. In addition, the four fold degenerate
codons are more frequent in the barcode region of the COI gene than in cyt b or IRBP
gene.

Substitution at second codon position usually leads to a significant change in amino
acid sequence as this codon position is highly correlated with amino acid substitution.
However, the second codon position exhibits very high stability among all the compared
species and in all the three gene sequences under this study (IRBP: r,= 0.97 p < 0.00001;
cyt b: r,= 0.95 p< 0.00001; and barcode of COI: 0.90 p < 0.00001).

The correlation co-efficient between substitution rates of bases at different codon
positions and corresponding amino acids revealed the fact that the variation at third
codon position largely forms the basis for using any coding DNA sequence as a species-
specific identification marker, because the variation at this position has the least influence
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on the amino acid substitution. This has been earlier assumed true for barcode sequence
of the COI gene and was reported by Hebert et al. (2004) and Ward and Holmes (2007).
Our study also showed similar results for all the three sequences under this study.
However, in case of barcode region of COI, base substitution at the third codon position
was not significantly correlated with amino acid substitution. This observation indicates
that the greater level of liberty for change provided to the nucleotide at third codon
position of the barcode sequence of the COI gene helps in the maintenance of a
functionally active polypeptide sequence encoded by this region. It also may confer an
advantage to use the barcode sequence of COI gene for discriminating species more
efficiently than any other sequence used as species identification marker.

All these findings point towards an interesting phenomenon of flexibility in base
substitution at third codon position that allows nucleotide sequence variation among
species with little or no influence on the functional polypeptide encoded by the sequence.
Kimura in 1983 has already reported the high rate of substitution of the third codon
position followed by the first and second codon position (Kimura, 1980), but the
mechanism behind this is yet to be resolved. It is important to shed light on some of these
unanswered questions, such as, what allows the high mutation rate or fast evolution rate
in third codon position of a gene? How does the second codon position of genes remains
almost conserved in all the species? What mechanism works behind these site-specific
mutations? When these mysteries will be resolved, a far deeper understanding of the
phenomena of evolution and speciation are likely to be achieved.
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iodiversity assessments and implementation of conservation actions worldwide
are hampered by slow progress in taxonomic research, termed the Taxonomic
Impediment!. The existing workforce of taxonomists cannot cope with the
;voverwhelming need for basic field surveys, species descriptions and systematic
~ revisions to provide basic information for conservation planning. In addition, few
taxonomists are able to distinguish critically between more than 1000 taxaZ. The reality
facing taxonomy is that there may be more species that remain to be discovered on Earth
than those that have already been describeds. It is estimated that 1.4-1.8 million species have
been described*-® out of a possible total of approximately 7-15 million6. Species and
populations are going extinct at an alarming but poorly understood rate’-8. Many species
may be going to extinct before they can be identified or described. This presents a problem
for conservation planning and prioritization, obviously because species that have not been
identified cannot be protected effectively and is evident throughout the world. Taxonomic
expertise is lacking even for major and commercially important groups. The few taxonomists
who are working in developing countries, home to more than 95% of globally described
species; find it difficult to access basic taxonomic information such as species descriptions®.
Where taxonomic keys are available, they are raregr revised and often inadequate to identify
specimens unambiguously to the species levellV, There have been strident calls on the
taxonomy community to embrace new technologies and to form networks to speed up the
description of biodiversity!1:12 and to improve our ability to identify species? 13-16. How
this could be achieved without compromising rigorous taxonomic research principles is,
however, questioned!”. There is legitimate concern that too little money is being spent on
morphological taxonomy compared to molecular studies!8. A purely DNA taxonomy approach
(e.g.Blaxter!?), not to be confused with DNA barcoding?! is too simplistic in our view. DNA
taxonomy can, however, provide additional characters for discrimination, especially in cases
where other characters vary among species and are thus difficult to interpret. Therefore we
do not agree with de Carvalho et at.!” that a molecular approach will do little to address the
real problems in taxonomy. In our experience, most traditional taxonomists welcome the
opportunity to refer to molecular data, but DNA taxonomy should not replace taxonomic
research that can be based on multiple character data sets. Nucleotide sequence divergence
in short, standardized gene regions as DNA barcodes can be used to identify known species
and facilitate the discovery of new ones!3:21. Mitochondrial DNA is a valuable marker in
population genetic or phylogeographic studies because it is maternally inherited, evolves
rapidly and recombination is rare or absent?2, Therefore, a part of the mitochondrial
cytochrome oxidase subunit I (COI) has been chosen as a standard gene region for barcoding
animals. Although there was no prior reason for choosing COI among the 13 protein-coding
mitochondrial genes!3 it has the advantage of having robust universal primers that can
recover the 5' end of COI of most animal species. Barcoding of species has become cheaper |
through the technological advances made by other molecular programmes, especially the |
human genome Eroject”. Rapid barcoding and comparison with the growing database of
COI sequences?? will increase the speed of identification of newly collected or unknown

specimens. This may focus taxonomists' attention on unidentified lineages, and with the
addition of morphological and other taxonomically relevant data, could lead to a faster rate
of species description. Kress et al. (2005)25 suggest that the use of the COI sequence is not
appropriate for most species of plants because of a much slower rate of cytochrome ¢ oxidase
I gene evolution in higher plants than in animals. A series of experiments was then conducted
to find a more suitable region of the genome for use in the DNA barcoding of flowering
plants (or the larger group of land plants)26. One 2005 proposal was the nuclear internal
transcribed spacer region and the plastid trnH-psbA intergenic spacer2’ other researchers
advocated other regions such as matK26, In 2009, a collaboration of a large group of plant
DNA barcode researchers proposed two chloroplast genes, rbcL. and matK, taken together,
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as a barcode for plants®. Jesse Ausubel, a DNA barcode researcher not involved in that effort

suggested that standardizing on a sequence was the best way to produce a large database of
plant sequences, and that time would tell whether this choice would be sufficiently good at
distinguishing different plant species?. The Consortium for the Barcode of Life (CBOL)
was established as a growing coalition of biodiversity organizations interested in developing
barcoding as a global standard for DN A-based species identification. CBOL promotes FISH-
BOL as an international campaign to barcode all marine and freshwater fish. FISH-BOL
consists of ten regional working groups representing Africa, Australia, Oceania/Antarctica,
the Americas (North, Central and South America), Europe and Asia (India, North East Asia,
and South East Asia). Each of these regional working groups is charged with the task of
organizing support and participation to barcode the ichthyofauna within their region, based
on expert-identified voucher specimens. The main purpose of barcoding is to identify species
reliably, increase the rate of species discovery and raise the profile of taxonomic research?.

Methods:
Sample collection:

Effective DNA barcoding depends on the quality of the biological material. Simple sampling
protocol will ensure proper preservation of biological samples for DNA studies.

For mammals, fish, birds and large invertebrates

Freeze whole individual or part of the tissue specimens in plastic bags or a cryo-
vial; use a write-on label to record vessel/expedition name/code, locality or station
number, latitude and longitude, date, species name and collector's name. Store
labelled specimens in freezer. Photograph the whole specimen before discarding,
and cross reference the digital photo to the tissue sample code. It is essential that
species-diagnostic characters can be seen on the photograph. Avoid formalin work
areas for handling specimens.

For small fish and invertebrates

Use 96% pure ethanol (~80-85% for fragile arthropods) for fixation and preservation.
Do not use denaturised alcohol. Label all samples with locality, coordinates, date
and collector. Record specimen collection data on a waxy paper label, use pencil.
Add label to ethanol filled jar. Record the vessel/expedition name/code, locality or
station number, date, species name, and name of scientist making the identification.

If ethanol is impractical or unavailable in large amounts, the samples (or specimens) can be
sub-sampled in ethanol (as above). Cross reference labelling with unique identifiers is
important to link subsamples or tissue samples with primary samples. Specimens that must
be kept dry for morphological studies (such as butterflies) should be kept frozen (at -20°C
or lower temperatures) or quickly dried in an oven or incubator.

Specimen Preservation: Following DNA extraction the samples are preserved in 10% formalin
to be used as voucher specimen in future.

PCR amplification& Genome analysis:

It can be carried out using standard protocol. PCR fragments are then sequenced in an
automated DNA sequencer. Nucleic acid sequences were subjected to BLASTn searches at
the National Center for Biotechnology Information (NCBI), (http://www.ncbi.nlm.nih.gov/blast)
and they were aligned using ClustalW software (http://www.ebi.ac.uk/clustalw). The final
analyzed sequences will be deposited in GenBank, under the accession numbers. Kimura
2-parameter genetic distances will then be determined using the computer program Molecular
Evolutionary Genetics Analysis (MEGA Version 4.1) to get the level of within and among
species variation. It will further help to trace the phylogenetic relationship among groups.
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Application:

The barcode of life provides an additional master key to knowledge about a species.
Compiling a public library of sequences linked to named specimens, plus faster and cheaper
sequencing, will make this new barcode key increasingly practical and useful. The additional
powers that barcode offers includes:

1. Works with fragments. Barcoding can identify a species from bits and pieces. When
established, barcoding will quickly identify undesirable animal or plant material in
processed foodstuffs and detect commercial products derived from regulated species.
Barcoding will help reconstruct food cycles by identifying fragments in stomachs and
assist plant science by identifying roots sampled from soil layers.

2. Works for all stages of life. Barcoding can identify a species in its many forms, from
cggs and seed, through larvae and seedlings, to adults and flowers.

3. Unmasks look-alikes. Barcoding can distinguish among species that look alike, uncovering
dangerous organisms masquerading as harmless ones and enabling a more accurate view
of biodiversity. _

4. Reduces ambiguity. Written as a sequence of four discrete nucleotides - CATG - along
a uniform locality on genomes, a barcode of life provides a digital identifying feature,
supplementing the more analog gradations of words, shapes and colors. A library of
digital barcodes will provide an unambiguous reference that will facilitate identifying
species invading and retreating across the globe and through centuries,.

5. Makes expertise go further. The bewildering diversity of about 2 million species already
known confines even an expert to morphological identification of only a small part of”
the plant and animal kingdoms. Foreseeing millions more species to go, scientists can
equip themselves with barcoding to speed identification of known organisms and facilitate
rapid recognition of new species.

6. Democratizes access. A standardized library of barcodes will empower many more
people to call by name the species around them. It will make possible identification of
species whether abundant or rare, native or invasive, engendering appreciation of
biodiversity locally & globally. '

7. Opens the way for an electronic handheld field guide, the Life Barcoder. Barcoding
links biological identification to advancing frontiers in DNA sequencing, miniaturization
in electronics, and computerized information storage. Integrating those links will lead
to portable desktop devices and ultimately to hand-held barcoders. Imagine the promise
of a schoolchild with a barcoder in hand learning to read wild biodiversity, the power
granted to a field ecologist surveying with a barcoder and global positioning system, or
the security imparted by a port inspector with a barcoder linked to a central computer!

8. Sprouts new leaves on the tree of life. Since Darwin, biologists seeking a natural system
of classification have drawn genealogical trees to represent evolutionary history. Barcoding |
the similarities and differences among the nearly 2 million species already named will
provide a wealth of genetic detail, helping to draw the tree of life on Earth. Barcoding |
newly discovered species will help show where they belong among known species,
sprouting new leaves on the tree of life.

9. Demonstrates value of collections. Compiling the library of barcodes begins with the
multimillions of specimens in museums, herbaria, zoos and gardens, and other biological |
repositories. The spotlight that barcoding shines on these institutions and their collections |
will strengthen their ongoing efforts to preserve Earth's biodiversity

10. Speeds writing the encyclopaedia of life. Compiling a library of barcodes linked to
voucher specimens and their binomial names will enhance public access to biological §
knowledge, helping to create an on-line encyclopaedia of life on Earth, with a web page |
for every species of plant and animal. ;

And Many More.....
Global initiative: Consortium for the barcode of life (CBOL)

The Consortium for the Barcode of Life (CBOL) is an international initiative devoted to
developing DNA barcoding as a global standard for the identification of biological species.
Established in 2004 through support from the Alfred P. Sloan Foundation, CBOL promotes
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barcoding through Working Groups, networks, workshops, conferences, outreach, and
training. CBOL has 200 Member Organizations from 50 countries and operates from a
Secretariat Office located in the Smithsonian Institution's National Museum of Natural
History in Washington, DC.

Major CBOL projects:

ABBI, the All Birds Barcoding Initiative, is a campaign to collect DNA barcodes from 5
or more individuals of all of the approximately 10,000 bird species in the world. The ABBI
DNA barcode library will help speed discovery of new species, open new avenues for
scientific investigation, and provide a forensic tool for identifying specimens, including for
example tissue fragments from bird-airplane collisions and avian blood samples from biting
insects that harbour West Nile virus or other human disease agents.

Bee-BOL, the Bee Barcode of Life Initiative, is a global effort to coordinate the assembly
of a standardized reference sequence library for all ~20,000 bee species. Bee-BOL is creating
a valuable public resource in the form of an electronic database containing DNA barcodes,
images, and geospatial coordinates of examined specimens. The database contains linkages
to voucher specimens, information on species distributions, nomenclature, authoritative
taxonomic information, collateral natural history information and literature citations.
ECBOL is an information and coordination hub on DNA barcoding in Europe organized
within EDIT, the European Institute of Taxonomy and maintained by CBS, the Centraalbureau
voor Schimmelcultures in Utrecth. The ECBOL initiative (Calibrating European Biodiversity
using DNA Barcodes) is a network of European researchers and is seeking to obtain funding
from the coordination and maintenance of a Network of European Leading Labs.
FISH-BOL, the Fish Barcode of Life campaign, is collecting barcodes from at least five
specimens representing the 30,000+ species of marine, freshwater and estuarine fish of the
world. Like ABBI, FISH-BOL has a central Steering Committee and Regional Working
Groups.

MarBOL is an international campaign to obtain at least 50,000 barcode records of marine
species by October 2010. MarBOL is led by an international Steering Committee and an
affiliated project of the Census of Marine Life (CoML).

MBI, the Mosquito Barcode Initiative is another "demonstration project" aimed at producing
a global operational system for identifying mosquitoes in two years. MBI plans to barcode
at least five specimens from 80% of the 3200 known mosquito species. Disease-bearing
species and their closest relatives will be the highest priority.

TBI, the Tephritid Barcode Initiative is a two-year "demonstration project" that will create
an operational system for identifying fruit flies around the world. TBI will barcode at least
five representatives of all tephritid fruit flies that are either (1) agricultural pests, (2) beneficial
species used for biological control of other pests, (3) closely related to pests or beneficial
species; and (4) representative species from other families of tephritids. TBI plans to obtain
barcodes from approximately 2000 species of the estimated 4500 known tephritid species.
CBOL's International Network for Barcoding Invasive and Pest Species (INBIPS) is
made up of researchers and representatives of government agencies. They're exchanging
information and developing plans for global barcoding projects.

CBOL's Plant Working Group (PlantWG) focuses on the urgent need to reach a consensus
on the standard barcoding regions for plants.

There are many other major barcoding initiatives organized by other barcoding groups which
include International barcode of life initiative (iBOL) and Quarantine barcode of life (QBOL).

Our Initiative:

India being a hotspot of diversity borne a diverse variety of flora and fauna however, the |
limitations inherent to morpho-taxonomy latent's the actual status. The advent of DNA |
barcoding represents an important step to monitor Northeast India biodiversity. In our

approach, more than 350 mitochondrial COI DNA barcode of diverse flora and fauna have |
been submitted to Barcode gene bank of India, particularly in Northeast which includes |
Fishes, Turtles and Tortoises, Birds, Economic and Endemic animals like Manipuri pony, |
Indian Rhinoceros, Golden Langur etc. and Medicinal plants. The analysis of the sequences |
showed a congeneric and conspecific barcode gap and species label identification was |
relatively straightforward. The cases of latent species, introgression and haplotypes diversity |
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was observed among certain species, which earlier either revealed an ambiguous taxonomic
state or misperception. The study further came with the possible discovery of new species
under certain taxa. It provided an independent means to reassess the existing phylogeny
which also showed the misplacement of certain organisms under certain taxa. The initiative
is highlighted as poster presentation at the third international conference on DNA barcoding
held at Mexico City 28.

Fish barcoding initiative: The Northeast India is known for its large repository of freshwater
fishes which is 33% of the total freshwater fishes found in India. In our initiative we
concentrated on Catfish and Ornamental fish barcoding as both the groups hold traded value
and had a major demand in international market and needs molecular label authentication
to avoid adulteration and species replacement.

Catfish barcoding: A total of 82 barcode sequences were developed for 27 species under
17 genera and 10 families. The analysis and comparison match with database revealed
straightforward identification for only 20% of the species and rest returned no match. Hence,
most of the sequences were noble sequences and an addition to the existing reference database.
The analysis further showed a positive role of Transversion mutation in species differentiation
and extraction of mini and character based barcode for the species which will help in technical
overhaul of barcode process29.

Ornamental fish barcoding: The northeast India has is a hub for the trade of ornamental
fishes to the global market however; no strict law is there to control or regulate the trade..
The major concern being increased demand had lead to over exploitation of many fishes
which are now either critically endangered or endangered. The generation of barcode
sequences will help to regulate the trade and hence, a total of 80 barcode sequences were
developed for 45 endemic species of fishes. The result of the above project is highlighted
in the 22nd Pacific Science Congress at Kuala Lumpur, Malaysia30.

Turtle and Tortoise DNA barcoding: The critically endangered Testudines species widely
distributed in Asia are on the verge of extinction by anthropogenic and environmental threats.
Phylogeny of turtle and tortoise are perplexing when morphological traits were evaluated
with molecular data's. Our data generated barcode sequences includes 5 softshell turtles, 6
hardshell turtles and 2 tortoise species exclusively found in Northeast India. The study is a
novel approach to generate species specific DNA barcode tags of endangered Testudines
and authenticate the existing phylogenic construction with a strong support for proper
systematic, aiming conservation of turtle biodiversity.

Medicinal Plant DNA barcoding: More than 35 Accession No. of plant barcode sequences
were generated from 20 different medicinal plants of Northeast India. 15 sequences are novel
(first time in NCBI) sequence in Genbank database. The sequences showed indels could be
a possible marker for several species of plants. _ '

Other Vertebrates DNA barcoding from India: Many other endemic vertebrates like
Indian rhinoceroses, Golden Langur, Manipuri Pony, Himalayan Siri breed of cow, birds
etc. which had their last remaining strong holds in Northeast India were also barcoded for
their partial mitochondrial COI gene. The sequences generated had direct application in
many fields discussed below.

¢ Poaching: The population of many endemic and economic animals like Golden Langur,
Indian Rhinoceros, Turtles, Birds, Fishes etc. of India is going towards a bottleneck due
to heavy exploitation. The animals were mostly targeted for their ivory, skin, meat etc.
however, the regulation to monitor these happenings was inadequate because of the
identification challenges of animals source. As barcoding is a DNA based technique and
DNA could be extracted from any biological source, it will greatly help to monitor the
poaching of animal's products and meat etc.

¢+ Food adulteration: Food adulteration is a global concern now. Our initiative in this
respect involves a PCR-RFLP based marker to monitor and check meat and milk
-adulteration. The marker is well capable of discriminating the source of the milk and
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meat from a mixture and thus has a major application to check adulteration.

+  Phylogeograpic studies: A major application of this study also involves the phylogeographic
studies. The sequences of the mitochondrial D-loop part acts as breed specific marker
and on monitoring the migration range of the animals based on assessing the number |
of total and isolated haplotypes within a population. The above finding reflects a diversity
range of a population which depicts the ecological status of the organism.

+  New species: Based on DNA barcoding we proposed new species in Turtle, Mahseer
fish, catfishes and ornamental fishes from Northeast India.

+ - Cross-species primers for Barcode development

Development of individual barcode for human- Proposed powerful marker for the UID
(Unique Identity) Project in India

The 12-digit unique number (UID card-AADHAAR) will store basic demographics and
biometric information - photograph, ten fingerprints and iris - of each individual in a central
database and will issue for all residents in India. Established in February 2009, and will own
and operate the Unique Identification Number database containing biometrics data. The UID
will link a person's Passport Number, Driving License, PAN card, Bank Accounts, Address,
Voter ID, etc and all this information will be checked through a database. So, for example,
if someone has different addresses on PAN and driving license, is liable to get caught. Those
who will opt out of this program will have much inconvenience in doing business, operating
bank accounts and other offices which will require a UID. The UID (Unique Identity) project
is undertaken by the Government of India with the agenda of implementing the envisioned
Unique Identification card to about all the population of India. The present programme
undertaken is indeed novel in its approach but with some limitations. The identification of
a mutilated body either by disaster such as Mumbai blast or a terrible accident such as
Gyaneshwari Express train accident etc., is mainly based on some specific assumption and
several disputes of claim and disclaim had made the situation worsen. To address it, in
addition to the biometric data, the inclusion of DNA based identification marker in the panel
might prove to be very useful. Here, we propose the use of the mitochondrial DNA (mtDNA)
D-Loop hypervariable regions, owing to its high mutation rate, for unique individual
identification as DNA barcode (Acc. No. IN603607-29). We sequenced and analyzed 25
human D-Loop hypervariable regions and observed significant variation (p = 0.04) in terms
of total nucleotide differences among the sequences. Moreover, our analysis revealed the
presence of at least one or more indels in each of the sequences, which makes them unique
from each other. So, d-loop sequences are unique sequences among human: a possible
marker for personalized identification of human.

Future perspective

These projects are designed to identify species through a composite database based on the
mitochondrial COI region of as many species as possible, to provide a hitherto unavailable
'horizontal genomics' perspective?!. This COI database can form the foundation for more
detailed phylogeographic studies. In their planning phases, preliminary analyses of phylogenetic
studies will be able to benefit from this species-rich COI database in important ways. One
such benefit will be in selecting in- or outgroups suitable for molecular phylogenetic analyses §
in a particular study.The identification of species remains, however, the main objective of
barcoding. Owing to maternal inheritance, mtDNA reflects only a portion of the ancestry
of a species. Additional information is necessary to test whether divergent mtDNA lincages
constitute separate species32-34. We therefore view provisional species assignments (that is, |
not formal descriptions) based only on mtDNA as working hypotheses. As new collections §
are made, individuals suspected of being unique (especially of equivocal taxonomic status) |
can be barcoded. If they are divergent or form part of a unique lineage, they can then be |
flagged for further taxonomic investigation. As PCR and sequencing technology advances-
such as nanolitre-scale sequencing technology developments 5-the evolution of a hand-held |
barcoder becomes more feasible. This will markedly increase our capacity to identify species |
and understand the distribution of indigenous and alien species and their unique genetic
lineages, especially in those regions where there are few trained taxonomists and sequencing |
facilities. It may also spark more interest in biodiversity, taxonomy and conservation issues
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