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Abstract

Biodiversity is essential for maintaining ecosystem services and each species performs a particular function in an ecosystem. It
constitutes a unique global heritage and its conservation and utilization is of immediate concern. The increasing loss of aquatic
biodiversity globally has led the researchers to intensify their efforts to produce a census of all aquatic biodiversity and to
modernize the taxonomy. It is not feasible to catalogue the vast diversity by traditional methods based on morphological
description so the researchers adopt analytical molecular technologies as an alternative to fill the gaps in phylogeny. In this
direction, DNA markers have revolutionized the analytical power necessary to explore the genetic diversity. The present article
collates information on all types of molecular markers with their principles, important advantage and disadvantages with respect to
aquatic biodiversity studies. Among them mitochondrial DNA markers are being used extensively in aquatic biodiversity and
conservation studies particularly in tracking invasive species, detection of cryptic species and identification of various life history
stages. Focus has been given on mtDNA based markers such as DNA Barcoding, mini-DNA Barcoding and environmental DNA
(eDNA) based meta-DNA Barcoding technologies useful for aquatic biodiversity studies.
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1. Introduction

Agquatic organisms have been the integral part of aquatic
biodiversity and human beings have long been dependent on
these resources for their food, health, environmental security
and other commercial use = 2. Biodiversity constitutes a
unique global heritage and its protection and conservation is
of immediate concern [Bl. Each species performs a particular
function in an ecosystem. Aquatic biodiversity in marine and
freshwater ecosystems is enormous and the quantity of
explored diversity is far less than the actual diversity. The
ancient ancestry extending into the past for more than 500
million years has allowed a vast span of time for evolutionary
divergence and for the origin and extinction of major phyletic
lines. Moreover, freshwater biodiversity has been experiencing
alarming decline due to over exploitation of biota, habitat loss,
anthropogenic pollution and other factors ™. As a result,
several organisms were listed as endangered or threatened ©I.
The phylogenic lineages based on the evolutionary
relationships are still highly debatable inspite of repeated and
continuing investigations using classical taxonomy. This
scenario forced the researchers to adopt analytical molecular
technologies as an alternative to fill the gaps in phylogeny and
exploring the aquatic biodiversity. In this direction, DNA
markers, genome mapping, microarrays and sequencing are
proved to be the most relevant technologies.

Molecular markers are potential tools to identify the genetic
distinctiveness of individuals, populations or species. These
markers have revolutionized the analytical strength necessary
to investigate the genetic diversity. The development of DNA-
based genetic markers created a huge progress in genetic
studies. With these DNA markers, it is possible to observe and

exploit genetic variation in the entire genome. Popular DNA
markers in the aquatic biodiversity studies include:
Allozymes, mtDNA (Mitochondrial DNA) markers, RFLP
(Restriction  Fragment Length Polymorphism), RAPD
(Random Amplified Polymorphic DNA), AFLP (Amplified
Fragment Length Polymorphism), Microsatellites, SNP
(Single Nucleotide Polymorphism) and EST (Expressed
Sequence Tags) markers [, Selection of appropriate genetic
markers to assess the genetic diversity is the primary concern
for any application in the field of aquatic biodiversity. Of late,
mtDNA  markers, especially DNA Barcoding and
environmental DNA (eDNA) technologies are being gained
greater attention from scientists with broad applications.
Different types of markers used for aquatic biodiversity
studies are depicted in Fig.1.

In the process of evolution, every organism undergoes some
genetic change at different magnitudes in reproductively
isolated populations. Those changes enhance the capability of
organisms to adapt to changing environment and are necessary
for survival of the species. At the DNA level, genetic variation
is mainly due to: base substitutions (Single nucleotide
polymorphisms, SNPs); insertions or deletions of nucleotide
sequences (Indels) within a locus; and the rearrangement of
DNA segments around a specific locus. The present article
collates information on molecular DNA markers with
reference to their principles, potential power, applications and
disadvantages in aquatic biodiversity studies. Emphasis has
been given on recent technological advances in mtDNA based
markers such as DNA Barcoding, mini-DNA Barcoding and
environmental DNA (eDNA) based meta-DNA Barcoding
technology.
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2. Molecular Markers

2.1 Allozyme Markers

Allozymes were among the earliest markers used in 1980’s.
These are the variant forms of an enzyme that are coded by
different alleles at the same locus [l. They proved to be
efficient both individually as well as in combination with
other markers (RFLP, microsatellites or mitochondrial
markers) for genetic stock assessment and revealing the
genetic bottlenecks in various geographical regions (€1,

They are well known for estimating genetic differentiation and
reproductive isolation, analysis of mating patterns coupled
with Hardy-Weinberg pattern 1 which helps in determining
the origin of an individual from a sample whether from a vast,
randomly mating population with equilibrium genotype
frequencies or from group of genetically distinct units.
Allozymes revolutionized the studies on spawning
aggregations by showing the homogeneity among
heterogenous spawn both morphologically and life stage-wise
over large geographic distances [, Allozymes are not
efficient with heterozygote deficiencies due to null
(enzymatically inactive) alleles.

2.2 Microsatellite Markers

Microsatellites or Variable Number of Tandem Repeats
(VNTR) are sequence repeats that range in size from 1 to 6
base pairs. Microsatellite loci typically exhibit elevated levels
of length mutation facilitating high levels of heterozygosity in
fish (ranging from 24-90%) which helps in stock identification
(111 By using this technique, it is possible to compare the
genetic diversity and population structure between wild and
cultured stocks 12 131 which is useful for the researchers to
improve species genetically by selective breeding and to
design appropriate management guidelines for the
conservation of a particular species. They provide valuable
inferences while analyzing the genetic inheritance in the inter
hybrid population 1 and parentage analysis %1, Survey on
genomic sequencing of channel catfish showed that
microsatellites were found to represent 2.58% of the catfish
genome 181, In most fish species, dinucleotide (AC), repeats
are the most abundant forms of microsatellites. The
disadvantage lies in the identification of microsatellite locus
for its sequencing and it needs lot of investment and effort for
primer designing. The mutation rates and patterns are also
difficult to understand 2],

2.3 RAPD (Random Amplified Polymorphic DNA)

RAPD markers gain advantage with their arbitrary primers in
several population study applications 18 1. RAPD can detect
high levels of DNA polymorphism. The technique detects
coding as well as non-coding DNA sequences, and most of the
informative polymorphic sequences derived from repetitive
(non-coding) DNA sequences in the genome. RAPD markers
have been widely used for species and strain identification in
fishes and mollusks, genetic diversity and rate of gene flow in
fish and analysis of genetic impact by environmental stressors
(201, The major weakness of RAPD is its dominant mode of
inheritance. Presence of paralogous PCR product (different
DNA regions which have the same lengths and thus appear to
be a single locus) limited the application of this marker.

2.4 RFLP (Restriction Fragment Length Polymorphism)
The RFLP technique is mainly based on DNA fragment length
differences after digested genomic DNA with one or more
restriction enzyme. Earlier these fragments were analyzed
using Southern blot analysis by specific probes. Later, with
the increasing number of “universal primers” developed from
the flanking regions of fragments, it is replaced with PCR.
RFLP is a co-dominant marker. It unable to detect point
mutations, low polymorphic rates at most loci and can detect
only large shifts in DNA fragment sizes. RFLP requires
previous genetic information. Often this information is not
available for many fish or other aquaculture species. Future
use of RFLP will be to focus on analysis of Single Nucleotide
Polymorphisms (SNP) residing within restriction sites.

2.5 AFLP (Amplified Fragment Length Polymorphism)

AFLP is a PCR-based, multi-locus fingerprinting technique
that combines the strengths of RFLP and RAPD. Like RAPDs,
it does not require any prior molecular information and thus
applicable even to less studied fish species. By using AFLP,
Co-dominant scoring is possible for well-characterized
families. AFLP markers have been extensively used for
genetic improvement programmes 24, genetic comparison of
cultured and wild populations 22 and other applications. The
major weakness of AFLP marker is its dominant nature of
inheritance. Also, it requires special equipment such as
automated gene sequencers for electrophoretic analysis of
fluorescent labels. Traditional electrophoretic methods can
also be employed, but they require the use of radioactive
labels or special staining techniques such as silver staining.

2.6 SNP (Single Nucleotide Polymorphism)

Single  nucleotide  polymorphism  (SNP)  describes
polymorphisms caused by point mutations that give rise to
different alleles containing alternative bases at a given
nucleotide position within a locus [?%1. The PIC of SNP’s is not
as high as multi-allele microsatellites, but this limitation is
balanced by their great abundance. The SNP’s are inherited as
co-dominant markers. Development of SNP-based genetic
maps provides deep insights into genome-wide linkage study
of sex determination and identification of loci on various
chromosomes responsible for sex determination. SNP-based
experiments showed direct evidence for polygenic sex
determination in zebra fish 4. SNP’s applicability to non-
model organisms based on an annotated sequence of a model
organism is a recently discovered application [?°],

2.7 EST markers (Expressed Sequence Tags)

Expressed sequence tags (ESTS) are single-pass sequences
generated from random sequencing of cDNA (complementary
DNA) clones. It offers a rapid and valuable first look at the
genes expressed in specific tissues under specific
physiological conditions, or during specific developmental
stages. ESTs are useful for the development of cDNA
microarrays that allow analysis of differentially expressed
genes to be determined in a systematic way, in addition to
their great value in genome mapping. Recent development of
radiation hybrid panels for widely cultivable species is a very

good option for the application of EST markers in aquaculture
[26],
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Fig 1: Different types of markers used for aquatic biodiversity studies

3. Mitochondrial DNA markers (mtDNA)

These are strictly maternal inherited markers that contain
faster mutation rate than the nuclear DNA 271, The recent
application of mitochondrial markers is the identification of
cryptic species and alien species. mtDNA markers have
emerged as one of the major tools for integrative taxonomy.
mtDNA markers are useful for exploring the relationships
among closely related species and for the identification of
brood stocks. Different parts of the mitochondrial genome are
known to evolve at different rates. Almost the entire mtDNA
molecule is transcribed except for about 1-kb control region
(D-loop) where replication and transcription of the molecule is
initiated. In general, non-coding segments like D-loop exhibit
elevated levels of variation relative to coding sequences such
as cytochrome b (Cyt b) gene. Inventorying the “universal
primers” elevated the use of these markers greatly in the field
of aquatic biodiversity studies.

Non-Mendelian inheritance and relatively minor proportion of
mtDNA to total genome are the disadvantages for mtDNA
markers. Gender biased inheritance (maternal) was also
identified as another limitation to the validity of using mtDNA
for genetic studies. Instances like back mutations (sites that
have already undergone substitution are returned to their
state), parallel substitutions (mutations occur at the same site
in independent lineages), and rate of heterogeneity or
mutational hot spots (large differences in the rate at which
some sites undergo mutation when compared to other sites in
the same region) also misleads the properties of mitochondrial
markers.

3.1 DNA Barcoding

Before 2000s, various discrete units of mitochondrial genome
were used in various applications without consistency among
the scientific community. However, with the advent of DNA
Barcoding technology using Cytochrome Oxidase | gene
(COIl/ Cox) by Noble laureate, PDN Hebert (2003), all the
scientists come under one umbrella. This COIl based
technology is being used extensively in aquatic diversity
studies for the identification of species ?® 21, to examine
phylogenetic relations, strains and hybrids % as well as for
species delimitation. This technology has solved many
challenges in the field of classical taxonomy. It is proved as a
successful tool for revealing cryptic species B4, calculating
genetic divergence within and among the species [,
identification of Short Range Endemics (SRE’s) [, etc.
Moreover, it plays a crucial role in rapid documentation of a-
taxonomy for several precious faunal groups before they lost
[30. 331 and accelerate the rate of species discovery [,
However, the application of barcoding technology in
taxonomy faced some controversies among scientists.
Availability of universal primers facilitate the broad
application of technology across all hierarchical levels of
many groups of aquatic invertebrates (% and vertebrates [
including marine organisms B, Many scientists across the
globe initiated several projects, campaigns, databases and
libraries to create online platform for those who work on
different groups of organisms (Table 1). Food traceability is a
recently emerged application of DNA Barcoding where it is
more beneficial for quality assessment of aquatic products by
controlling food fraudery activities, species substitutions and
food authentication [38 39,

Table 1: Different databases and initiatives working for DNA Barcoding of various fauna

S. No. Database Covered organisms  |Origin Country Reference
1 NCBI-GenBank All fauna USA https://www.ncbi.nlm.nih.gov/genbank/
2 BOLD v4 All animal fauna Canada http://mww.boldsystems.org/
3 FISH-BOL All fish species Multiple http://www.fishbol.org/
4 |CBOL Fungal working group Fungal fauna USA http://www.fungalbarcoding.org/
5 Bee-BOL Bee species USA http://www.ibol.org/phasel/about-us/campaigns/
6 Coral reef barcode of life Coral reef fauna USA http://www.barcodeoflife.org-/content/community/projects
7 ECBOL All fauna Multiple http://ibol.org/june-2-4/
8 HealthBOL Voctor fauna - http://www.healthbol.org/
9 | Lepidoptera Barcode of Life | Butterfly and Moth species Germany http://lepbarcoding.org
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10 MarBOL Marine species - http://www.marinebarcoding.org/
11 MBI Mosquito species USA http://barcodeoflife.ning.com/group/mosquitobarcoding
12 Q-BOL Plant pathogenic organisms| Netherlands https://www.gbol.org/en/gbol.htm
13 SharkBOL Sharks - -
14 SpongeBOL Sponges USA http://www.palaeontologie.geo.uni-muenchen.de/SBP/
15 TrichopteraBOL Trichopterans Canada http://trichopterabol.org/

High polymorphism due to rapid mutation rate in COI mtDNA marker in wide range of populations. The main pull

resulting from the lack of DNA repair mechanism during
replication in the course of evolution is an advantage for using

backs associated with DNA barcoding are Pseudogenes
(NUMTS) [ and maternal inheritance.
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Fig 2: Applications of COI based DNA Barcoding

3.2 Mini DNA Barcoding

Mini DNA Barcoding is useful for degraded DNA samples
and to identify the processed aquatic products 4. It focuses
the analysis of shorter DNA fragments (e.g. 100-200 bp)
within the full-length barcode. It is proved to be effective in
obtaining DNA sequence information from specimens
containing degraded DNA 2, Even short fragments of COI
can be effectively used for species identification. With the
advent of new sequencing technologies, this method gains
much importance in determining the species composition of
environmental samples 3, revealing prey-predatory relations,
and identification of processed parts [“41,

3.3 DNA meta Barcoding using environmental DNA
(eDNA)

eDNA refers to the genetic material obtained from the
environment which is in the form of whole microbial cells or
shed off from multicellular organisms via metabolic waste,
damaged tissue or sloughed skin cells. eDNA technology is
based on the DNA released into environment in various forms
like feces or excrements, fish slime, scrapped-off tissue cells
and cells released after the death or decay of organism. It can
be done even with low quantities of DNA. This technique is
being widely used in determining the presence or absence of

an organism in a particular aquatic environment % %1 which is
critical to ecological management and conservation biology. It
also estimates the abundance and biomass of a species in a
particular environment [, creating the distributional maps 48
41, determining the feeding habits of endangered species ¥
and finding the prey-predatory relationships.

eDNA monitoring has several advantages like increased
sensitivity towards species detection, lower cost, extraction of
DNA from multiple resources at a time and the possibility of
targeting several taxa during amplification. Generation of
sequencing data from environmental samples using eDNA is
affordable. The major ecological applications of eDNA
technology include tracking of invasive species and
monitoring endangered species. eDNA technology helps in
identifying the source species for whale meat, sturgeon eggs,
shark fins and other high valued (and imperiled) species which
are subjected to illegal trade. It is possible to track the
presence of invasive species in an ecosystem before it gets
established and cause harm to it Y. It can be applicable from
the pond ecosystem level B2 to the ocean ecosystem B3l Its
application is expanded to many groups of animals including
crustaceans 4 mollusks %, fishes 8 and amphibians 4.
Sometimes it requires past data for the analysis of eDNA. It is
also possible to characterize diet contents of invasive species
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which helps in risk assessment of an ecosystem. Even small
samples are sufficient for reliable identification.

The main drawbacks of eDNA technology are: it is hard to
obtain tissue samples of a single species from the whole
sample; DNA fragments of interest often degrade faster in
days to weeks beyond the level of detection in contemporary
aquatic and marine ecosystems; false-positive or false-
negative detection rates [571; primer bias and variable eDNA
concentrations; and expensive to adapt advanced PCR
equipment (QPCR, ddPCR).

Furthermore, different sets of marker combinations strengthen
our ability in fishery management, rehabilitation and
conservation of various species which are endemic and
endangered 8 due to destructive fishing practices and trade,
over exploitation, habitat loss and restrictive distribution 5 or
even due to marine regression during glacial epoch [,
Allozyme and mitochondrial marker based studies revealed
low levels of polymorphism, which pulls our discrimination
power to assess stock structuring of freshwater fish. At this
juncture microsatellites are proved to be the high polymorphic
genetic marker than others 511, However, when dealing with
highly divergent groups, microsatellites are less informative
1621, Of late, various online and software analysis tools like e.g.
MEGA V.7.0 %], Dna SP v6 6%, POPGENE v1.32, Arlequin,
MrBayes, XLSTAT, GenALEX etc. are available with fastest
analytical power and giving reliable result for population data.
Geneticists, conservationists and planners would take a
strategic approach towards biodiversity monitoring by using
molecular markers for sustainable management of aquatic
biodiversity.

4. Acknowledgments

The authors are thankful to UGC, New Delhi, Govt. of India
for financial support to Mr. G. S. under BSR (Basic Scientific
Research) Fellowship. Authors are grateful to the authorities
of Acharya Nagarjuna University for providing necessary
facilities to carry out this work in the Department of Zoology
and Aquaculture under the financial support of UGC-SAP-
DRS Phase I11.

5. References

1. Vitousek PM, Mooney HA, Lubchenco J, Melillo JM.
Human domination of Earth's ecosystems. Science. 1997;
277(5325):494-499.

2. FAO. The State of World Fisheries and Aquaculture.
FAO. 2004.

3. Pauly D, Christensen V, Guenette S, Pitcher TJ, Sumaila
UR, Walters CJ et al. Towards sustainability in world
fisheries. Nature, 2012; 418:689-695.

4. Srinivasan UT, Cheung WW, Watson R, Sumaila UR.
Food security implications of global marine catch losses
due to overfishing. Journal of Bioeconomics. 2010;
12(3):183-200.

5. Meffe GK. Conservation genetics and the management of
endangered fishes. Fisheries. 1986; 11(1):14-23.

6. Liu ZJ, Cordes JF. DNA marker technologies and their
applications in aquaculture genetics. Aquaculture. 2004;
238(1):1-37.

7. Hunter RL, Markert CL. Histochemical demonstration of
enzymes separated by zone electrophoresis in starch

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

gels. Science. 1957; 125(3261):1294-1295.

Singh RK, Lal KK, Mohindra V, Punia P, Sah RS, Mishra
AK et al. Assessing genetic differentiation in geographic
populations of Labeo calbasu using allozyme markers.
Biochem. Genet, 2010; 48:760-778.

Richardson B, Baverstock PR, Adams M. Allozyme
electrophoresis: a handbook for animal systematics and
population studies. Academic Press, USA, 2012.

King DP, Ferguson A, Moffett 1J. Aspects of the
population genetics of herring, Clupea harengus, around
the British Isles and in the Baltic Sea. Fisheries Research.
1987; 6(1):35-52.

O'connell M, Wright JM. Microsatellite DNA in fishes.
Reviews in Fish biology and fisheries. 1997; 7(3):331-63.
Lind CE, Evans BS, Knauer J, Taylor JJ, Jerry DR.
Decreased genetic diversity and a reduced effective
population size in cultured silver-lipped pearl oysters
Pinctada maxima. Aquaculture. 2009; 286(1):12-9.
Christie MR, Marine ML, French RA, Waples RS, Blouin
MS. Effective size of a wild salmonid population is
greatly reduced by hatchery supplementation. Heredity.
2012; 109(4):254-60.

Kang JH, Kim YK, Park JY, An CM, Nam MM, Byun
SG et al. Microsatellite analysis as a tool for
discriminating an interfamily hybrid between olive
flounder and starry flounder. Genet. Mol. Res. 2011;
10(4):2786-2794.

Pino-Querido A, Alvarez-Castro JM, Vera M, Pardo BG,
Fuentes J, Martinez P et al. A molecular tool for
parentage analysis in the Mediterranean mussel Mytilus
galloprovincialis. Agquaculture research. 2015;
46(7):1721-1735.

Xu P, Wang S, Liu L, Peatman E, Somridhivej B,
Thimmapuram J et al. Channel -catfish BAC-end
sequences for marker development and assessment of
syntenic conservation with other fish species. Animal
genetics. 2006; 37(4):321-326.

Bachtrog D, Agis M, Imhof M, Schlétterer C.
Microsatellite variability differs between dinucleotide
repeat motifs-evidence from Drosophila melanogaster.
Molecular Biology and Evolution. 2000; 17(9):1277-
1285.

Welsh J, McClelland M. Fingerprinting genomes using
PCR with arbitrary primers. Nucleic acids research. 1990;
18(24):7213-8.

Williams JG, Kubelik AR, Livak KJ, Rafalski JA, Tingey
SV. DNA polymorphisms amplified by arbitrary primers
are useful as genetic markers. Nucleic acids research.
1990; 18(22):6531-5.

Lerebours A, Cambier S, Hislop L, Adam-Guillermin C,
Bourdineaud JP. Genotoxic effects of exposure to
waterborne uranium, dietary methylmercury and
hyperoxia in zebrafish assessed by the quantitative
RAPD-PCR  method. Mutation  Research/Genetic
Toxicology and Environmental Mutagenesis. 2013;
755(1):55-60.

Chu KH. Genetic variation in wild and cultured
populations of the pearl oyster Pinctada fucata from
southern China. Aquaculture. 2006; 258(1):220-227.
Praipue P, Klinbunga S, Jarayabhand P. Genetic diversity

217



International Journal of Zoology Studies

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

of wild and domesticated stocks of Thai abalone, Haliotis
asinina  Haliotidae, analyzed by  single-strand
conformational polymorphism of AFLP-derived markers.
Genetics and Molecular Research. 2010; 9(2):1136-52.
Vignal A, Eggen A, Milan D, SanCristobal M. A review
on SNP and other types of molecular markers and their
use in animal genetics. Genetics Selection Evolution.
2002; 34(3):275-305.

Bradley KM, Breyer JP, Melville DB, Broman KW,
Knapik EW, Smith JR et al. An SNP-based linkage map
for zebrafish reveals sex determination loci. G3: Genes,
Genomes, Genetics. 2011; 1(1):3-9.

Peterson BK, Weber JN, Kay EH, Fisher HS, Hoekstra
HE. Double digest RADseq: an inexpensive method for
de novo SNP discovery and genotyping in model and
non-model species. PloS one. 2012; 7(5):e37135.

Aoki JY, Kai W, Kawabata Y, Ozaki A, Yoshida K,
Tsuzaki T et al. Construction of a radiation hybrid panel
and the first yellowtail Seriola quinqueradiata radiation
hybrid map using a nanofluidic dynamic array. BMC
genomics. 2014; 15(1):165.

Brown WM, George M, Wilson AC. Rapid evolution of
animal mitochondrial DNA. Proceedings of the National
Academy of Sciences. 1979; 76(4):1967-1971.

Hebert PDN, Cywinska A, Ball SL. Biological
identifications through DNA barcodes. Proceedings of the
Royal Society of London B: Biological Sciences. 2003;
270(1512):313-321.

Ward RD, Zemlak TS, Innes BH, Last PR, Hebert PD.
DNA barcoding Australia's fish species. Philosophical
Transactions of the Royal Society of London B:
Biological Sciences. 2005; 360(1462):1847-57.

Hebert PDN, Gregory TR. The promise of DNA
barcoding for taxonomy. Systematic biology. 2005;
54(5):852-859.

Kon T, Yoshino T, Mukai T, Nishida M. DNA sequences
identify numerous cryptic species of the vertebrate: a
lesson from the gobioid fish Schindleria. Molecular
Phylogenetics and Evolution. 2007; 44(1):53-62.
Erpenbeck D, Weier T, De Voogd NJ, Worheide G,
Sutcliffe P, Todd JA et al. Insights into the evolution of
freshwater sponges Porifera: Demospongiae: Spongillina:
Barcoding and phylogenetic data from Lake Tanganyika
endemics indicate multiple invasions and unsettle existing
taxonomy. Molecular Phylogenetics and Evolution. 2011;
61(1):231-236.

DeSalle R, Egan MG, Siddall M. The unholy trinity:
taxonomy, species delimitation and DNA barcoding.
Philosophical Transactions of the Royal Society B:
Biological Sciences. 2005; 360(1462):1905-16.
Savolainen V, Cowan RS, Vogler AP, Roderick GK,
Lane R. Towards writing the encyclopaedia of life: an
introduction to DNA  barcoding. Philosophical
Transactions of the Royal Society of London B:
Biological Sciences. 2005; 360(1462):1805-1811.
Vrijenhoek R. DNA primers for amplification of
mitochondrial cytochrome c oxidase subunit | from
diverse metazoan invertebrates. Molecular marine biology
and biotechnology. 1994; 3(5):294-299.

Ivanova NV, Zemlak TS, Hanner RH, Hebert PD.

37.

38.

39.

40.

41,

42,

43.

44,

45,

46.

47,

48.

49,

50.

51.

Universal primer cocktails for fish DNA barcoding.
Molecular Ecology Resources. 2007; 7(4):544-8.

Lobo J, Costa PM, Teixeira MA, Ferreira MS, Costa MH,
Costa FO et al. Enhanced primers for amplification of
DNA barcodes from a broad range of marine metazoans.
BMC ecology. 2013; 13(1):34.

Tantillo G, Marchetti P, Mottola A, Terio V, Bottaro M,
Bonerba E et al. Occurrence of mislabelling in prepared
fishery products in Southern Italy. Italian journal of food
safety. 2015; 4(3):152-156.

Khedkar GD, Tiknaik AD, Shinde RN, Kalyankar AD,
Ron TB, Haymer D. High rates of substitution of the
native catfish Clarias batrachus by Clarias gariepinus in
India. Mitochondrial DNA Part A. 2016; 27(1):569-74.
Buhay JE. COl-like sequences are becoming problematic
in molecular systematic and DNA barcoding studies.
Journal of Crustacean Biology. 2009; 29(1):96-110.
Christie MR, Marine ML, Blouin MS. Who are the
missing parents? Grandparentage analysis identifies
multiple sources of gene flow into a wild population.
Molecular Ecology. 2011; 20(6):1263-76.

Hajibabaei M, Smith M, Janzen DH, Rodriguez JJ,
Whitfield JB, Hebert PD. A minimalist barcode can
identify a specimen whose DNA is degraded. Molecular
Ecology Resources. 2006; 6(4):959-964.

Shokralla S, Spall JL, Gibson JF, Hajibabaei M. Next-
generation sequencing technologies for environmental
DNA research. Molecular ecology. 2012; 21(8):1794-805.
Mitchell JK, Hellberg RS. Use of the mitochondrial
control region as a potential DNA mini-barcoding target
for the identification of canned tuna species. Food
Analytical Methods. 2016; 9(10):2711-2720.

Ficetola GF, Miaud C, Pompanon F, Taberlet P. Species
detection using environmental DNA from water samples.
Biology letters. 2008; 4(4):423-425.

Rees HC, Gough KC, Middleditch DJ, Patmore JR,
Maddison BC. Applications and limitations of measuring
environmental DNA as indicators of the presence of
aquatic animals. Journal of Applied Ecology. 2015;
52(4):827-831.

Takahara T, Minamoto T, Yamanaka H, Doi H, Kawabata
Z1. Estimation of fish biomass using environmental DNA.
PloS one. 2012; 7(4):e35868.

Deiner K, Altermatt F. Transport distance of invertebrate
environmental DNA in a natural river. PLoS One. 2014;
9(2):e88786.

Machler E, Deiner K, Steinmann P, Altermatt F. Utility of
environmental DNA for monitoring rare and indicator
macroinvertebrate species. Freshwater Science. 2014;
33(4):1174-83.

Jerde CL, Mahon AR, Chadderton WL, Lodge DM.
Sight-unseen detection of rare aquatic species using
environmental DNA. Conservation Letters. 2011;
4(2):150-157.

Dejean T, Valentini A, Miquel C, Taberlet P, Bellemain
E, Miaud C et al. Improved detection of an alien invasive
species through environmental DNA barcoding: the
example of the American bullfrog Lithobates
catesbeianus. Journal of applied ecology. 2012;
49(4):953-959.

218



International Journal of Zoology Studies

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Takahara T, Minamoto T, Doi H. Using environmental
DNA to estimate the distribution of an invasive fish
species in ponds. PloS one. 2013; 8(2):e56584.

Thomsen PF, Kielgast J, Iversen LL, Magller PR,
Rasmussen M, Willerslev E et al. Detection of a diverse
marine fish fauna using environmental DNA from
seawater samples. PLoS one. 2012; 7(8):e41732.

Tréguier A, Paillisson JM, Dejean T, Valentini A,
Schlaepfer MA, Roussel JM et al. Environmental DNA
surveillance for invertebrate species: advantages and
technical limitations to detect invasive crayfish
Procambarus clarkii in freshwater ponds. Journal of
Applied Ecology. 2014; 51(4):871-879.

Goldberg CS, Sepulveda A, Ray A, Baumgardt J, Waits
LP. Environmental DNA as a new method for early
detection of New Zealand mudsnails Potamopyrgus
antipodarum. Freshwater Science, 2013; 32(3):792-800.
Takahara T, Minamoto T, Doi H. Effects of sample
processing on the detection rate of environmental DNA
from the Common Carp Cyprinus carpio. Biological
Conservation. 2015; 183:64-69.

Darling JA, Mahon AR. From molecules to management:
adopting DNA-based methods for monitoring biological
invasions in aquatic environments. Environmental
research. 2011; 111(7):978-988.

Muneer PA, Gopalakrishnan A, Musammilu KK, Basheer
VS, Mohindra V, Lal KK et al. Comparative assessment
of genetic variability in the populations of endemic and
endangered Yellow Catfish, Horabagrus brachysoma
Teleostei: Horabagridae, based on allozyme, RAPD, and
microsatellite markers. Biochemical genetics. 2012; 50(3-
4):192-212.

Molur S, Walker S. Conservation assessment and
management plan for freshwater fishes of India. In
Workshop Report by the Conservation Breeding
Specialist Group, Zoo Outreach Organisation, Tamil
Nadu, India, 1998.

Wang CF, Hsieh CH, Lee SC, Wang HY. Systematics
and phylogeography of the Taiwanese endemic minnow
Candidia barbatus Pisces: Cyprinidae based on DNA
sequence, allozymic, and morphological analyses.
Zoological Journal of the Linnean Society. 2011;
24;161(3):613-632.

Estoup A, Rousset F, Michalakis Y, Cornuet JM,
Adriamanga M, Guyomard R et al. Comparative analysis
of microsatellite and allozyme markers: a case study
investigating microgeographic differentiation in brown
trout Salmo trutta. Molecular Ecology. 1998; 7(3):339-
353.

Shaw PW, Turan C, Wright JM, O’connell M, Carvalho
GR. Microsatellite DNA analysis of population structure
in Atlantic herring Clupea harengus, with direct
comparison to allozyme and mtDNA RFLP analyses.
Heredity. 1999; 83(4):490-499.

Kumar S, Stecher G, Tamura K. MEGAT7: Molecular
Evolutionary Genetics Analysis version 7.0 for bigger
datasets. Molecular biology and evolution. 2016;
33(7):1870-1874.

Librado P, Rozas J. DnaSP v5: a software for
comprehensive analysis of DNA polymorphism data.

Bioinformatics. 2009; 25(11):1451-1452.

219



