Nucleus
https://doi.org/10.1007/5s13237-020-00330-3

REVIEW ARTICLE q

Check for
updates

DNA barcoding: a way forward to obtain deep insights
about the realistic diversity of living organisms

Rakeeb Ahmad Mir - Kaisar Ahmad Bhat"? - Gazanfer Rashid? - Leonard Barnabas Ebinezer?® - Antonio Masi® -
Randeep Rakwal*- A. A. Shah' - Sajad Majeed Zargar®>

Received: 6 February 2020 / Accepted: 23 July 2020
© Archana Sharma Foundation of Calcutta 2020

Abstract

DNA barcoding is an innovative tool to rapidly identify and classify organisms based on highly conserved species-specific
DNA sequences. This technique has developed in parallel with other genomic-based investigations, which share special
emphasis on the acquisition of data pertaining to hotspots regions of DNA (usually short sequence of DNA up to 400—
800 bps). These molecular techniques helped answer many queries that remain unanswered by the traditional approaches to
accurately identify organisms across the kingdoms of life. Barcoding has narrowed the gap created between diverse range of
ecological and traditional studies previously left by the traditional taxonomists. These internal DNA sequence tags, which
serve as molecular operational taxonomic units, originate from both nuclear as well as cytoplasmic DNA, making it further
convenient to barcode organisms from lower to higher organisms. The most commonly used DNA regions in molecular taxo-
nomic approaches include the internal transcribed spacer regions in nuclear DNA, Cox1 region in mitochondrial DNA, rbcLL
and mat K gene in chloroplast DNA. Further, many other DNA regions suitable for barcoding have also been identified. It is
increasingly evident from a large number of investigations that DNA barcoding has made Linnaean taxonomic system more
accessible and convenient to other traditional biologists. Current understanding of the DNA barcoding will further help to
understand the basic mechanism and also reveal applications of this approach in different fields. Primarily these approaches
offer traditional taxonomists a great opportunity to expand the realistic inventory of the diversity of flora and fauna on planet
earth. This review has been written to have better understanding of the mechanism of DNA barcoding, knowledge of DNA
regions that can be used as targets, applications and implications of DNA barcoding.
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DNA barcoding is a molecular taxonomic technique used to
identify the species based on variations in conserved DNA
sequences among different species. The meaning of barcode
B4 Sajad Majeed Zargar is to analyze multiple samples accomplished by pooling the

smzargar @gmail.com sequencing of unique identifier sequences. Barcoding has
been employed to identify simple to complex living organ-
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must be very high to clearly demarcate interspecific species
variation. Barcode sequences can be retrieved from barcode
of life data systems [13] database—comprises of online
database of reference DNA sequences used to compare with
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unknown DNA sequence of some organism. This database
is a repository of species-specific nucleic acid sequences,
images specimens and other trace files. The database also
facilitates in identification of updated barcode libraries and
monitors the number of barcode sequence records and spe-
cies coverage. DNA barcoding has evolved in concert with
genomics-based investigations. A massive online library
of DNA barcodes are used as standard reference database
that can be employed to identify the unknown samples from
garden, forests and even marketed products for validation.
In case of animals, barcoding has been previously used to
resolve complex groups of organism such as nematodes and
mosquitos [8, 48, 50]. The protocols for barcoding of differ-
ent organisms are already published and available online on
Census of Marine Life (CoML).

The number of conserved regions, which serve to distin-
guish organisms to set up a barcode, is significantly increas-
ing (Supplementary Table 1). The plastome locus frequently
used for phylogenetic analysis is rbcL and other sequences
like trnL-F intergenic spacer, matK, ndhF, and atpB have
also been reported to be used in several studies [71]. The
DNA barcoding using CoxI gene has been well established
in case of animals, even though it also clearly demarcates
plant species [39, 66, 81]. The trn-H-psb-A regions in plastid
have been proposed as universal barcode for terrestrial plants
[48]. A series of other conserved genomic regions have been
established for molecular taxonomy by a “plant working
group” [16]. Several studies have authenticated the use of
these diverse classes of markers to be employed for the DNA
barcoding. However, critical evaluation of authenticity of
DNA barcoding markers to assess the biological diversity
investigation of species is still scanty. In the last few dec-
ades, DNA barcoding has been largely employed in order to
ensure the accuracy or taxonomic classification of a species,
which is quite evident from increasing number of research
publications [65]. Based on publications on DNA barcoding
in public domain by using specific keyword-based search on
CabDirect (http://www.cabdirect.org/); an increased trend in
the research on DNA barcoding has been observed (Fig. 1).

DNA-based markers as taxonomic tools

1. Cytochrome oxidase 1 (COI) gene The cytochrome oxi-
dase 1 (COI) gene has been very effectively employed to
barcode animals. This is an important enzyme involved
in electron transport chain system. COI has evolved as
the standard DNA based marker to evaluate animal phyla
and has been used as universal marker for barcoding of
metazoans [39]. The important characteristics like size
of gene is conserved and approximately 1600 bp shows
heterogeneous substitution patterns as the regions har-
boring different functional regions [25, 55]. In addition,

@ Springer

35
33
30
25
20
15

10

No. of publications

4

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
Years

Fig.1 Trend of publications related to DNA barcoding over the last
10 years (2008-2018). Information was acquired by keyword-based
search on CabDirect (http://www.cabdirect.org/)

this marker is easy to amplify due to their haploid char-
acter and high copy number and evolve at much faster
rate as compared to nuclear genes due to the absence of
DNA proofreading process [3, 49]. The COI, universal
primers are very robust in enabling a wide coverage of
barcoding the most representatives of animal phyla [31,
85]. It also possesses inordinate number of properties to
be used for phylogenetic studies as compared to other
mitochondrial genes. The rate of mutation in COI gene
is frequent such that it can help to discriminate the ani-
mals that are closely related and also help to resolve the
phylo-geographic groups within a single species [39].
Hebert et al. [39] suggested that COXI gene (650 bp)
may be enough to resolve the organisms at species and
phylum level. The COI gene facilitates the species dis-
crimination because it has higher rate of molecular evo-
lution and it also helps in reconstruction of phylogenetic
relationships, recognition of cryptic species and to trace
the gene flow patterns [39]. Moreover, it must be kept
in consideration that COI gene may not be well suited
for characterization of certain nematode species due to
high levels of recombination, editing by insertion and
multi-partitioning [2, 55, 76]. Due to these complica-
tions, amplification of COI gene for barcoding is chal-
lenging in marine nematodes [22].

The Fish Barcode of Life campaign (FISH-BOL) is a
collaborative international research effort, which seeks to
establish a reference library of DNA barcodes for all fish
species derived from voucher specimens with authoritative
taxonomic identifications [81]. FISH-BOL is a database to
record the barcode of maximum species of fishes, as they
include half of all vertebrate species. This group includes
approximately 15,700 marine and 13,700 freshwater species.
The universal primer having a length of 650 bp have been
found to flank the ‘Folmer region’ is approved by interna-
tional DNA barcoding initiative for molecular taxonomy of
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metazoans [31]. The ‘Folmer region’ is also tested for bar-
coding of Odonates [7]. Rach and associates [62] explored
COl gene for resolving 51 populations of 23 damselfly and
dragonfly species, validating the application of this marker
to resolve intra-and inter species specific conflicts to have
deep insight into the realistic diversity of metazoans. Fur-
ther studies reveal that COI cluster help in resolving cryptic
species which include Arctia sp., Amnemopsyche sp., Hode-
bertia sp., Deinypena sp., Palpita sp., and Otroeda sp. [54].

2.

Internal transcribed spacer (ITS) The internal tran-
scribed spacer (ITS) regions are non-coding sequences
found in the ribosomal DNA of nuclear genome. It has
been found widely distributed in the photosynthetic
organisms. ITS in general is a variable region that sur-
rounds the 5.8S ribosomal RNA gene, which is targeted
for amplification. In addition, this region includes the
variable DNA sequence areas of the intervening ITS
regions called ITS1 and ITS2. Although ITS regions
are not translated into proteins, they have a critical role
in production of functional rRNA transcripts for ribo-
some biogenesis. The ITS regions are organized in a
stretch of repetitive sequences as 18S, 5.8S and 28S/26S
respectively in rDNA of nuclear genome as an operon.
ITS1, a non-coding region is found between the 18S and
5.8S coding regions whereas ITS2 is found in between
the 5.8S and 28S regions of the operon. The sequences
of these coding regions are highly conserved throughout
all the kingdoms of life. These conserved regions are
targeted for designing the sequence complemented uni-
versal primers for amplification by PCR [29]. The prim-
ers are easily designed for 18S and 28S genes because
they are highly conserved regions [14, 29]. ITS region is
highly repetitive, and hence yields higher rate of species
identification and reconstruction of phylogenetic trees
[48]. It has also been used to resolve the phylogeny of
lower taxonomic order and reconstruction of phylo-
genetic tree of plant species [5]. Several studies have
validated and confirmed the application use of ITS as
a potential DNA barcoding region [72]. The successful
discrimination of 1757 seed plant species was carried
out by using ITS regions [49]. ITS2 has been demon-
strated to barcode 4800 medicinal plants up to 90 to 93%
level [20]. Species identification is accomplished by ITS
based DNA barcoding [45, 77], and phylogentic analysis
of plants due to its abundance in genome [43]. These
intervening sequences are bearing complex mutations
as compared to the rDNA genes, and the sequence het-
erogeneity within this area has been useful for the sepa-
ration of both genera and species. Databases of species
identification through ITS based barcoding is increas-
ing in developing Genebank [1, 5]. Even though a wide
group of scientists believe that ITS exists as potential

marker to barcode for several plant species, recent find-
ings negate its success rate in plants due to prevalence
of fungal contamination, paralogous sequences and the
difficulty in recovering these sequences [42].

rbcL (ribulose 1,5, bisphosphate carboxylase) gene The
chloroplast protein rbcL is a large subunit consisting of
476 amino acid residues. The structural and mutational
analysis have led to the elucidation of functional sites
and conserved regions of this protein. The rbcL gene
is found in chloroplast DNA of photosynthetic organ-
isms and has been used for constructing the phylogeny
of plants. It was successfully used to construct the phy-
logenies of photosynthetic plants at higher and lower
taxonomic level [19, 58]. This gene codes for a large
subunit of ribulose-1.5-bisphosphate carboxylase/
oxygenase (rubisco) and is most abundant protein on
earth [33]. The rbcl gene is used to assess the genetic
similarities and differences in photosynthetic organisms.
The consortium for Barcode of Life [15] plant working
group in 2009 proposed that rbcL and matK genes can
be used for the core barcode of most plant species; in
addition intergenic sequences ITS and trnH-psbA can
act as supplement barcodes for further taxonomic resolu-
tion [15]. Among these markers rbcL has been found to
be universal. Amplification of this region is easy and is
widely used for phylogenetic analysis of plant species of
angiosperms within family and subclass level and other
diversified seed plants [18, 42]. The drawback of rbcL.
lies in the existence of variation above species level, and
lack of variation at species level makes it a poor marker
to discriminate the organisms at species level [26, 48,
59, 67].

matk gene The matk (an open reading frame within the
group Il intron #rnK) is commonly used in barcode stud-
ies. The matK core region locates adjacent to the chlo-
roplast lysine tRNA (trnK) gene having a length of 1550
bps. This region encodes a protein called as maturase K
which assists RNA editing [83]. The matK protein is a
degenerate form of a reverse transcriptase enzyme and
is called a maturase. This marker is one of the fast evolv-
ing among protein coding regions of the plastome [82].
In comparison to rbcL the evolution rate is 2-3 times
higher in matK and lower in comparison to the nuclear
ITS regions [32, 44]. Even though the amplification rate
of matK gene is relatively low but this marker has been
commonly used in systematic and evolutionary studies
of wide range of plants [46, 58, 67].

trnH-psbA gene The application of rbcL and matK mark-
ers is limited with respect to phylogenetic analysis and
is restricted mostly to forensic identification of species.
However, these markers helped essentially to discrimi-
nate the huge number of land plants (445 angiosperms,
38 gymnosperms, 67 cryptogams), showing its reli-
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ability in discriminating angiosperms [42]. In addition,
these markers can only identify species up to genus or
family level. Some investigators recommend adding
trnH-psbA marker to further refine the resolution of
species in plants. The small gene rpS16 intron identify
the sterile plant, snakeroot (Rauwolfia serpentina) for
barcoding rather than using other complex markers [56].
These markers were also found to easily differentiate the
mixed root in related species of snakeroots. This gene
is located in the non-coding regions of the chloroplast
DNA and has a faster rate of evolution. The sequences of
this region bear about 75 bp conserved regions flanked
at two ends. These end sequences can be employed for
designing the universal primers [74]. These regions have
been successfully amplified and have been found to be
feasible for greater discrimination of plants species [74].
Snakeroot is an endangered species due to its overex-
ploitation as a potent source of reserpine and its use as
an anti-psychotic and anti-hypertensive drug. The rpS16
intron has proven useful in various studies as well [79].
The rpll6 intron region, and rps16 intron region was
used to discriminate between R. serpentina and closely
related species in the genus of Rauwolfia in order to
identify sterile Indian snakeroot samples [55].

6. tufA (EF-Tu) gene Green macro algae lack matK gene,
therefore alternatively for barcoding purpose fufA, a
chloroplast gene, coding for elongation factor Tu (EF-
Tu) is being used [41]. It is sometimes difficult to go
through DNA barcoding by using a single barcode, as
species may share identical barcodes. So in these cases
multiple barcoding regions are used to obtain sufficient
distinction between closely related species. An evalua-
tion of tufA as a potential DNA barcode marker for the
marine green macroalgae was studied and it served well
compared to matk and rcbL [68].

Methodological steps followed for DNA
barcoding of organism/s

Sampling and preservation The survey and sampling
is done as applicable to the type of organism. Several
methods are available for proper survey and sampling of
the organism under examination. The collected samples
should be adequately preserved to carry out morphological
identification. Simultaneously the samples are processed
for DNA extraction or direct PCR amplification. Most of
the samples are preserved in 4% formalin, which keeps
structures intact [40]. Nevertheless, formaldehyde creates
hindrances to extract the DNA; formation of formalde-
hyde-DNA complexes mediates crosslinks between DNA
and proteins and promotes fragmentation [35, 70]. Against
the backdrop of these limitations, cryopreservation and
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ethanol preservation of samples are followed [51, 64].
Several chemicals used for cryopreservation of samples
include dimethyl sulfoxide (DMSO), EDTA and NaCl.

Extraction of DNA DNA extraction is important step
for amplification of suitable DNA segments through PCR.
Several protocols are available for extraction of DNA from
microorganism, plants and animals [10, 32]. Certain pro-
tocols are based on use of alkaline solution (NaOH) and in
addition freeze thawing steps and modified steps of these
protocols are followed [10, 28]. Other protocols include
use of lysis buffers aided by Proteinase K [8, 9]. The basic
principle of these protocols are almost prototypical and
their aim is to obtain adequate amount of DNA in highly
purified form without any contamination of metabolites,
that can hinder the PCR amplification process [21].

Choice of species: specific segment and its PCR-based
amplification The genomic segment of interest is of prime
importance to distinguish one organism from other. It dif-
fers from organism to organism, but usually most of these
regions are applicable to wide range of organism. Muta-
tion rate in these regions must be at least > 2% such that
sufficient difference will be established. The universal
primers designed to these regions i.e., flanking regions
must be conserved, as they must be similar in all species,
as already discussed in preceding section. Most often the
mitochondrial COI gene is preferred region employed for
universal barcoding region [53]. In addition, there must
be low rate of recombination and high rates of molecular
evolution [4, 61]. A flow chart depicting steps of DNA bar-
coding from living organisms is given in Fig. 2, however,
it needs modification depending on the organism under
investigation.
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PCR

i Sequencing of i 5 A
amplification of

Sequence amplified
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species specific
conserved

\ sequences L

products

| = S
DNA barcode
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sequenced data
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Fig.2 Flow diagram representing the steps followed for DNA bar-
coding of living organisms
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Applications of DNA barcoding

Applications of these diverse classes of species-specific
markers to target the specific DNA fragments of genome
[6, 60] aim to assess community structure and phylogenetic
diversity to further refine taxonomic hierarchy [27, 77].
Direct examination of certain ecosystem to assess the diver-
sity through barcoding or newer sequencing methods are the
current approaches to diversity analysis; these approaches
are known as meta-barcoding and meta-genomics respec-
tively [73, 75]. General procedure for accomplishing the
meta-barcoding is similar to that of DNA barcoding of a
species already explained, but only difference lies in ana-
lyzing different DNA samples collected from a habitat in
threshold level and rest of steps are similar. The desired
operational taxonomic unit (OTU) is amplified, sequenced
and submitted to repositories such as BOLD or NCBI. Both
of these databases are free and can be used to generate the
barcode for species. The BOLD can be used to submit the
vouchered and non-vouchered DNA sequences whereas
NCBI can be used by taxonomists to submit non-vouchered
DNA sequences. Both the programs employ the alignment
programs to analyze the identity of unknown sequences
searching against the data bases.

a. Realistic enumeration of biological diversity The diver-
sity of living organism is surprising and is higher than
what is mentioned in the literature. For example, by
the application of DNA barcoding it has been found
that skipper butterfly (Astraptes fulgerator), identified
in 1775, comprises of ten different species [38]. Due
to intervention of DNA barcoding the classification of
organisms has been expanded. It is evident from another
example by the revising the classification of orchids,
unearthing its great complexity and a widespread plant
family with an estimate of >20,000 members. At least
54 species of bees and 24 butterfly species were added to
the community gardens in New York City [38]. Molecu-
lar methods have been employed to identify the exact
diversity of shark species due to limitation of classical
taxonomy [74]. In Australia, DNA barcoding led to the
identification of 207 fish species which includes 3 spe-
cies of chimaerid, 61 species of sharks and 143 species
of telesteans [80]. DNA barcoding has been tested for
effectiveness of biodiversity assessment of Moths from
Nigeria, thus validating and identifying the news spe-
cies [54]. The accurate depiction of phylogenetic tree
reconstruction is accomplished by combined approach
of DNA barcode of conserved sequence and super tree
method of phylogenetic patterns [24, 47].

b. Detection of food adulteration DNA barcoding can
be used in restaurants to convince customers about

the authenticity of fancy fishes and other high quality
food items are genuine not serving them local breeds or
adultered food items. In addition, several reports have
confirmed that DNA barcoding led to the identification
of adultered food products of conserved species (http://
www.dnabarcoding101.org). The research carried by
students from Trinity High School found that sea foods
purchased from the grocery stores and restaurants are
mislabeled as expensive food items (http://www.dnaba
rcoding101.org). In addition, findings also revealed
that a mislabeled fish was the endangered species, the
Acadian redfish. The food products sold as sushi food
was found to contain whale species in food markets in
California and Korea (http://www.dnabarcoding101
.org). In case of adultered spices, it is very daunting
task to detect the adulterants, but it has been found in
the literature that DNA barcoding has proven handy to
detect the unethical substitutions in natural products.
This technique has emerged an effective tool to trace
the adulteration of processed sea and meat products [36].
The application of barcoding is further validated by the
experiments carried out on analysis of traditional Chi-
nese medicine (TCM) preparations, which is based on
six-herb formula named Liuwei Dihuang Wan. In these
formulations, differences in quality and safety concerns
were authenticated by presence of potential risky plant
products extracted from Senna obtusifolia [16].
Containment of agricultural pests DNA barcoding
helps in controlling the pests by accurate identification
to save expenses mediated by infestation of crop pests.
The identification of fruit flies and their spreading was
stopped at border by the Global Tephritid barcoding
initiative. The dependence of DNA barcoding is not on
morphology, so one can identify the pests at any stage
from egg to adult for initial control of these pests. Early
invasions of pathogens can be detected by DNA bar-
coding for timely development of containment and sup-
pression strategies before the populations of these pests
become out of control [36, 69].

Disease vector identification Traditional biologists can
identify the vector species causing serious damage to
crop plants, animals and humans in particular and to
understand the mechanism of control. For example, the
reference barcode of mosquitoes was developed under
global mosquito barcoding initiative to circumvent the
diseases spread by mosquitoes that may in turn help
health officials to devise the effective control measures
and lesser use of insecticides [30].

Sustaining natural resources The initial step in any con-
servation strategy is proper identification of threatened
species. The latter is essential to reach the estimated
target set by convention on Biological Diversity 2020
for the improvement of biodiversity globally. There are
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number of problems associated with the identification
based on morphological characters. For this reason,
DNA barcoding has been employed as potential tech-
nique to resolve this problem. Illegal trade of natural
resources can be monitored and controlled by DNA bar-
coding. Scientists have developed the database as refer-
ence barcode library for barcoding hardwood trees to
further improve management and conservation strategies
of natural resources. [37].

f.  Monitoring water quality Investigation of potential
microflora in drinking water is an important aspect to
control the water borne diseases. DNA barcoding has
helped to resolve the identification of microorganisms
very quickly to reduce the cost and time required for
identification through complex techniques. Environmen-
tal agencies use DNA barcoding to determine the quality
of water and ensure the supplied water is safe for drink-
ing.

g. Precise disease diagnosis Accurate, reliable and routine
diagnostic tools are the need of hour to reduce burden of
any diseases. DNA barcoding has helped in detection of
various infections and diseases. Among immuno-com-
promised people various fungal infections such as asper-
gillosis, candidiasis and cryptococcosis have drastically
increased. Now a days the identification of these patho-
gens is routinely done by fungal DNA barcoding which
previously relied on single barcoding region. However,
the success rate of identifying the fungi was a bit low.
Most recently this gap has been filled by introducing a
secondary barcoding region, the translational elongation
factor /a (TEF1a) which ensured efficient and reliable
detection of invasive fungal infections [57].

Conclusion

Barcoding has been an eye-opener to elucidate the realistic
biodiversity since decades[12, 23, 28, 34, 39, 63, 78]. Its
importance is being highlighted by the diversity examina-
tion of highly diverse eukaryotes, biodiversity assessment
of which is dwindling due to lack of expertise and pres-
ence of frequently existing cryptic species [28]. Molecular
taxonomic approaches helped to reclassify cryptic species
(morphologically similar species) to circumvent the limita-
tions of Linnaean classification system [11, 82]. Barcoding
approaches are mainly established by the use of molecular
operational taxonomic units to distinguish between intra
and inter-specific species variations [39]. This powerful
tool complements the classical taxonomic approaches to
decipher the diversity of some taxa, but large majority of
nematode species are yet to be unearthened. The sequences
obtained from the species specific regions having 97% small
subunit (SSU) sequence similarity are usually considered
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as substitute for species in prokaryotes. Different studies
have shown that ITS-2 acts as a universal barcode to dif-
ferentiate species among different families of Asteraceae,
Fabaceae and other related families [20, 52]. In addition,
DNA barcoding has been applied by US Food and Drug
Administration to quickly identify fish and fish products
rather than using time consuming techniques like isoelectric
focusing [84]. It is evident from the existing literature that
not even a single technique is 100% accurate to validate all
the species. However, one can use more than one marker to
generate a barcode for accurately identifying the species as
is commonly applicable in plants. Barcoding in conjugation
with metagenomics approaches has been used in operational
taxonomic units [28, 62] which are different from consider-
ing morphological parameters. This approach helps in deter-
mining the ecological value of eukaryotic microbiota where
distinction for correct identification is a matter of concern
[62]. The augmentation of DNA barcoding applications has
enhanced the profile of taxonomists and integrated differ-
ent scientific communities in a broader aspects including
social, political and economical arena as is evident from its
wide applications. Non experts can use barcoding beyond
taxonomy as to interpret DNA barcodes because it is easy,
affordable and reliable. DNA barcoding have helped in drug
authentication [17] and enhancing biosecurity by identifying
exotic species. At the species and population level specific
barcoding is believed to become widely used and authentic
identification tool in assessing the biodiversity status and
conservation.

Future prospectus of DNA barcoding

DNA barcoding has been widely used to barcode living
organisms. Currently more than million barcodes have been
generated in the BOLD system (DNA barcode data deposi-
tory). The barcoding is further accelerated by iBOL to create
huge libraries for facilitating proper identification of living
organisms. In addition to its role in taxonomic studies, bar-
coding mediated strong coordination and communications
are possible between different scientific communities in par-
ticular taxonomists, population geneticists, phylogeneticists
and applied biologists.
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