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Abstract

Rapid and accurate identification of plant species increasingly seeks to employ molecular techniques. The ITS2 region
is highly regarded in DNA barcoding due to its short length and ease of sequencing, making it an ideal candidate for
species identification. In this study, through meticulous analysis and comparison of primer sequences across a wide
range of plant taxa, we curated a collection of primers with demonstrated universality, capable of efficiently amplifying
the ITS2 region across diverse plant species. To validate the universality of the identified primers, we employed both in
silico and in vitro approaches. In silico analysis involved bioinformatics tools to assess primer binding sites across a vast
array of plant DNA sequences available in public databases. Subsequently, in vitro experiments were conducted to
verify the amplification success of the primers using DNA samples extracted from various plant specimens. Through this
comprehensive validation process, we ensured the reliability and applicability of the selected primers for DNA bar-
coding purposes. The significance of our findings lies in the establishment of a standardized approach for DNA bar-
coding using the ITS2 region, which facilitates accurate and efficient plant species identification. By providing
researchers with a universally applicable set of primers, we aim to streamline the primer selection process, thereby
reducing the time and effort involved in experimental design. This standardized protocol promotes consistency and
reproducibility in DNA barcoding studies, ultimately advancing our understanding of plant biodiversity and aiding in
conservation efforts.

Keywords: ITS2, DNA barcoding, DNA markers, Species characterization, Identification, Conservation, Taxonomy

1. Introduction proposed by pioneering botanists including Carl
Linnaeus, who established the binomial nomencla-
ture for naming species. Well, in its inception,
primitive major explorations exercised sampling and
maintenance of voucher records in the herbarium.
Advancements in quantitative approaches like mor-

mists grouped plants primarily using observable Phometrics enabled more rigorous analysis of
traits like floral characteristics, fruit morphology, ~morphological ~and anatomical variation by
growth habits, and other structural features [1,2].  Measuring anfi analyzing characters like leaf shape,
This formed the basis for taxonomy systems colour, venation patterns, palynology, phenology,

he identification and taxonomic classification of
plant species is essential for their usage, and
conservation of biodiversity. It has historically relied
on morphology-based techniques, where taxono-
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and trichome distribution [3]. Later, naturalists also
considered Information about plants” habitat pref-
erences, geographic distribution, and ecological in-
teractions to enable <clues for taxonomic
classification, especially when combined with other
sources of data [4—7]. However, such classification
systems built solely on visual assessment of
morphology and/or developmental changes had
limitations in accurately demarcating boundaries
between closely related plant taxa. More often
studies have shown that plants document pheno-
typic plasticity in response to environmental cues [8].
Therefore, for rapid and accurate identification of
plant species, the usage of molecular techniques was
becoming increasingly essential [9,10]. With time and
involvement from core taxonomist communities,
morphometrics-based plant identification and char-
acterizations also had seen various chronological
advancements with technological interventions and
the new normal with the use of various biochemical
and molecular markers such as the use of isozymes,
cytology, pigments, phytoliths, digital imprints
[11—21] With advancements in communication
technologies, globalization and digitization and as
well additionally the use of internet based cloud
computing and archival and social networking plat-
forms has also vastly aided in consistently solving
various taxonomical issues [22]. Chemotaxonomy
also emerged as an aid to traditional taxonomy, uti-
lizing biochemical techniques to profile secondary
metabolites and other chemical constituents in plants
to elucidate evolutionary relationships [23—26].
However, like with plant morphology, phytochem-
ical profiles can also demonstrate considerable
plasticity in response to environmental factors, con-
straining the reliability of classification frameworks
derived from these approaches alone [27—29].

Molecular techniques instigated a phylogenetics
revolution in plant systematics by allowing direct
examination of heritable genomic regions. Protein
electrophoresis was one of the earliest molecular
approaches for systematic analyses of genetic di-
versity [30,31]. The more modern normal links genes
to related taxonomical profiles [32]. This paved the
way for DNA-DNA hybridization studies which
measured the degree of reassociation between DNA
sequences from different specimens to assess ge-
netic distance and relatedness. The advent of PCR
and DNA sequencing enabled plant taxonomists to
efficiently analyze specific chloroplast and nuclear
gene regions and non-coding spacers to reconstruct
evolutionary relationships [33—37]. This marked a
pivotal shift in plant systematics from classification
founded predominantly on morphology to frame-
works reflecting true phylogenies.

DNA barcoding has now transformed and stan-
dardized workflows in plant taxonomy by utilizing
sequence diversity in short standardized gene re-
gions for species identification. For plants, the in-
ternal transcribed spacer (ITS) region of nuclear
ribosomal DNA (Fig. 1) has emerged as the optimal
barcode marker compared to other widely used loci
like rbcL, matK, and trnH-psbA [38,39]. The ITS is a
spacer region situated between the genes encoding
the smaller and larger subunits of rRNA. Specif-
ically, ITS1 is positioned between the 18s rRNA and
5.8s rRNA genes, spanning an average length of 600
base pairs. This and the whole ITS region have
previously been in prominent use for plant-specific
barcoding. However, ambiguities were witnessed
with the long lengths and more so because of that
unintended amplification from fungal contami-
nants, expected with the sample in the event of PCR
amplification. The latter is due to the substantial ITS
sequence similarity between plants and fungi. In
particular, the ITS2 spacer exhibits high interspecific
divergence, permitting clear discrimination between
even closely related plant species with up to 97%
identification success rate [40,41], however, dem-
onstrates conserved primer binding sites in regions
with flanking 5.85 and 26S rRNA genes, enabling
universal primers to amplify ITS2 across diverse
taxa. The short sequence length (~400 bp) further
enables easy and economical sequencing of the ITS2
barcode [42,43,45]. Public databases like BOLD and
NCBI GenBank contain ITS2 barcodes for nearly
50% of cataloged plant species, highlighting the
expanding adoption of ITS2 barcoding [44].

Equipped with PCR, sequencing, and molecular
phylogenetics, plant taxonomists can now accu-
rately reconstruct evolutionary histories and confi-
dently assign unknown plant specimens to species
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Fig. 1. Schematic representation of ITS region of the nuclear ribo-
somal RNA (nrRNA) genes. Abbreviated here are, gDNA, genomic
DNA, ETS- External Transcribed spacer, ITS1 and ITS2 — Internal
Transcribed spacers, ITS2F and ITS2R — Forward and Reverse primers
to amplify ITS2 region.
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or lineages within a rigorous phylogenetic frame-
work. DNA barcoding using standardized universal
ITS2 primers has streamlined and simplified work-
flows, providing efficient, reliable plant identifica-
tion to build comprehensive inventories of global
plant biodiversity [46]. Ascribed to this, in the recent
decade, ITS2 has been accepted as the ideal DNA
barcode by the plant scientist community and
largely used to identify and classify a wide range of
plants from weeds to medicinal plants [47—49].

Table 1. List of primers used by different researchers to amplify ITS2.

To ensure the practicality of DNA barcoding, the
availability of universal primers is paramount for
users' convenience. Before the widespread accep-
tance of ITS2 as an optimal barcode, researchers
employed various ITS2 primers for plant identifi-
cation. Presently, the literature documents great
variabilities in ITS2-based primer selections over 20
primer sets for ITS2 (Table 1), posing a challenge for
novices in primer selection, leading to time con-
straints and ambiguity. Many different primer pairs

Primer set number Primer sequence

Reference

1. ITS2 F - ATGCGATACTTGGTGTGAAT [39,40,42,43,50—61]
ITS2 R - GACGCTTCTCCAGACTACAAT

2. ITS2 F - GGGGCGGATATTGGCCTCCCCTTG [62]
ITS2 R - GACGCTTCTCCAGACTACAAT

3. ITS2 F - ATGCGATACTTGGTGTGAAT [63]
ITS2 R - TCCTCCGCTTATTGATATGC

4. ITS2 F - ATGCGATACTTGGTGTGAAT [64]
ITS2 R - GACGCTTCTCCAGACTACAT

5. ITS2 F - ATGCGATACTTGGTGTGAATTATAGAAT [65]
ITS2 R - GACGCTTCTCCAGACTACAAT

6. ITS2 F - ATGCGATACTTGGTGTGAATTATAGAAT [66]
ITS2 R - GACGCTTCTCCAGACTACAAT

7. ITS2 F - AATGATACGGCGACCACCGAGATCTACAC [67]
ITS2 R - ACACTCTTTCCCTACACGACGCTCTTCCGATCT

8. ITS2 F - AACCTGCGGAAGGATCATTGTC [68]
ITS2 R - TGATATGCTTAAACTCAGCGGGTA

9. ITS2 F - CCCGTGAACCATCGAGTCTTT [69]
ITS2 R - GACGGCTCGCCTCTCAAC

10. ITS2 F - ATGCGATACTTGGTGTGAAT [70]
ITS2 R - TCCTCCGCTTATTGATATGC

11. ITS2 F - GCGATACTTGGTGTGAAT [47]
ITS2 R - GACGCTTCCCAGACTAAAT

12. ITS2 F - GCATCGATGAAGAACGCAGC [71]
ITS2 R - TCCTCCGCTTATTGATATGC

13. ITS2 F - AGGAGAAGTCGTAACAAGGT [72]
ITS2 R - TCCTCCGCTTATTGATATGC

14. ITS2 F - GGAAGTAAAAGTCGTAACAAGG [73]
ITS2 R - TCCTCCGCTTATTGATATGC

15. ITS2 F - AGGAGAAGTCGTAACAAG [74]
ITS2 R - GTTTCTTTTCCTCCGCT

16. ITS2 F - GGAAGTAAAAGTCGTAACAAGG [75]
ITS2 R - TCCTCCGCTTATTGATATGC

17. ITS2 F - ATGCGATACTTGGTGTGAATTATAGAAT [76]
ITS2 R - GACGCTTCTCCAGACTACAAT

18. ITS2 F - ATGCGATACTTGGTGTGAAT [77]
ITS2 R - TCCTCCGCTTATTGATATGC

19. ITS2 F - CGTAGCGAAATGCGATACTTGGTG [78]
ITS2 R - TCCTCCGCTTATTGATATGC

20. ITS2 F - TCTCGCATCGATGAAGAACG [79]
ITS2 R - CCATGCTTAAACTCAGCGGGT

21. ITS2 F - CCTTATCATTTAGAGGAAGGA [43]
ITS2 R - TCCTCCGCTTATTGATATGC

22. ITS2 F - ATGCGATACTTGGTGTGAAT [42]
ITS2 R - GACGCTTCTCCAGACTACAAT

23. ITS2 F - GTAGGTGAACCTGCAGAAGGATCA [80]
ITS2 R - CCATGCTTAAACTCAGCGGGT

24. ITS2 F - GCATCGATGAAGAACGCAGC [81]

ITS2 R - TCCTCCGCTTATTGATATGC
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have been reported for amplifying the ITS2 region
in plants. The high variability in ITS2 primer choice
is largely due to the lack of standardized universal
primers in early DNA barcoding studies. Different
research groups often designed and optimized
primers for their specific set of taxa. For example,
Chen and coworkers tested 17 existing ITS2 primer
pairs a decade or more ago and found their uni-
versality across diverse plant taxa was quite low,
ranging from 6.4% to 53.6% of PCR success [40]. This
highlighted the need for truly universal ITS2
primers. In the last 5 years or so, the plant barcode
community has coalesced around a core set of
universal ITS2 primers for seed plants: ITS-S2F,
ITS-S3F, ITS4R, ITS-B, and ITS-u3. These have
demonstrated high PCR and sequencing success
rates across thousands of species in multiple
studies. However, many researchers continue to use
their custom ITS2 primers or some of the older sets
or at the latest designed by Chen's group [40]. So,
there are certainly there exist 20 or more different
ITS2 primer pairs reported. Other than this, some
later reviews published in the year 2015 have
compiled some of the most used ITS2 primers. For
example, Wang et al. listed 21 ITS2 primer pairs. So,
the convergence on a core set of primers is only
sparingly reported. Thus, our manuscript conducts
an exhaustive literature review, identifying a uni-
versal primer set, and validates it through meticu-
lous in silico and in vitro analyses.

2. Materials and methods

2.1. Finding ITS2 primers, retrieval of ITS sequences,
and in silico validation

All the ITS2-specific primers were obtained from
the available literature in Pubmed. The primers
mentioned in the literature were collected and
summarized as shown in Table 1. The ITS2 se-
quences for the different plant species of 20 different
families were downloaded in the FASTA format from
the ITS2 database (http://its2.bioapps.biozentrum.
uni-wuerzburg.de) and NCBI (National Centre for
Biotechnology Information) database. The respective
ITS2-specific complete rRNA sequences were ob-
tained from GenBank. Multiple alignments of
retrieved rRNA sequence and the primers were done
using the BioEdit tool.

2.2. Confirmation of universality of ITS2-specific
primes using PCR

Genomic DNA isolation and quantification. Total
genomic DNA (gDNA) was isolated from the fresh

juvenile leaf tissues of the 3 plant species (Rice,
Banana, and Almond) using a gDNA extraction kit
(Qiagen DNeasy® Plant Mini Kit) by following the
manufacturer's protocol. The isolated gDNAs were
quantified using a nanodrop spectrophotometer
(Denovix DS-11) and quality was assessed via
agarose gel electrophoresis (Agarose concentration
0.8%) (Bio-Rad Laboratories, India). Total gDNA
concentration adjusted to 100 ng pnL—1 was used for
PCR amplification with primer Set 1 ITS2 primers
(Table 1).

3. Results

3.1. In silico analysis of ITS2-specific universal
primers

The multiple sequence alignment of primer set
number-1 against these rRNA sequences of various
plant species using the Bioedit tool showed that
both the forward (Fig. 2a) and reverse (Fig. 2b)
primers have showed >90% and >95% sequence
similarity respectively to the rest of the sequences.
Moreover, the 3’ end of the primer set-1 shows no
dissimilarity which is important for stringent primer
binding during the PCR. Our in-silico analysis
shows that the primer set-1 could be used as a
universal primer for the ITS2 marker to perform
barcoding of plant species.

3.2. In vitro validation of ITS2-specific universal
primers using PCR

To experimentally prove the universality of the
ITS2-specific universal primers, we have performed
polymerase chain reaction (PCR) using primer set 1
for rice, banana, and almond plants. In all the 3
plant species we have observed good amplification
at approximately 500 bp of ITS2 region (Fig. 3). Our
results confirm that researchers can utilize the
primer set-1 as a universal primer to perform DNA
barcoding in diverse plant species.

4. Discussion

The development of an optimal DNA barcode is of
utmost importance for its widespread applicability
across a range of plant species. An ideal barcode
should contain significant species-level genetic
variability. It should exhibit good PCR amplification
efficiency by using a universal primer, enabling the
use of a single set of primers for barcoding across
different species. Ideally, the chosen universal
primers should amplify a short sequence of 600—700
bp for easy sequencing and In-silico analysis [82]. In
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a 0Q785900.1 Justicia vagabunda - Acanthaceae
OL375701.1 Pistia stratiotes - Araceae
HG996453.1 Areca catechu - Arecaceae
MN535787.1 Bidens pachyloma - Asteraceae
X52320.1 Arabidopsis thaliana - Brassicaceae
MZ366786.1 Opuntia rioplatensis - Cactaceae
MT796530.1 Scirpus sylvaticus - Cyperaceae
MW298834.1 Euphorbia neocrispa - Euphorbiaceae
0Q572326.1 Pachyelasma tessmannii - Fabeaceae
ON685473.1 Mentha aquatica - Lamiaceae
MK770772.1 Allium sativum - Liliaceae
JQ228378.1 Theobroma grandiflorum - Malvaceae G
JQ730188.1 Tibouchina geitneriana - Melastomataceae (€
MK058685.1 Entandrophragma congoense - Meliaceae
LC610760.1 Musa accuminata - Musaceae
MN221415.1 Oreorchis patens - Orchidaceae
KM036282.1 Oryza sativa Japonica Group - Poaceae
MN577903.1 Pyrus communis - Rosaceae
EU650386.1 Coffea arabica - Rubeaceae
ON479685.1 Citrus limon - Rutaceae
KP824745.1 Nicotiana benthamiana - Solanaceae
MT784085.1 Pinus sylvestris - Gymnosperm
Forward primer
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MN577903.1 Pyrus communis - Rosaceae
EU650386.1 Coffea arabica - Rubeaceae
ON479685.1 Citrus limon - Rutaceae
KP824745.1 Nicotiana benthamiana - Solanaceae
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Reverse Primer (Compliment)

AATTGTAGT
AATTGTAGTC
_GAATTGTAGTC
AATTGTAGT
AATTGTAGT
AATTGTAGTC
SBGAA
GAGAA
SAGAA
SGAGAA

AATTGTAGT

AATTGTAGT
AATTGTAGTC
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SAGAA
GAGAA
SICTGGAGBA(
ST GGAGAA(

Fig. 2. Multiple sequence alignment of ITS2 region. Specific alignments with a, forward primer; and b, reverse primer with the corresponding rRNA

sequences of 20 different family plant species.

= 500 bp

Fig. 3. PCR amplification of ITS2 region. Using primer set-1. Total
DNA extracted from Rice, Almond, and banana plants was used as the
template. Amplicon length is 500 bp; M—10 kb Marker, For
amplicons in Lane 1- Rice, Lane 2- Almond, and Lane 3- Banana.

the recent past, the ITS2 marker has been specifically
used as a core DNA barcode for plants. Nonetheless,
to our knowledge, there is no such universal primer
being adopted by the researchers for the ITS2
marker. To identify and suggest a universal set of
primers for ITS2 sequence-based identification, we
did an extensive survey of the literature with works
published from 1990 to 2023. We have referred to

more than 40 published research papers of these
times and could ascertain as a consensus the use of
some 34 distinct sets of primers for the ITS2
patterning (Table 1). Out of 42 researchers, 18 re-
searchers have used the primers set number 1
(Table 1). The rest of the researchers have used
different combinations of forward and reverse
primers for ITS2 as shown in Table 1. Our analysis
indicates that novice researchers may find it chal-
lenging to identify and select an appropriate primer
set for their experiments Therefore, to find a uni-
versal set of primers we have performed in silico
analysis and in vitro validation of the available set of
primers. Our literature analysis found that 18 re-
searchers have used the ITS2 primer set number 1
(Table 1) to perform barcoding in various plant
species. Therefore, to analyze the universality of
these primers, and to identify an ideal single set of
universal primers for ITS2, we have compared the
suitability of both reverse and forward primers
across different species of plants. Utilizing the ITS2
database [83] and the NCBI database we have ob-
tained rRNA sequences of representative plants



INTERNATIONAL JOURNAL OF HEALTH AND ALLIED SCIENCES 2024;13:26—33 31

Table 2. List of families used for validation by multiple sequence
alignment.

SI No. Family

1 Acanthaceae
2 Araceae

3 Arecaceae

4 Asteraceae

5 Brassicaceae
6 Cactaceae

7 Cyperaceae
8 Euphorbiaceae
9 Fabaceae

10 Lamiaceae
11 Liliaceae

12 Malvaceae
13 Melastomataceae
14 Meliaceae

15 Musaceae

16 Orchidaceae
17 Poaceae

18 Rosaceae

19 Rubeaceae
20 Rutaceae

21 Solanaceae
22 Pinaceae

from the top 22 major plant families, accounting for
over 150,000 accepted species of plants, including 21
angiosperm (flowering plant) families and 1 gym-
nosperm (non-flowering seed plant) family (Table 2).
These plant families represent a significant portion
of the world's plant diversity [84].

5. Conclusions

The conventional taxonomic methods face
considerable challenges, especially in differentiating
closely related species. The advent of molecular
techniques, notably DNA barcoding, has signifi-
cantly advanced the field of taxonomy by providing
a reliable, efficient, and quick method for species
identification. The ITS2 region, identified as an ideal
DNA barcode due to its shorter length and ease of
sequencing, has gained widespread acceptance
within the scientific community. One of the critical
challenges in utilizing ITS2 for DNA barcoding has
been the selection of appropriate universal primers.
A major drawback in using ITS as a barcode is the
occurrence of polymorphic ITS regions and pseu-
dogenization is infrequently observed in a few
species [85]. The extent to which these issues might
significantly affect a substantial portion of barcoding
studies remains uncertain [86,87]. In instances
where this uncommon problem arises, Next Gen-
eration Sequencing (NGS) emerges as the viable
solution [85]. With an extensive literature review,
our study has not only identified a reliable set of
universal primers but has also validated their

universality through in silico and in vitro analyses.
Our results demonstrate the practicality and efficacy
of a specific primer set (primer set-1) (Table 1) for
DNA barcoding across a diverse range of plant
species. By providing a validated universal primer
set, our research contributes to facilitating re-
searchers, particularly novices, in streamlining their
DNA barcoding experiments and contributing to
plant biodiversity studies, conservation efforts, and
broader ecological research. Our results contribute
towards enhancing our understanding of plant di-
versity and ultimately support global biodiversity
conservation initiatives.

Funding

This work is supported by K-FIST (L1) Vision
Group on Science and Technology, Govt of Karna-
taka. SERB-Startup Research Grant, Science and
Engineering Research Board, Government of India.
Global Challenges Research Fund (GCRF), United
Kingdom, in collaboration with the University of
Warwick, United Kingdom. And JSS Academy of
Higher Education & Research, Mysuru.

Ethics statements

Not applicable.

Acknowledgments

We thank the Centre of Excellence in Molecular
Biology and Regenerative Medicine (CEMR) headed
by Dr Subbarao, JSS Medical College for providing
extended laboratory support.

References

[1] Cronquist A. The evolution and classification of flowering
plants. The evolution classification of flowering plants.
United Kingdom: University of Michigan: New York Botan-
ical Garden; 1988.

[2] Radford AE, Dickinson WC, Massey JR, Bell CR. Vascular
plant systematics. New York: Harper Collins; 1974.

[3] Jensen RJ. Detecting shape variation in oak leaf morphology:
a comparison of rotational-fit methods. Am ] Bot 1990;77(10):
1279-93.

[4] Vermeiren P, Reichert P, Schuwirth N. Integrating uncer-

tain prior knowledge regarding ecological preferences

into multi-species distribution models: effects of model

complexity on predictive performance. Ecol Model 2020;

420:108956.

Cornell HV, Lawton JH. Species interactions, local and

regional processes, and limits to the richness of ecological

communities: a theoretical perspective. ] Anim Ecol 1992;

61(1):1-12.

Marske KA, Lanier HC, Siler CD, Rowe AH, Stein LR. Inte-

grating biogeography and behavioral ecology to rapidly

address biodiversity loss 2023;120(15):e2110866120.

McNichol BH, Russo SE. Plant species’ capacity for range

shifts at the habitat and geographic scales: a trade-off-based

framework. Plants 2023;12(6):1248.

5

—_—

[6

—_

[7

—



32 INTERNATIONAL JOURNAL OF HEALTH AND ALLIED SCIENCES 2024;13:26—33

[8] Gratani L. Plant phenotypic plasticity in response to
environmental factors. Mano S, editor Adv Bot 2014;2014:
208747.

[9] Hebert PD, Ratnasingham S, deWaard JR. Barcoding animal
life: cytochrome ¢ oxidase subunit 1 divergences among
closely related species. Proc Biol Sci 2003/09/04. 2003;
270(Suppl 1):596—9.

[10] de Boer H, Rydmark MO, Verstraete B, Gravendeel B. Mo-
lecular identification of plants: from sequence to species.
Adv Books 2022;1.

[11] Lazcano-Ramirez HG, Gdmez-Felipe A, Diaz-Ramirez D,
Duran-Medina Y, Sanchez-Segura L, de Folter S, et al. Non-
destructive plant morphometric and color analyses using an
optoelectronic 3D color microscope. Front Plant Sci 2018;9.

[12] Ronzhina DA. Variation in leaf pigment complex traits of
wetland plants is related to taxonomy and life forms. Di-
versity 2023;15.

[13] Savriama Y. A step-by-step guide for geometric morpho-
metrics of floral symmetry. Front Plant Sci 2018;9.

[14] Waswa EN, Mutinda ES, Mkala EM, Katumo DM, Oulo MA,
Odago WO, et al. Understanding the taxonomic complexes
and species delimitation within Sambucus L. (Viburnaceae).
Diversity 2022;14(11):906.

[15] Nasab FK, Mehrabian AR. A Taxonomic revision of two
species complexes belonging to the haplotricha subsection in
the genus onosma (Boraginaceae): a realistic approach to
plant diversity. Diversity 2022;14(8):671.

[16] Mu X-Y, Wu ], Wu ]. Taxonomic uncertainty and its con-
servation implications in management, a case from pyrus
hopeiensis (Rosaceae). Diversity 2022;14(6):417.

[17] Szlachetko DL, Dudek M, Naczk A, Kolanowska M. Taxon-
omy and biogeography of andinia-complex (Orchidaceae).
Diversity 2022;14(5):372.

[18] An X, Xie B. Phytoliths from woody plants: a review. Di-
versity 2022;14(5):339.

[19] Cope JS, Corney D, Clark JY, Remagnino P, Wilkin P. Plant
species identification using digital morphometrics: a review.
Expert Syst Appl 2012;39(8):7562—73.

[20] Rouhan G, Gaudeul M. Plant taxonomy: a historical
perspective, current challenges, and perspectives. In: Besse P,
editor. Molecular plant taxonomy: methods and protocols.
Totowa, NJ: Humana Press; 2014. p. 1-37.

[21] Viscosi V, Cardini A. Leaf morphology, taxonomy and geo-
metric morphometrics: a simplified protocol for beginners.
PLoS One 2011;6(10):e25630.

[22] Peruzzi L. Advances in plant taxonomy and systematics 2023;
12(4):570.

[23] Crawford DJ, Giannasi DE. Plant chemosystematics. Biosci-
ence 1982;32(2):114—24.

[24] Zidorn C. Plant chemophenetics — A new term for plant
chemosystematics/plant chemotaxonomy in the macro-mo-
lecular era. Phytochemistry 2019;163:147—8.

[25] Reynolds T. The evolution of chemosystematics. Phyto-
chemistry 2007;68(22—24):2887—95. 2007/09/04.

[26] Lewis WH, Harborne JB, Turner BL. Plant chemosystematics.
Econ Bot 1985;39(4):430.

[27] Singh R, Geetanjali. Chapter 6 - chemotaxonomy of medic-
inal plants: possibilities and limitations. In: Mandal SC,
Mandal V, Konishi T, editors. Natural products and drug
discovery. Elsevier; 2018. p. 119—-36.

[28] Scora RW. Problems in chemotaxonomy: The influence of
varying soil conditions, of geographical and individual var-
iants upon the distribution of certain substances in chro-
matographed extracts ofmonarda fistulosa. Plant Soil 1966;
24(1):145-52.

[29] Hwang B, Weisbach JA, Douglas B, Raffauf RF, Cava MP,
Bessho K. Problems in chemotaxonomy. V. Alkaloids of
Peschiera lundii. Isolation and structure elucidation of voa-
cristine pseudoindoxyl and iboxygaine hydroxyindolenine.
J Org Chem 1969;34(2):412—5.

[30] Crawford DJ. Plant macromolecular systematics in the past
50 years: one view. Taxon 2000;49(3):479—501.

[31] Chapman RL, Crawford D], Crawford DJ. Plant molecular
systematics: macromolecular approaches. John Wiley &
Sons, Inc.; 1990. Crawford D], editor. Bryologist. 1995 Aug 26;
98(4):635.

[32] Xu H, Bassel GW. Linking genes to shape in plants using
morphometrics 2020;54(1):417—37.

[33] Kress W], Garcia-Robledo C, Uriarte M, Erickson DL. DNA
barcodes for ecology, evolution, and conservation. Trends
Ecol Evol 2015;30(1):25—35. 2014/12/04.

[34] Kress WJ. Plant DNA barcodes: applications today and in the
future 2017;55(4):291-307.

[35] Soltis PS, Doyle JJ, Soltis DE. Molecular data and polyploid
evolution in plants. In: Soltis PS, Soltis DE, Doyle JJ, editors.
Molecular Systematics of plants. Boston, MA: Springer US;
1992. p. 177-201.

[36] Taberlet P, Coissac E, Pompanon F, Gielly L, Miquel C,
Valentini A, et al. Nucleic Acids Res 2007;35(3):e14. 2006/12/16.

[37] Taberlet P, Coissac E, Pompanon F, Brochmann C,
Willerslev E. Towards next-generation biodiversity assess-
ment using DNA metabarcoding. Mol Ecol 2012;21(8):
2045—50. 2012/04/11.

[38] Li X, Yang Y, Henry R], Rossetto M, Wang Y, Chen S. Plant
DNA barcoding: from gene to genome. Biol Rev Camb Phil
Soc 2015;90(1):157—66.

[39] Li DZ, Gao LM, Li HT, Wang H, Ge X], Liu JQ, et al
Comparative analysis of a large dataset indicates that inter-
nal transcribed spacer (ITS) should be incorporated into the
core barcode for seed plants. Proc Natl Acad Sci U S A 2011;
108(49):19641—6.

[40] Chen S, Yao H, Han ], Liu C, Song J, Shi L, et al. Validation of
the ITS2 Region as a Novel DNA Barcode for Identifying
Medicinal Plant Species. PLoS One 2010;5(1):e8613.

[41] Yao H, Song ], Liu C, Luo K, Han J, Li Y, et al. Use of ITS2
region as the universal DNA barcode for plants and animals.
PLoS One 2010;5(10).

[42] GuW, Song ], Cao Y, Sun Q, Yao H, Wu Q, et al. Application
of the ITS2 region for barcoding medicinal plants of selagi-
nellaceae in pteridophyta. PLoS One 2013;8(6):2—9.

[43] Tripathi AM, Tyagi A, Kumar A, Singh A, Singh S,
Chaudhary LB, et al. The Internal Transcribed Spacer (ITS)
region and trnhH-psbA are suitable candidate loci for DNA
barcoding of tropical tree species of India. PLoS One 2013;
8(2).

[44] Schoch CL, Ciufo S, Domrachev M, Hotton CL, Kannan S,
Khovanskaya R, et al. NCBI Taxonomy: a comprehensive
update on curation, resources and tools. Database (Oxford)
2020;2020. 2020/08/08.

[45] Han J, Zhu Y, Chen X, Liao B, Yao H, Song ], et al. The short
ITS2 sequence serves as an efficient taxonomic sequence tag
in comparison with the full-length ITS. Biomed Res Int 2013;
2013:3—10.

[46] de Vere N, Rich TC, Ford CR, Trinder SA, Long C,
Moore CW, et al. DNA barcoding the native flowering plants
and conifers of wales. PLoS One 2012;7(6):e37945. 2012/06/16.

[47] Khan SA, Baeshen MN, Ramadan HA, Baeshen NA. ITS2: an
ideal DNA barcode for the arid medicinal plant rhazya
stricta. Pharmaceut Med 2019;33(1):53—61.

[48] Zhao LL, Feng SJ, Tian JY, Wei AZ, Yang TX. Internal tran-
scribed spacer 2 (ITS2) barcodes: a useful tool for identifying
Chinese Zanthoxylum. Appl Plant Sci 2018;6(6):1—8.

[49] Zuo Y, Chen Z, Kondo K, Funamoto T, Wen J, Zhou S. DNA
barcoding of panax species. Planta Med 2011;77(2):182—7.

[50] Vasconcelos S, Nunes GL, Dias MC, Lorena J, Oliveira RRM,
Lima TGL, et al. Unraveling the plant diversity of the
Amazonian canga through DNA barcoding. Ecol Evol 2021;
11(19):13348—62.

[51] Frigerio ], Agostinetto G, Mezzasalma V, De Mattia F,
Labra M, Bruno A. Dna-based herbal teas’ authentication: an
its2 and psba-trnh multi-marker dna metabarcoding
approach. Plants 2021;10(10):1—14.

[52] Lv YN, Yang CY, Shi LC, Zhang ZL, Xu AS, Zhang LX, et al.
Identification of medicinal plants within the Apocynaceae



INTERNATIONAL JOURNAL OF HEALTH AND ALLIED SCIENCES 2024;13:26—33 33

family using ITS2 and psbA-trnH barcodes. Chin J Nat Med
2020;18(8):594—605.

[53] Gong L, Qiu XH, Huang J, Xu W, Bai JQ, Zhang ], et al.
Constructing a DNA barcode reference library for southern
herbs in China: A resource for authentication of southern
Chinese medicine. PLoS One 2018;13(7):1—12.

[54] Yu N, Wei YL, Zhang X, Zhu N, Wang YL, Zhu Y, et al.
Barcode ITS2: A useful tool for identifying Trachelospermum
jasminoides and a good monitor for medicine market. Sci
Rep 2017;7(1):1-9.

[55] Pang X, Luo H, Sun C. Assessing the potential of candidate
DNA barcodes for identifying non-flowering seed plants.
Plant Biol 2012;14(5):839—44.

[56] Mohanty S, Mishra BK, Dasgupta M, Acharya GC, Singh S,
Naresh P, et al. Deciphering phenotyping, DNA barcoding,
and RNA secondary structure predictions in eggplant wild
relatives provide insights for their future breeding strategies.
Sci Rep 2023;13(1):1-12.

[57] Duran Escalante KC, Ortiz Diaz ]JJ, Pinzon Esquivel ]JP,
Galvez Mariscal MA. Utilidad de los cédigos de barras de
DNA en la identificacion de plantas meliferas asociadas a la
miel monofloral de Sabal yapa producida en el este de
Yucatan, México. Innotec 2023;26:1—20.

[58] Song F, Deng YF, Yan HF, Lin ZL, Delgado A, Trinidad H,
et al. Flora diversity survey and establishment of a plant
DNA barcode database of Lomas ecosystems in Peru. Sci
Data 2023;10(1):1-8.

[59] Cahyaningsih R, Compton LJ, Rahayu S, Brehm JM,
Maxted N. DNA barcoding medicinal plant species from
Indonesia. Plants 2022;11(10):1—22.

[60] Qarni A, Muhammad K, Wahab A, Ali A, Khizar C, Ullah I,
et al. Molecular characterization of wild and cultivated
strawberry (Fragaria x ananassa) through DNA Barcode
Markers. Genet Res (Camb) 2022;2022.

[61] Chen J, Li S, Wu W, Xie J, Cheng X, Ye Z, et al. Molecular
Identification and Phylogenetic Analysis of the Traditional
Chinese Medicinal Plant Kochia scoparia Using ITS2 Bar-
coding. Interdiscipl Sci Comput Life Sci 2021;13(1):128—39.

[62] Saidon NA, Wagiran A, Samad AFA, Mohd Salleh F,
Mohamed F, Jani ], et al. DNA barcoding, phylogenetic
analysis and secondary structure predictions of Nepenthes
ampullaria, Nepenthes gracilis and Nepenthes rafflesiana.
Genes (Basel) 2023;14(3):697.

[63] Rakotonirina TJ, Viljoen E, Rakotonirina AH, Leong Pock
Tsy JM, Radanielina T. A DNA barcode reference library for
CITES listed Malagasy Dalbergia species. Ecol Evol 2023;
13(3):1-11.

[64] Nasarodin NSM, Akbar A, Wagiran A. ITS2 secondary
structure data improves authentication of Moringa oleifera
tea products when using with DNA barcoding. Plant Sci
Today 2023;x(x):1-11.

[65] Hegde V, Roy SS, Renadevan R, Kumar KB, Patel HK. Hill
region of India. 2022.

[66] Acharya GC, Mohanty S, Dasgupta M, Sahu S, Singh S,
Koundinya AVYV, et al. Molecular phylogeny, DNA barcod-
ing, and ITS2 secondary structure predictions in the medic-
inally important eryngium genotypes of East Coast Region of
India. Genes (Basel) 2022;13(9).

[67] Fujii T, Ueno K, Shirako T, Nakamura M, Minami M. Iden-
tification of Lagopus muta japonica food plant resources in
the Northern Japan Alps using DNA metabarcoding. PLoS
One 2022;17(3 March):1—-24.

[68] Zhang ], Chi X, Zhong ], Fernie A, Alseekh S, Huang L, et al.
Extensive nrDNA ITS polymorphism in Lycium: Non-
concerted evolution and the identification of pseudogenes.
Front Plant Sci 2022;13.

[69] Xavier JKAM, Maia L, Figueiredo PLB, Folador A, Ramos AR,
Andrade EH, et al. Essential oil composition and DNA bar-
code and identification of Aniba species (Lauraceae) growing
in the Amazon Region. Molecules 2021;26(7):1—19.

[70] Dhivya S, Ashutosh S, Gowtham I, Baskar V, Harini AB,
Mukunthakumar S, et al. Molecular identification and
evolutionary relationships between the subspecies of Musa
by DNA barcodes. BMC Genom 2020;21(1):659.

[71] Duan H, Wang W, Zeng Y, Guo M, Zhou Y. The screening
and identification of DNA barcode sequences for Rehman-
nia. Sci Rep 2019;9(1):1-12.

[72] Saifuldeen Ahmed Hasan SAH. DNA barcoding for differ-
entiating the 11 varieties of musa species. Int ] Agric Sci Res
2018,8(4):121—30.

[73] Zhu S, Li Q, Chen S, Wang Y, Zhou L, Zeng C, et al.
Phylogenetic analysis of uncaria species based on internal
transcribed spacer (Its) region and its2 secondary structure.
Pharm Biol 2018;56(1):548—58.

[74] Inglis PW, Mata LR, Da Silva M]J, Vieira RF, Alves RDBN,
Silva DB, et al. DNA Barcoding for the Identification of
Phyllanthus Taxa Used Medicinally in Brazil. Planta Med
2018;84(17):1300—10.

[75] Liang LJ, Wang EH, Yang YC, Xing BC, Ji W, Liu F, et al.
Study on hybrid characteristics of medicinally used culti-
vated codonopsis species using ribosomal Internal Tran-
scribed Spacer (ITS) sequencing. Molecules 2018;23(7):1—14.

[76] LiQ, XuJ, Han L, Gao C, LuJ, Du G, et al. Evaluation of ITS2
for intraspecific identification of Paeonia lactiflora cultivars.
Biotechnol Reports 2017;15(May):101—6.

[77] Kim W], Moon BC, Yang S, Han KS, Choi G, Lee AY. Rapid
authentication of the herbal medicine plant species Aralia
continentalis Kitag. and Angelica biserrata C.Q. Yuan and
R.H. Shan using ITS2 sequences and multiplex-SCAR
markers. Molecules 2016;21(3).

[78] Chao Z, Zeng W, Liao J, Liu L, Liang Z, Li X. DNA barcoding
Chinese medicinal Bupleurum. Phytomedicine 2014;21(13):
1767—73.

[79] He JY, Zhu S, Komatsu K, Goda Y, Cai SQ. Genetic poly-
morphism of medicinally-used Codonopsis species in an
internal transcribed spacer sequence of nuclear ribosomal
DNA and its application to authenticate Codonopsis Radix.
J Nat Med 2014;68(1):112—24.

[80] Sukrong S, Zhu S, Ruangrungsi N, Phadungcharoen T,
Palanuvej C, Komatsu K. Molecular analysis of the genus
Mitragyna existing in Thailand based on rDNA its sequences
and its application to identify a narcotic species: Mitragyna
speciosa. Biol Pharm Bull 2007;30(7):1284—8.

[81] White TJ, Bruns T, Lee S, Taylor J. Amplification and direct
sequencing of fungal ribosomal RNA genes for phyloge-
netics [Internet]. In: PCR Protocols. Academic Press, Inc.;
1990. p. 315—22.

[82] Genes DNA, Kress W], Erickson DL. DNA barcodes: genes,
genomics, and bioinformatics. Proc Natl Acad Sci U S A 2008;
105(8):2761-2.

[83] Merget B, Koetschan C, Hackl T, Forster F, Dandekar T,
Miiller T, et al. The ITS2 Database. J Vis Exp 2012;(61):1-5.

[84] Christenhusz MJM, Byng JW. Phytotaxa. Phytotaxa 2016;
261(3):201—17.

[85] Halvarsson P, Tydén E. The complete ITS2 barcoding region
for Strongylus vulgaris and Strongylus edentatus. Vet Res
Commun 2023;47(3):1767—71.

[86] Bailey CD, Carr TG, Harris SA, Hughes CE. Characterization
of angiosperm nrDNA polymorphism, paralogy, and pseu-
dogenes. Mol Phylogenet Evol 2003;29(3):435—55.

[87] Hollingsworth PM, Graham SW, Little DP. Choosing and
Using a Plant DNA Barcode 2011;6(5).



	Curating And Validating Universally Applicable Primers For Efficient ITS2-Based DNA Barcoding Across Plant Taxa
	Recommended Citation

	Curating And Validating Universally Applicable Primers For Efficient ITS2-Based DNA Barcoding Across Plant Taxa
	Cover Page Footnote
	Authors

	Curating and Validating Universally Applicable Primers for Efficient ITS2-based DNA Barcoding Across Plant Taxa
	1. Introduction
	2. Materials and methods
	2.1. Finding ITS2 primers, retrieval of ITS sequences, and in silico validation
	2.2. Confirmation of universality of ITS2-specific primes using PCR

	3. Results
	3.1. In silico analysis of ITS2-specific universal primers
	3.2. In vitro validation of ITS2-specific universal primers using PCR

	4. Discussion
	5. Conclusions
	Funding
	Ethics statements
	Acknowledgments
	References


