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Molecular techniques, such as DNA
markers, barcodes, and sequencing, play a
crucial role in studying phylogenetics,
reconstructing evolutionary histories, and
enriching plant taxonomy. Conventional
markers like RFLP, AFLP, RAPD, SSR
and SNP, as well as modern markers, offer
complementary insights, enabling a more
comprehensive understanding of plant
diversity and evolutionary relationships.
The integration of data from conventional
and contemporary biotechnological tools
provides a powerful approach to address
and enhance the challenges of plant
taxonomy.

Keywords. Taxonomy; DNA barcoding;
Phylogenetics; Molecular markers; Next-
generation sequencing; Artificial
Intelligence

Copyright © 2024 Authors Page 819



Futuristic Trends in Biotechnology
e-ISBN:978-93-6252-549-9
IIP Series, Volume 3, Book 15, Part 7, Chapter 2
PERSPECTIVE IN PLANT TAXONOMY THROUGH CONVENTIONAD O CONTEMPORARY
BIOTECHNOLOGICAL APPROACH

. INTRODUCTION

Taxonomy is the foundation for all conservatiorar Fnore than 250 years, the
objective of taxonomy has been to identify, namad aategorize species [1]. The
taxonomists' ability to make decisions may be haesgpéy the fact that a small number of
species from various populations have been fourekiibit complicated morphology. Thus,
the majority of the time spent by botanists is ianmally examining and determining the
characteristics of various plant species. So, tleelem techniques for studying the plants
have been substantially enriched by a number dfn@ogies used in contemporary plant
taxonomy. For the study of biosystematics, the Didd#coding, next-generation sequencing,
Al related plant identification are essential tedlogical tools. Likewise, various artificial
systems have been employed for plant identificati@vealing that the effectiveness of
automated plant identification systems is remankaptomising. This progress could
potentially lead to the development of a novel gatien of ecological monitoring [2]. At the
same time, the molecular techniques in the stugyhgfogenetics of plants have a significant
role in plant taxonomy. As a result, molecular noetibiogies could be utilized to reconstruct
the evolutionary paths of organisms and enhangetthenomic classifications [3].

By integrating molecular taxonomic approaches uggetation surveys, the potential
exists to mitigate the challenges associated vakoriomic complexities and amplify the
efficacy of conservation endeavors [4]. To solve mhorphological complexity problem, the
genetic data are also extremely encouraging tong@aged in higher plant systematics [5].
Recent advancement on the different varieties oleoutar markers, DNA markers, DNA
barcodes and different DNA sequencing techniquagsph pivotal role in the study of plants
systematics. Every botanist, including moleculardmists and plant hunters, who still have
much to offer, find molecular systematics to beaxiely relevant for the study of plants [6].
Markers like RFLP, AFLP, RAPD, SSR, and SNP aresm®red traditional markers because
they have been widely used in plant taxonomy anteiyes for several decades. Modern
markers offer advantages in terms of throughpuhoge-wide coverage, and accuracy,
making them essential tools for advancing our ustdeding of plant diversity, evolution,
and taxonomy. Combining data from both conventi@mal modern markers could provide a
more comprehensive framework on plant taxonomyeadutionary relationships.

II. DNA BARCODING AND SPECIESAUTHENTICATION

Emile Zuckerkandl and Linus Pauling presentedidlea of using molecular data for
phylogenetic inference during early sixties. Thegpmsed that DNA and protein sequences
may be utilized as markers for evolutionary histpfly A year later, Carl Woese, compared
the 18S rRNA sequences from various organisms aud\kered that they exhibit significant
differences. This led him to propose a new classifon of life, with three domain concept:
Bacteria, Archeae, and Eukarya [8]. This work ratiohized our understanding of the tree of
life and the evolutionary relationships between aoigms. Woese's research laid the
groundwork for DNA barcoding. Phylogenetic analysisl species identification frequently
employ the technique of DNA barcoding. It is preeledc on amplifying of brief, conserved
genomic regions with sufficient variance to distirely between species with little
intraspecific variation.
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Earlier, a group of plant systematists [9] fronoward the world first tried to
reorganize the classification of flowering plantatoi a phylogenetic system. This
reorganization was based on analyzing the moleahlaracteristics ofbcL, atpB, and 18S
rDNA genes. Later, the term DNA barcoding was cdiaad popularized by Paul Hebert and
his colleagues with their foundational study onatiitondrial gene cytochrome ¢ oxidase
subunit | (COI) [10]. The majority of modern comatibnal barcoding techniques have made
an effort to include known modelling strategiesniranolecular phylogenetic research.
Conventional barcoding techniques are essentigdi-lbased evolutionary systems in which
identification choices are determined using the-treluced distances [10, 11]. Established in
May 2004, the Consortium for the Barcode of LifeB@.) now comprises over 120
organizations from 45 nations, aiming to promote #uoption of DNA barcoding for the
entirety of eukaryotic life on Earth [12]. DNA baaing technique is a useful tool for
analyzing small amounts of plant data to identifg species and genus of a given plant [13].
Over 5000 angiospermic taxa have sequendad., the major subunit of ribulose-
bisphosphate carboxylase-oxygenase, which is edcbglea plastid gene. The number of
species included in published analyses has redz?@@ numbers [14]. These relatively short
sequences (650 symbols in the case of mtDNA) sasvédentifiers for determining the
species identification through the use of mMtDNA][¥5 useful tool for conducting vegetation
surveys, the multi-marker DNA barcoding method gsibcL, matK, andtrnH-psbA may
drastically cut down the time and expense requi@ddentify different species [16].
Reference [17] expands the use of DNA barcodinipénfield of medicinal plants and helps
phylogenetic research by investigating the use h&f DNA barcode ITS2 to identify
medicinal plants for the first time. Polymerase i@haeaction (PCR) is used to amplify a
highly variable region, such as the DNA barcodeiaegf the nuclear, chloroplast, or
mitochondrial genome. Nuclear DNA, chloroplast DKAgure 1) (e.grbcL, trnL-F, matK,
psbA, trnH, psbK), and mitochondrial DNA (e.g. COI) are regionsttaee frequently utilized
for DNA barcoding [18].Similarly, [19] discusses that the DNA barcodinghtieique with
ITS2 region is a potential DNA marker for autheation of selected plants. The
phylogenetic investigation put forth by [20] indiea that the barcode sequenpgsK-psbl,
atpF-atpH, and ITS2 exhibited enhanced species-level resoiuti

1. DNA Metabarcoding: Metabarcoding depends on specific criteria for cag genetic
markers that help identify individual species witmixed data. To make metabarcoding
universally effective, it would be essential toanmorate multiple markers, each designed
to accurately distinguish species within differgndups, such asatK/rbcL for plants or
ITS for fungi. On the other hand, when using meted@ing with a single combined
sample, this kind of approach isn't possible. ldtecombining sequencing data from
various genetic markers can enrich the taxonomouracy for analyzing individual
organisms in barcoding [21]. In reference [22]sishown that using the nrITS2 marker
in DNA metabarcoding enhanced the accuracy of ifyemg pollen in aerobiological
samples. This led to improved alignment with sp&gimporal patterns of airborne pollen
trends, making nrITS2 the preferred molecular mafke monitoring airborne pollen.
The enormous potential of ultra-barcoding is taukldifficult plant taxonomy problems
and for discovering cryptic species in taxonomicdifficult plant taxa [23].

2. Microfluidic Enrichment Barcoding (MEBarcoding): DNA barcoding called

Microfluidic Enrichment Barcoding (MEBarcoding) ian effective substitute for
conventional PCR and Sanger sequencing for produicuge numbers of plant DNA
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barcodes and creating more complete barcode dawmbdsing a single thermal cycling
method, the Fluidigm Access Array can amplify specegions for 48 DNA samples and
numerous PCR primer pairs simultaneously. Thisggeacan generate up to 23,040 PCR
products [24]. Using microfluidic PCR and high-thghput sequencing (HTS), the
researchers sequenced 576 samples from plant spaciess 96 target locations to
produce a significant amount of sequence datalglogenetic studies. The research was
performed on south American lineage of the geBarssia under familyOrobanchaceae
[25].
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Figure 1: Barcoding Loci in ITS Region of rRNA, cpDNA and nitia [18]
[11.BIOINFORMATIC DATABASES

One of the earliest and most notable attemptawodh bioinformatic databases for
plant DNA barcoding was made by the Consortiumtlier Barcode of Life (CBOL). CBOL
was formed in 2004 with the aim of promoting the o§ DNA barcoding in global standard
for identification and biodiversity research [1@nline databases, like GenBank, NCBI, and
BOLD stores vast amounts of genetic and taxonomfigrination, allowing researchers to
access and analyze data for their taxonomic stuSlieslarly, TIGR Plant Repeat Databases
provide a resource for locating, categorizing, andlyzing repetitive sequences in 12 plant
genera and four plant families, despite the faat thpetitive sequences in plants can obstruct
genome annotation and sequencing efforts [26]. édtircomputational approaches to
barcoding are more scalable and interpretable ses@t of newly created alignment-free
methods for DNA barcoding that can quickly and aatly identify specimens by analyzing
only a small number of barcode features [27].

The composition vector (CV) method has provenda@leliable and rapid alignment-
free approach for examining extensive COI (cytookgoc oxidase subunit I) barcoding
datasets. Additionally, the CV technique is prd@itiin analyzing large multi-gene datasets
for plant DNA barcoding purposes [28]. Recent depeients have introduced methods that
directly tackle the challenge of barcode-based titieations. Table 1 depicts the details
about the available DNA barcoding tools.
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Table 1: Bioinformatic Database Tools and their Web Address[18]

data based

om-about.com/

Tools Launch | Method Available at
Taxl 2005 Distance based Axei.meyer@uni-
konstanz.de
CBCAnalyzer | 2005 Phylogenies based ornttp://cbcanalyzer.bioapps
CBC .biozentrum.uni
-wuerzburg.de/cgi-
bin/index.php
4SALE 2006 RNA alignment and | http://4sale.bioapps.biozen
editing trum.uniwuerzburg.
de/
CodonCode | 2007 Codon based http://www.codoncode.co
Aligner m/index.html
BPSI 2008 Back Propagation zhangab2008@yahoo.com
neural networks .cn
SAP 2008 Bayesian http://ib.berkeley.edu/labs/
phylogenetics slatkin/munch/
StatisticalAssignmentPadk
age.html
CAQOS 2008 Character Based http://sarkarlab.mbl@du/
AOS
TaxonGap 2008 Operational http://www.kermit.ugent.b
Taxonomic Unit e/software.php?
(OTU) based navigatield=37&categorie
ld=17
BioBarcode 2009 Sequence based http://www.asiaobarc
org
BLOG 2009 Data mining approach http://dmb.iasiititog-
downloads.php
B 2010 Sequence quality and http://www.nybg.org/files
contig overlap scientists/dlittle
/B.html
OFBG 2010 Spp. Discrimination | http://www.nbri.res.in/ofb
using oligonucleotide | g.php
frequencies
OTUBase 2011 Operational http://www.bioconductor.
Taxonomic Unit based org/packages/rel
ease/bioc/html/OTUbase|h
tml
JMOTU 2011 Multiple Operational | http://www.jmotu.com-
taxonomic Unit about.com/
(MOTU) based
TAxonerator | 2011 OTU and taxonomy | http://www.taxonnerator.q
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IV.CONVENTIONAL DNA SEQUENCING

CLOTU 2011 Amplicon and taxa | http://www.mn.uio.no/ibv.
based bioportal/
Eco Primers 2011 Barcode markers ancdttp://www.grenoble.prab
primer based fr/trac/ecoPrim
ers
PTIGS- Idit 2011 psbA-trnHintergenic | http://psba-trnh-
Spacer (PTIGS) basedplantidit.dnsalias.org
BRONX 2011 Sequence http://www.nybg.org/files
Identification scientists/dlittle
Incorporating /BRONX.html
Taxonomic Hierarchy
Spider 2012 Analysis of species | http://spider.r-
identity and evolution | forge.rproject.
org/SpiderWebSite/spider.
html
ISHAM 2013 Mycological http://www.isham.org/
classification
LV barcoding | 2013 Locality sensitive http://msl.sls.cuhk.edu.hk/
hashing-based vipbarcoding/
Excali BAR 2014 Calculate intra- and | http://datadryad.com/resa
interspecific distances urce/doi:10.5061
/dryad.r458n
VIP 2014 Vector-based software http://msl.sls.cuhklddul.
Barcoding vipbarcoding/
Q-Bank 2015 Identification and http://www.qg-bank.eu/
detection reference
database
Obitools 2015 NGS data based http://metabarcoding.org/o
package bitools

The di-deoxynucleotide sequencing technique atemwk as Sanger method of DNA

sequencing or first generation sequencing wasdaoted by [29]. The technique was simpler
and quick and it replaced other DNA sequencing riegles in the vast majority of
applications (Figure 2). Subsequently, other enzygmsequencing methods were devised
including partial ribosubstitution [30] the plusdaminus method of Sanger [31] and the
chemical cleavage method end-radio-labeled DNAnfraxgfs [32].

Numerous nuclear, mitochondrial, and chloroplasteg have been used to examine
sequence variation at the genus level. Species-@entification of plants using the Basic
Local Alignment Search Tool (BLAST) [33] was mosiceessful when utilizing individual
barcodes. Among thesaatK achieved the highest success rate (99%), follolyettnH-
psbA (95%), and thembcL (75%). Employing these three-locus, DNA barcodestteover
98% accurate identification of 296 species beloggmwoody trees, shrubs, and palms [34].
Recently, a team of researchers studying plant Ddd#codes recommended using two
specific genesrbcL and matK, together for a method called plant barcoding (CROL

Copyright © 2024 Authors Page 320



Futuristic Trends in Biotechnology
e-ISBN:978-93-6252-549-9
IIP Series, Volume 3, Book 15, Part 7, Chapter 2
PERSPECTIVE IN PLANT TAXONOMY THROUGH CONVENTIONAD O CONTEMPORARY
BIOTECHNOLOGICAL APPROACH

Meanwhile, the utility of tiny molecular markersshhecome precisely important for tasks
like understanding genes, analyzing traits, cregatiaps, and helping with selection [35].
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Figure2: Sanger Sequencing for Application in Phylogenet@aksis [36]

1. Next Generation Sequencing: Next-generation sequencing (NGS), also known as 2nd
generation sequencing, is set to reshape planemsgsics, replicating the significant
effects of Sanger sequencing [37]. Compared totithditional methods of PCR and
Sanger sequencing commonly used in plant systersiatiies, the modern techniques of
next-generation and targeted sequencing bring leotdvantages in terms of time and
cost. This is particularly valuable when dealinghnextensive numbers of species and
phylogenetic markers [38]. In order to assure tiseaVery of variations that are clinically
relevant, it is advised to use multiple analysislgan conjunction with next-generation
sequencing, which offers time and money saving odlogy for evaluating multiple
targets across several modalities [39].

Next-generation sequencing technological developsnéave accelerated the
development of herbarium genomics, giving a vitaite for exploring historic biological
theories in plant research [40, 41]. The functiédrP€R in library preparation allows
commercial 2nd generation sequencing technologiée distinguished from one another
(Figure 3). Mostly, Pyrosequencity and lllumina® sequencing are the two NGS
methods most frequently employed [42]. These NG&irtelogies have significantly
advanced the field of plant taxonomy by providinghathroughput and cost-effective
methods by providing large-scale genomic data, drigiesolution, and comprehensive
insights into plant diversity, evolutionary relatghips, and species identification. NGS
have proven to be an an indispensable tool formanusts, facilitating more accurate and
efficient classification and understanding of themplex relationships among plant
species.
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Figure 3: Steps Involved in DNA Fingerprinting, Barcoding aNGS [42].

2. Oxford Nanopore Technology: Oxford Nanopore Technology comes under third
generation sequencing that works on developinghglesimolecule, electrical, label-free
DNA sequencing technique. This method aims to elat@ the requirement for
amplification or labelling by sensing a straight¢attical signal instead [43]. The use of
Oxford Nanopore technology, along with complementaequencing and analysis
methods, significantly enhanced the understandihgAtoiplex hortensis, its genetic
variation, and phylogenetic positioning [44].

3. High-throughput Metagenomic Shotgun Sequencing: High-throughput metagenomic
shotgun sequencing is a powerful and advanced maiked to analyze the collective
genetic material of microbial communities presenaigiven environment. It provides a
comprehensive and unbiased snapshot of all the B&¢uences (including both host and
microbial DNA) present in a sample, without the chéer prior knowledge or specific
target sequences [45]. High-throughput metagenasmitgun sequencing is very helpful
for generating more complete genetic data from riaracally significant decade old
isotype herbarium specimens [46]. Concurrently,nis&sBS (multispecies genotyping by
sequencing) methodology, aids in plant taxonomyumntifying multiple plant species in
belowground interactions offering an advanced aralable tool for studying complex
root communities [47].

4. Metagenomics. Metagenomics enables the study of entire geneti¢enmh from
environmental samples, providing insights into diversity and distribution of plants in
specific habitats. It harnesses the power of neregation sequencing and bioinformatics
technologies to explore the genetic diversity, aamte, composition, and metabolic
pathways. Metagenomics can be a valuable toolantplaxonomy, providing data that
complements traditional morphological and molecutethods. The analysis of plant-
associated microbial communities can enhance odergtanding of plant diversity,
evolutionary relationships, and ecological inte@att, ultimately contributing to the
advancement of plant taxonomy [48]. Metagenomi¢si®vn to enhance plant taxonomy
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by analyzing the diverse microbial communities ime trhizosphere ofPaspalum
scrobiculatum [49].

5. Transcriptome Sequencing: Transcriptome sequencing, also known as RNA-Segq, is
powerful biotechnological tool to study and analyhe transcriptome of an organism.
Complete plastid genome sequencing has facilitatedlyses of hundreds of taxa at deep
levels and allowed phylogeographic studies at thufation level. Gene capture method
promises rapid and inexpensive analyses of plagitbmes and targeted nuclear loci
[50].

The transcriptome sequencing DBlendrocalamus sinicus study identified
8,553 simple sequence repeats (SSRs) and 81,58fe-sincleotide polymorphisms
(SNPs). These molecular markers are valuable fpulption studies, genetic diversity
assessment, and breeding programs [51]. The issgghihed from transcriptome analysis
can enhance the accuracy of plant classificatidentify diagnostic markers for species
discrimination, and shed light on the evolutionaglationships between different plant
taxa.

6. Plastome Sequencing: The process of determining and analyzing the cotapBNA
sequence of the plastid genome (plastome) of aansm. Plastome sequencing is a
frequent application of next-generation sequen¢MGS) techniques, as demonstrated
[52], which utilized 93 samples across 12 angiaspéamilies. Notably, 73 of these
samples were derived from herbarium specimensda®ll46 years, yielding adequate
paired-end reads for 84 specimens and ultimatelyieamg successful plastome
assemblies for 74 of them. This shows that outlilastome sequencing from herbarium
specimens is feasible and affordable and can beedaut with little sample destruction.

7. Genotyping by Sequencing: A revolutionary technique called Genotyping by
sequencing (GBS) combines genotyping and next-génarsequencing. It has a variety
of uses, from general marker discovery to genoniecsen, making it a promising
strategy that is likely to offer fresh insightsadnplant biology [53]. In 94 Amaranth
accessions, GBS was used to identify 10,668 SNiesmigjority of which were species-
specific, and these SNPs can be used for marketianeduring further Amaranth
research [54]. GBS uses genome-wide SNP markersh&nacterizeLens culinaris
germplasm and identify gene pools in wild relatiltegssists in establishing connections
and identifying misclassified samples, rendering italuable resource for plant breeders
focused on crop wild relatives [55].

8. Phylogenetics and Phylogenomics: Unlike traditional phylogenetics, which often
focuses on a few specific genes or traits, phylogeos involves analyzing whole
genomes or a significant portion of the genome ohiple species. They use genetic and
genomic data to infer the branching patterns oflugamary history, showing how
different species are related to each other thraxgghmon ancestry [56]. The current
phylogenomic research oDryza serves as an illustration of how phylogenomics has
proven its strength and enormous potential in w@3gl challenging phylogenetic
guestions [57].
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9. Genome Skimming: Genome skimming is a next-generation sequencing SING
approach that provides a broad overview of genomficrmation from an organism
without performing whole-genome sequencing [58].n@we skimming of Core
Goodeniaceae samples allowed researchers to analgg®me coding regions (CDS),
nuclear ribosomal repeats (NRR), and nuclear G3gBie, significantly contributing to
plant taxonomy by providing extensive genetic d#tat aids in resolving deep
phylogenetic nodes and make informed taxonomicsttats [59]. Genome skimming was
applied to milkweed plantsAéclepias syriaca) and related genera to demonstrate its
effectiveness in generating genome-scale datada@ephylogenomics and has proven to
be highly valuable in plant systematics and evolustudies [60].

V. CONVENTIONAL MOLECULAR MARKERS

Genetic diversity in conventional plant breedingswdentified through observational
selection. Three primary types of genetic variai@mcountered in biological genomes are
simple sequence repeat (SSRs or microsatellite npmiyhisms), single nucleotide
polymorphisms (SNPs), and copy number variatio$\(§) [61]. DNA polymorphisms are
useful for analysis and are frequently utilizedniolecular genetic investigations because
they act as a genetic marker [62].

These DNA-based markers can be divided into twegraies: PCR-based markers
(RAPD, AFLP, SSR, SNP, etc.) and non-PCR-based enarKRFLP) (Table 2). The
microsatellite DNA marker, among others, has béerohe that is most frequently employed
because it is straight forward to utilize by PC&lldwed by a denaturing gel electrophoresis
for determining allele size, and because of then Hayel of information offered by its
numerous alleles per locus [63]. Study d@ossypium hirsutum (cv. CCRI36) andG.
barbadense (cv. H7124) as the plant species for the developraed application of the ISAP
(Intron-based Sequence Amplification Polymorphismgrker system suggested that these
are PCR-based marker that targets gene sequemoeglimpg functional molecular markers
with high polymorphism and efficient amplificatiah adjacent expressed sequences. It offers
valuable applications in map construction, QTL gsal, and gene mapping for plant
breeding and selection [35].

VI.DNA FINGERPRINTING IN PLANTS

DNA fingerprinting in plants was developed latbuilding upon the principles and
methods established by Alec Jeffreys and otherarekers in the field of human genetics.
The application of DNA fingerprinting to plants erged as a powerful tool for studying
plant genetics, biodiversity, and conservation. like of DNA fingerprinting as a taxonomic
tool in finding the variation in the species proviedbe a helpful addition to morphology,
particularly in plant groups with low rates of géoerecombination [64]. A rapid,
dependable, and highly informative technique forADfingerprinting is provided by bulk
analyses of RAPD and ISSR PCR markers [65]. Reter¢®6], evaluated the use of several
DNA marker methods for fingerprinting 39 potatottudrs. RAPDs (20 primers), ISSRs (6
primers), AFLPs (2 primers), and SSRs (5 primerg)awvere the four methodologies that
were looked into.

Copyright © 2024 Authors Page 720



Futuristic Trends in Biotechnology
e-ISBN:978-93-6252-549-9
IIP Series, Volume 3, Book 15, Part 7, Chapter 2
PERSPECTIVE IN PLANT TAXONOMY THROUGH CONVENTIONAD O CONTEMPORARY
BIOTECHNOLOGICAL APPROACH

In addition to traditional phenotypic techniquBsLP, RAPD, AFLP, microsatellites

(SSRs), and SNPs, are used in plant taxonomy tatifgdeand characterize plant species,
evaluate genetic diversity and address evolutioaad/taxonomic questions, complementing
traditional phenotypic methods [67].

1. Restriction Fragment Length Polymorphism: DNA sequence variations within genes

Copyright © 2024 Authors

or other targeted DNA regions can be identifiesbtigh the RFLP analysis, a technique
that utilizes restriction endonuclease digestiongyfe 4). The construction of the
Arabidopsis thaliana nuclear genome involves the integration of a genetap with
restriction fragment length polymorphism, providileg basis for developing a more
accurate and applicable map [68]. The use of RFh&lyais to investigate genetic
linkages and variation within the tomato genlugcopersicon, yielding important
information about how different species within thenus are classified, behave when
mating, and produce varied colours of fruit [69aR taxonomy employs RFLP analysis
to explore the ancestry and evolutionary historgufivatedBrassica species [70].
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Figure4: RFLP and Detection of Alleldg'1]

Random Amplified Polymorphic DNA: RAPD is a PCR-based method, employing
short random primers to amplify genomic DNA at vas locations (Figure 5). After
amplification, the resulting fragments are obserusthg agarose gel electrophoresis.
RAPDs are capable of detecting meaningful genedications within entire genomes
[72]. RAPD analysis can be used to create genoreedgp markers that can identify
between cultivars of wheat, willriticum andAegilops species, and other plant species. It
has also been used to find particular markershfeit and U genomes [73]. Using RAPD
analysis, it was possible to determine the speareb relationships betwedBrassica,
Snapis, and Raphanus. In general, RAPD analysis holds promise for catidg
taxonomic investigations across different levels;luding populations, species, and
possibly genera.
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Figure5: Principle of RAPD-PCR Technique [74]

3. Amplified Fragment Length Polymorphism: The selective PCR amplification of DNA
restriction fragments under exacting PCR conditiehghe foundation of the AFLP
technology (Figure 6). Utilizing two restriction donucleases in tandem, the method
entails digesting genomic DNA [75]. AFLP is a premg tool for evolutionary
investigations because it is an effective and waghy method for producing
biosystematic data [75]. AFLP is a new molecularkeatechnology which is straight
forward and reliable method that might be highlyndfecial in a wide range of
conservation studies [76]. As part of a study [B7],taxa of theCitrus, Fortunella, and
Poncirus families were examined using the AFLP method witb thosen primer pairs.
The genetic connections between the species witieise genera were unveiled through
the creation of a molecular systematic tree usirgj'sNgenetic distance. AFLP is
employed to investigate taxonomic connections witthie Vicia genus and effectively
recognized closely related taxa within Vieia sativa aggregate. AFLP helps clarify the
taxonomy and detect potential hybridization evéngs.

—GRAATTC Trax ¥
CTTAAG AATT >

I hrunq-ﬂ- wiihy Foruld i |
WP | amry mas |

iemamis T A = Wasiriell nn sifes

RATTH 1
GG—————————————— AAT |

s |
— |

- " -
TTAA | |
Kiealt 1 nddupter i | aabigtor [
| Prossleciien smplifaaisen wilh Foell | primer +34
winl Mir | rier +C
|
A
e — | \}':J_
1 TTAAGN I\\ AT
‘ | Serbewsin amplifiction wish Frimers. | |
+ Ntentiv i Bisstintes
AL :
-nl'l'{'\'"' - '“"-"‘-E |
TTAAGN —————— —NAAT

| AAL |

| Thenstiring PAGE

Figure 6: Principle of the AFLP Method [79]
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4. Microsatellites: Microsatellites, also known as Single Sequence &spESSRs), are
commonly employed in plant genetic research, ungjzgenotyping methods of varying
throughput levels. Because of its co-dominance atability of results, SSR is
comparatively a more accurate molecular marker.[8d]e to their extensive allelic
variability, codominant inheritance, and ease dlgsis, SSR-based markers are set to
play a crucial role in various research work, idohg taxonomic investigations,
phylogenetic reconstructions, genome mapping, amdies focused on the genetics of
populations [81]. Reference [82], adopted the SSikers to studyrosa hybrid, in order
to enhance flower trait development, breeding, &mwbnomy, genomic and floral
transcriptome sequencing. These markers alloweexamination of genetic links across
contemporary rose accessions and otosa species.

5. Single Nucleotide Polymorphism: SNPs are the most prevalent marker system in both
plant and animal genomes, and they have latelyrbedbe new generation of molecular
markers for a variety of uses (Figure 7). Moreowstjke microsatellites, their strength
lies in the extensive array of loci that can benexed, rather than the number of alleles
[83]. The study on Litchi cultivars suggested tkta¢ SNP markers could be used to
identify and characterize more precisely, cleatpgconfusion in cultivar nomenclature
and improving knowledge of the genetic connectibasveen different Litchi accessions
[84]. SNP markers aid in evaluating the molecularegorization of Melon cultivars,
while also emphasizing the limitation of relyingledg on horticultural groups as
botanical classifications [85].
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Figure 7: A flow-Chart Outlining the Core Concept of the SNIethod [67]
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Table 2: Analyzing and Differentiating the Five Prevalent DNA Markers Extensively
used in Plant Studies [86]

Criteria RFLP RAPD AFLP SSR SNP
Genomic Low copy Whole Whole Whole Whole
coverage coding genome genome genome genome
region
Amount of 10pg-50 100ng-1 100ng-1 120ng-50 >50ng
DNA required
Quality of High Low High Medium High
DNA required High
Type of Single base | Single base | Single base | Changes in| Single
polymorphism | changes, changes, changes, length of | base
indels indels indels repeats changes
indels
Level of Medium High High High High
polymorphism
Effective Low Medium High High Medium
multiplex ratio to high
Inheritance Co-dominant Dominant Dominant /Co- Co-
Codominant| dominant | dominant
Types of Low copy Usually 10 | Specific Specific Allele-
probes/ primers DNA cDNA | bp random | sequence | sequence | specific
clone or nucleotides PCR
primers
Technically High Low Medium Low High
demanding
Radioactive Usually yes | No Usually yes Usuallynp No
detection
Reproducibility| High Low to High High High
medium
Time High Low Medium Low Low
demanding
Automation Low Medium High High High
Development | High Low Medium High High
start up cost
Proprietary No Yes and Yes and Yes and Yes and
rights required licensed licensed some some
licensed Licensed
Suitable utility | Genetics Diversity Diversity | All All
in diversity, and genetics purposes | purposes
genetics and
breeding

6. Fluorescencein Situ Hybridization: Complete nuclear genome sequencing is becoming
common place, providing new opportunities for sysi8c comparative genomics
research. Nevertheless, despite falling sequencimices and technological
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breakthroughs, genome assembly continues to be gaifisant difficulty [50].
Fluorescence in situ hybridization (FISH) has shased its utility in plant taxonomy,
exemplified by its application in investigating ¢lel_arix speciesL. sibirica, L. gmelinii,
and L. cajanderi. FISH was used to analyze the karyotypes of th@sa and identify
specific ribosomal RNA gene loci [87]. The utilimn of FISH mapping for 35S rDNA
in wild Lilium species contributed to comprehending their taxooomosition,
evolutionary history, and variations in karyoty[#8].

7. CRISPR-Cas9 Technology: Clustered Regularly Interspaced Short Palindromic
Repeats-Cas9 is an innovative gene-editing toolposvers accurate manipulation of
plant genomes, marking a ground breaking advancentiemas been used in plant
taxonomy to study specific genes and genetic msaykezlping to resolve phylogenetic
relationships between closely related species. &elseonDendrobium officinale orchid
effectively employed the CRISPR/Cas9 system to fgagienes within the plant's own
genome [89]. These edits can potentially serve B# Dnarkers for studying genetic
variation and evolutionary relationships withih officinale and related orchid taxa.
CRISPR/Cas9 has the potential to significantly adeathe study of plant taxonomy,
allowing for precise genetic modifications and ncolar research in various plant
species, including medicinal plants [90, 91, 92% Versatility allows researchers to
precisely edit the DNA sequences of various plaeties [93].

8. Short Interspersed Nuclear Elements. SINEs are repetitive DNA non-coding elements
that can be found in plants and are capable af teansposition and can move within the
genome, making them potentially useful markers pbylogenetic studies [94, 95].
Reference [96] unveiled the initial observation afplant SINE family's widespread
occurrence in various lineages. Their researchsimyated the distribution and evolution
of Au SINE within plants, with particular attentido its progression in the Gramineae
and Fabaceae. The 'Angio-domain’ is present anseceed in SINEs across a variety of
plant species, which raises the possibility thatoiild be used as an important identifier
in plant taxonomy [97].

9. Proteomics: Proteomics is an essential aspect of plant biotbgy aids in understanding
the phylogenetic relationships among plant taxaratterizing individual lines, decoding
gene functions, and studying plant developmentrasgonses to the environment [98]. In
the case of Holm OalQuercus ilex subspballota) populations, proteomic analyses help
catalog and understand the protein profiles, couating to the study of plant taxonomy
and the relationships between different populatiohshe species [99]. Subsequently,
proteomics in plant taxonomy involves comparingt@omes of various Brassicaceae
species and genera to establish genetic relatips$h00].

VII.LARTIFICIAL INTELLIGENCE AND PLANT TAXONOMY

The proposed Atrtificial Intelligence (Al) systenmvhich employs portrait and aerial
photos for plant and weed identification, enhareesuracy and is appropriate and accurate
in every class of comparison, making it a usefal tor farmers in obtaining the highest
possible return on vegetable plantations [101].fiar@l neural networks (ANNs), more
specifically a Multi layer perceptron (MLP), can hbeed to identify higher plants using
morphological traits gathered through conventianathods. ANNs outperform the DELTA
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(DEscription Language for TAxonomy) key generatdi0d]. Based on an Android
application created as part of the PI@ntNet projieise apps offer Android users a useful
method for plant identification and have acceptaddtification accuracy [103] (Figure 8).
The computer-based plant identification system ist&1®f two primary elements: the semi-
automatic graphical tool and the automatic methadidentifying plants using leaf images
[104]. ApLeaf, a mobile application developed fondkoid devices, utilizes leaf images to
achieve automated plant species identification. sTlpp demonstrates impressive
identification accuracy, employing cutting-edgeht@ques and providing users with access
to a selection of species that closely match tpatiteaf image [105].

The Tchebichef Moment Invariant (TMI) feature a@eneral Regression Neural
Network (GRNN) classifier, which obtained a 100%sdlification rate in identifying plant
species based on leaf photos, can also be useéddte @utomated plant classification tools
[106]. Automatic plant identification crowd sourgisystems based on images for botanical
data collection have been accepted by a large nuwfbesers [107]. The accuracy of an
automated plant identification system that useseapdconvolutional neural network to
identify plant species through their leaves is 91%8]. In accordance with reference [109], a
novel technique termed D-Leaf, which employs a @iumwonal Neural Network (CNN), has
been introduced as a valuable automated solutiorsgecies identification in plants. The
effectiveness and possible capacities of imageebasthods and software in plant research
are showcased by the user-friendly nature of M&k®- This further underscores the
practicality and potential of Al technology appliadthin the fields of agriculture and plant
science [110].

IGIIGHTAGWTF EHI"'I"EI' 1

. store the image

Andrpid device

List of species using
a KNN classifier

Most similar Server 2
images h :

e9ay Leaf image

= retrieval

Figure 8: Pl@ntNet (Android based application)
VII1.CONCLUSION AND FUTURE PERSPECTIVE

The modern biotechnological tools bring an insighto the techniques that are
empowering in plant taxonomical investigations ftwlineation between the taxa, and for
understanding the unresolved morphological complexvith species level resolution.
Specifically, next-generation sequencing and barimfatics analysis, along with high-
throughput plastome sequencing, have emerged &ptexeal taxonomic resources. Recent
developments in non-destructive genetic samplind #ethniques for handling minute
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genomic DNA quantities, especially in the context next-generation sequencing and
bioinformatics analysis of ancient DNA, have opengdthe possibility of utilizing a vast
array of herbarium specimens for phylogenetic, petan genetic, and barcoding
investigations.

Enhancing the communication of taxonomic revisi@ml valuable plant-related
insights can be achieved more effectively througlne platforms that serve as collaborative
hubs for plant genomics research. This encompasssegarch field includes studies on
evolution, genetics, plant breeding, moleculardmygl biochemistry, and system biology, all
aimed at collecting plant sequencing data to propelecular taxonomic investigations
forward. Furthermore, the promising performanceatfomated plant identification systems
has been demonstrated through the utilization tfical systems for plant identification.
Researchers and scientists have been able to adgaence and knowledge through the
application of these contemporary approaches irstilngdy of plant taxonomy and systematic.
Overall, the potential of biotechnological toolslinéd in plant taxonomy to enhance our
knowledge of plant diversity, evolution, and consgiion is seminal. These technologies will
remain as the leading competitors for taxonomidytenabling more precise and effective
species identification and categorization, ultimatgeupporting our efforts to protect and
sustain the plant life on Earth.
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