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ABSTRACT:

Molecular authentication of medicinal plants is essential to ensure product quality, safety, and
efficacy. Next  Generation Sequencing (NGS) has emerged as a powerful tool for accurate and
high-throughput species identification, offering advantages over traditional methods. By
analysing the DNA sequences of medicinal plants, NGS enables researchers to accurately
identify and verify plant species, ensuring the quality and effectiveness of herbal remedies. The
accurate recognition of taxa in heterogeneous samples is additionally possible by metabarcoding
technique, which has been developed through next-generation sequencing. This review delves
into the wvarious NGS techniques along with metabarcoding technique for molecular
authentication of medicinal plants, including principle, methodologies, challenges, and future
prospects of NGS in the authentication of medicinal plants, emphasizing the importance of this
technology in preserving the integrity of herbal medicines.

1. Introduction

Over thousands of decades, therapeutic plants along
with herbal products have been crucial to maintaining
the well-being of mankind. The usage and
commercialization of therapeutic herbs are now heavily
depends on authenticity and validation of accurate
plant-based products [1]. Before making drugs, it is
essential to confirm the veracity of the natural
components implemented as medicines [2]. Because of
illegal and irresponsible natural harvesting methods as
well as the degradation of their natural environment, the
population of therapeutic herbs is currently declining at
a rapid pace [3]. Previous studies have shown that
misidentification, adulteration, and substitution of
medicinal plants are common problems in the industry,
leading to ineffective treatments and potential health
risks for consumers. The safety of the emerging herbal
products and their authenticity are two of the current
pharmacognosy's primary concerns [4]. The recognition
of therapeutic herbs by molecular techniques that rely
on the differences in DNA sequences have been
considered as milestone in identification of species
throughout the beginning of the 1990s. Molecular
techniques have been established to differentiate real
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plants from contaminants [5, 6, 7]. An increasing
number of research on the recognition of multiherb
products have been reported as a result of advances in
molecular methods and next-generation sequencing [8].
In order to address the drawbacks of Sanger sequencing
for DNA barcoding of processed samples, next-
generation sequencing (NGS) technique has been
employed [9].

The advent of next-generation sequencing techniques
decreased worker expenses by removing the necessity
for cloning and subcloning along with producing huge
quantities of information with simultaneous processing
[10]. The significance of medicinal plants is revealed by
NGS technology, a developing discipline that has been
around for ten years. Additionally, it opens the door for
the cultivation of therapeutic plants by molecular
breeding, micropropagation, large-scale tissue culture as
well as additional techniques for protecting medicinally
significant plants [11]. With relatively little expense and
efforts, NGS technology is providing a platform for
studying the genomic, transcriptomic, and epigenomic
components of non-model or therapeutic plants [12].
The identification of significant characteristics and
genes involved in diverse biochemical processes of
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therapeutic plants has been made possible mainly due to
the application of next generation sequencing [11]. NGS
has made it possible to use the entire chloroplast
genome sequence as the plant's super-barcode to
identify closely related plants [13, 14].

It wasn't viable to use NGS as an industrial platform till
2005. Solexa Technologies introduced the initial
platform in this category. Subsequently, an array of
sequencing technologies had been created, exhibiting
notable advancements. The most popular NGS
technologies include Roche's 454 Pyrosequencing,
Illumina Sequencing technology and Thermo Fisher
Scientific's lon Torrent Sequencing technology [15, 16].
Additionally growing in popularity, Oxford Nanopore
Technology’s (ONT), Nanopore Sequencing is actively
utilised for assembling genomes with ultralong reads as
well as for amplicon sequencing [17, 18]. The
application of intricate algorithms for screening,
assembling along with sequence assessment are crucial
to NGS technology. The information gathered by
analysis of NGS data is currently possible with the
majority of readily accessible devices including DNA
Star, CLC Bio, and Gene Spring [19]. An increasing
demand has been seen in sequencing transcriptomes and
genomes of potentially important herbs as NGS
technology develop. A highly sophisticated and potent
method for exploring transcripts in both model and non-
model species is RNA sequencing or RNA-Seq [20].
Due to their short read lengths, Illumina and lon Torrent
Sequencing continue to be the most popular NGS
methods for improving medicinal plants [11]. In a
single sequencing run, it can produce up to one million
DNA sequences with a maximum length of 700 bases,
however the base length varies greatly according to the
type of NGS platform being used.

Several species' amplicons and the identification of
various species in a single sample was initially used by
Coghlan et al. to identify Chinese medicine items.
Using high-throughput sequencing and amplification of
the trnL c/h region, they were able to identify 68 plant
genera among 13 multi-ingredient samples. Since then,
platforms of the second (primarily Illumina and lon
Torrent) and third generations (PacBio and Oxford
Nanopore Technology) NGS technologies have been
utilised for sequencing and for the generation of a
reference genome assembly or the verification of
different herbal supplements [8]. The original purpose
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of the NGS platforms was to produce DNA sequencing
data from complete genomes or environmental samples.
For instance, Parks et al. reconstructed the entire
plastomes of 37 Pinus species on a multiplex Illumina
sequencing platform and Moore et al. acquired the
entire chloroplast sequence of Ceratophyllum demersum
using the 454 Pyrosequencing technology. Through
parallel sequencing the barcodes of several medicinal
products, the NGS approach also proved helpful in
confirming the contents of those products [21]. The
techniques used for NGS have come a long way, from
pyrosequencing to nanopore sequencing, and they are
still constantly developing and expanding. The NGS
market is becoming more competitive, which will lead
to more affordable, quicker, and reliable data [10].
NGS-based metabarcoding is useful as well as growing
in demand for determining the type of alteration caused
by different plant-based goods [22, 23]. This review
emphasizes the different next generation sequencing
technologies along with metabarcoding technique for
molecular authentication of therapeutic plants.

2. Principle Of Next Generation Sequencing
Technology

In genomics studies, next-generation sequencing (NGS)
is a robust technique. Millions of DNA fragments are
capable of being sequenced simultaneously by NGS,
yielding comprehensive data on genome organisation,
genetic variants, gene activity, and modifications to
genes [24]. The fundamental concept behind the method
of NGS is the simultaneous sequencing of millions of
short DNA fragments [11]. Several bioinformatics
techniques are applied to the output analysis. After that,
each individual read is mapped and organised in
accordance with the accessible reference genome [25].
The primary procedures of NGS techniques are shown
in Figure 1. which includes library
fragmentation/amplicon ~ generation  along  with
integrated nucleotide determination. These techniques
rely on various kinds of chemistries as well as base
integration/detection devices. These are divided into
two major types: techniques that employ PCR and those
referred to as "single-molecule” sequencing approaches,
that are not dependent on an amplification process [26,
27]. Upon the acquisition of the sequenced samples,
similarity search is conducted utilising bioinformatic
methods along with appropriate datasets and methods,
including BLAST, NCBI, and others. In order to
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generate a new barcode and report an additional record
for an already-existing barcode, adequate analysis of
data is thought to be essential at that point [28]. A
GenBank accession number is obtained for the sequence
upon analytical authentication of the resemblance
analysis [29]. In order to determine the species, data
from the NCBI is then processed into the Barcode of
Life Database [30].

1SAMPLE 2.LIBRARY

PREPARATION ~  PREPARATION - 3SEQUENCING
*Extract DNA from the sample. *Attach adaptors to the / :e]t‘]r:l:i::glrll;gl}::;
*Fragment the DNA into smaller .~ DNA fragments. / )
Ppieces. / *Amplification. //

Figure 1. Primary procedures of NGS technology.

3. Different Next Generation Sequencing
Technologies

NGS refers to additional modern approaches, while the
automated Sanger approach is regarded to be "first-
generation" approach [31, 32]. Roche's 454 sequencing
technology, which uses pyrosequencing—where the
sequence is obtained by identifying the release of
pyrophosphate when nucleotides are added to the DNA
template—is one of the extensively utilised next
generation sequencing technologies that has emerged
[24]. lon Torrent sequencing is an additional platform
that uses the detection of hydrogen ion emission during
DNA synthesis to ascertain the sequence. Reversible
dye terminators serve as the foundation for the
sequencing-by-synthesis  technique used by the
extensively used Illumina sequencing platform. SOLiD
sequencing, or sequencing by oligonucleotide ligation
and detection, is another emerging technology that uses
a ligation-based strategy with reversible terminators to
ascertain the DNA sequence. Numerous applications in
genomics research are now possible due to the
substantial productivity and speed gains of next-
generation sequencing techniques [33]. The most recent
development in the area of NGS is single-molecule
sequencing. Longer read generation and remarkable
data creation were combined by the single molecule
sequencing (SMS) approach. It involves simultaneous
identification of a single base at one time [34]. The very
first commercialised platform built on the single-
molecule sequencing concept was the Helicos genetic
analysis  system  (Heliscope).  Third-generation
sequencing techniques have their roots in these
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advances in  technology [10]. The general
methodologies for various NGS technologies are shown
in Figure 2.

« Sequencing By- Synthesis

Nlumina Technology - Bridge PCR

+ Sequencing By- Synthesis
Ion Torrent & 454 Pyrosequencing En(::lsio:l lg’CI‘{ v !

* Sequencing By- Ligation
SOLD  Emulsion PCR
" * Sequencing By- Binding
Fachie + Optional PCR
+ Without PCR
Nanopore Technology

i. Using electrical impedance for sequencing

HELICOS single- molecule + Sequencing By-Synthesis
sequencing *» Without Amplification

Figure 2. Methodologies for various NGS technologies.
Roche GS-FLX 454 genome sequencer

The first commercially viable next-generation
sequencing technology, known as 454 pyrosequencing,
was developed by 454 Life Sciences in 2005. Using
sequencing chemistry, visible light is produced by an
enzymatic  system involving ATP  sulfurylase,
luciferase, and DNA polymerase, and this light is then
detected and analysed [32]. This process measures the
amount of pyrophosphate released during the
continuous addition of nucleotides to the newly formed
DNA strand. In 2005, the system was miniaturized and
highly parallelized using Picotiter Plates, enabling it to
generate over 200,000 reads with lengths of 100-150 bp
each, resulting in a total output of 20 Mb per run [35].
Basic workflow of Roche 454- Pyrosequencing is
shown in Figure 3.The 454 Sequencer, which produces
400-600 Mb of sequence reads each run and has the
greatest number of short reads of any NGS platform at
600 bp, is essential for certain applications including
RNA isoform detection in RNA-Seq and de novo
assembly of microorganisms in  metagenomics
[36].When contrasted with competing NGS techniques,
Roche closed out 454 Genome Sequencer around 2013
since its capabilities were no longer effective. As an
outcome, the technique isn't used anymore for analysis
with NGS and has been deemed outdated [11].
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Genomic DNA fragmentation Adaptor ligation

EMULSION PCR

Individual DNA fragments amplified on beads in emulsion droplets

BREAKING EMULSION A.VD BEAD RECOVERY
Collectionof DNA-coated beads

| SEQUENCING BY SYNTHESIS

Sequencing primer hybridization Nucteotide addition & pyrophosphate

Beads loaded into picotiter plate wells detection

| DATA ANALYSIS

Processing of raw signal data Qualtty controland filtermg Read assembly or alignment

| INTERPRETATION

M

Analysis of genetic variants or gene exp ¢ studies or other applications

Figure 3. Workflow of Roche 454-Pyrosequencing.
Illumina/ Solexa genome analyzer

Currently the most extensively used technology, the
Illumina/Solexa Genome Analyzer was the second
platform to hit the market. Using the Illumina
technology, sequencing-by synthesis is carried out by
simultaneously adding all four nucleotides and DNA
polymerase to oligo-primed cluster fragments in flow
cell channels. For sequencing, bridge amplification
lengthens  cluster strands containing all  four
fluorescently labelled nucleotides. It's commonly
acknowledged that the most flexible and user-friendly
sequencing platform is the Genome Analyzer.
Numerous genome sequencing studies have chosen it as
their technology of choice due to its superior data
quality and appropriate read lengths. The majority of
NGS publications that have been published to date have
explained techniques that make use of the short
sequence data generated by the Genome Analyzer.
Currently, the Illumina HiSeq 2000 Genome Analyzer
can produce 200 giga base pairs (Gbp) of short
sequences every run, and single read of up to 200 base
pairs (pair-end reads). There is more than 99.5%
correctness in the raw basis [37]. In contrast to the
Roche 454 sequencer, the Illlumina sequencer uses a
technology called sequencing by synthesis, which uses
detachable fluorescently labelled chain-terminating
nucleotides to provide a higher yield at a cheaper cost of
reagents [38]. The workflow of Illumina Sequencing
technology is given in Figure 4.
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LIBRARY PREPARATION

Frapments of DNA or RNA are fragmented and adaptersare ligated to both ends of the fragment.

CLUSTER GENERATION

Fragments are then attached to a solid surface (flow cell) and amplified usmg bridge amplification, creating
clusters of identical fragments.

SEQUENCING BY SYNTHESIS

Fluorescently labelled nucleotides are added & nucleotides are incorporated by DNA polymerase, with each
incorporation being imaged using a camera..

DATA ANALYSIS

Images are processed into sequences, and then bioinformatics tools are used to align sequences, call variants,
and analyse the data.

Figure 4. Workflow of Illumina Sequencing
technology.

lon torrent sequencing technology

Among the distinctive aspects of NGS technology is ion
torrent, which does not depend on fluorescent dyes.
This approach operates on the basis of detecting a shift
in pH caused by Hydrogen ions released throughout
nucleotide incorporation utilising the technique of
semiconductors [39]. The workflow of ion torrent
sequencing technology is shown in Figure 5. The
nucleotides that are progressively added to the
developing strand are detected by the system [11, 37].
Faster accumulation of sequencing information can be
achieved using modest sample input using lon Torrent
Sequencing technologies, requiring a minimum of 24
hours and ten ng of input DNA. Furthermore, certain
systems, like the lon Chef system, enable automatic
template along with library building. Quick
determination as well as storage options are also
provided by lon Torrent sequencing technology [40].

LIBRARY PREPARATION
DNA or RNA is fragmented, and adapters are ligated to the ends of fingments . These adapters contain sequences necessary for amplification
and sequencing.

TEMPLATE PREPARATION

DNA fragments are bound to beads in a solution . Each bead ideally contains a single DNA fragmen

EMULSION PCR
PCR is used 10 amplify DNA fragments on beads . Beads are encapsulated in water-in-oil emulsion droplets, with cach droplet containing &
single bead with its DNA template.

SEQUENCINGBY SYNTHESIS
Each bead is phaced in a well of sern hip & sequenci y changes in pH as nucleotides are incorporated. When nucleotide incorporated.
2 lipdrogen ion is released The release of ion alters the p . which is detected by ion sensifive field- effeet transistors (ISFETs) integrated.into the chip.

DATAACQUISITION

The pE changes are converted into voltage signals . which are recorded by the semiconductor chip.

DATAANALYSIS
‘The raw voltage data is processed to obtain the sequence reads. Bioinformatics tools are then used 1o align sequencers . call variants, and
analyse the data

Figure 5. Workflow of lon torrent sequencing
technology
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Sequencing by Oligonucleotide Ligation and Detection
(SOLID)

The sequencing technology called SOLID (Supported
Oligonucleotide Ligation and Detection) was first
launched by Applied Biosystems Instruments (ABI) in
2008 and currently marketed by Life Technologies.
Two-nucleotide sequencing by ligation (SBL) serves as
its foundation [32]. The process comprises ligating the
probes after they have been successively annealed to the
template. Current commercial sequencers, including the
5500 W series, are suitable for various scales of
transcriptome, exome, and complete genome
sequencing  studies.  Sample  preparation and
amplification in the past were comparable to Roche 454
sequencing. The sequencing procedures of the 5500 W
series still use fluorescence-labelled octamer probes,
involving multiple cycles of annealing and ligation.
These cycles are analysed and decoded through a
complex subtractive process, utilizing Exact Call
Chemistry, which is extensively described by other
researchers. [41]. This method has the advantage of
precision because every base is questioned twice. The
main drawbacks include the relatively extended run
times of 7 to 14 days, short read lengths of 50-75 base
pairs, and requirement for modern computer equipment
and skilled computing personnel for raw data
evaluation.

Third- generation sequencing technology

The desired DNA particles are attached to hairpin
adapters on the two ends in PacBio Sequencing,
including Sequel and RSII systems, leading to a closed,
single-stranded circular DNA known as SMRT bell
[42]. PacBio sequencing has an important feature over
other NGS methods as it can generate extremely long
reads. Hence this makes it the most suitable method for
sequencing samples that are unidentified or libraries
that include associated variations as it requires the
fewest contigs to assemble lengthy read sequences.
Furthermore, PacBio Sequencing has established itself
as the industry standard for producing extremely
accurate reference genomes through sequencing of the
entire genome [40]. The workflow of PacBio
sequencing technology is shown in Figure 6. In order to
address the limitations of each technology alone, some
researchers are employing hybrid sequencing
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procedures which combine PacBio sequencing with
different NGS approaches [43].

LIBRARY PREPARATION

DNA is sheared into smaller fragments. but with PacBio, no adapter ligation is necessary. Instead, hairpin
adapters are hgated to the ends of the fragments

SMRT CELL LOADING

Smgle-Molecule Real-Time (SMRT) cells are nsed as the platform for sequencing. DNA polymerase 1s
immobilized at the bottom of nano-wells on the SMRT cell.

SEQUENCING

Polymerase synthesizes DNA in real-time, and nucleotides are fluorescently labelled. As nucleotides are d, they

emif light. This lipht is detected by a camera. Each nucleotide incorporation event is recorded as a "pulse”

DATA ANALYSIS

The raw pulse data s processed to obtain base-called sequences. PacBio sequencing generally produces longer
reads but with a higher error rate compared to Illumina.

Figure 6. Workflow of PacBio sequencing technology.
Fourth-generation sequencing technology

Third-generation/single-molecule sequencing is coupled
with nanopore technique in order to create fourth-
generation sequencing [44]. A particular RNA or DNA
molecule can be sequenced using this method without
the need for amplification by PCR [19]. The
implementation of nanopore sequencing technology
could potentially be able to provide quick processing of
samples alongside simultaneous outcomes presentation.
It is an extremely versatile evaluation method as well as
a cost-efficient genotyping approach [45]. Throughout
the library preparation steps, the DNA molecules to be
sequenced is attached with adaptor as well as processing
enzymes like motor protein along with helicase.
VoITRAX (Oxford Nanopore Technologies) provides
an autonomous library preparation device that
transforms biological samples into samples appropriate
with Nanopore Sequencing investigation [40]. The
framework of this technology which is invariably
equipped by an electrolytic mechanism, exhibits voltage
pass when an uninterrupted electrical field is given to it.
The analysis of nanopore and the production of DNA or
RNA which takes place within the nanopore determine
the electrical current density across a nanopore interface
[46]. In a study, the ONT Grid ION X5 technology was
utilised to produce reads from the genomes of S.
barbata D. Don and Scutellaria baicalensis [47].
Superior genome sequencing of Gelsemium elegans was
accomplished in an investigation employing Hi-C and
(ONT) Oxford Nanopore Sequencing Technology [48].
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4. Authentication Of Medicinal Herbs Or
Plant-Based Products By Using Various Next
Generation Sequencing Technologies

Several investigations on exploring the potential
benefits of NGS for medicinal products authenticity as
well as safety assurance are being reported. Cheng et al.
used metagenomic research to identify the biological
components of Liuwei Dihuang Wan, a traditional
Chinese medicine [15]. Furthermore, it has been
identified through results of NGS that there are notable
differences in reliability and standard amongst
producers and certain ones being impacted by biological
contaminants. NGS was used by Coghlan et al. to
identify the contents of 15 pharmaceutical goods that
came in powdered form, pills, and tea-based forms [49].
Focusing the mitochondrial 16S ribosomal RNA gene
as well as the plastid trnL gene's p-loop area, more than
49,000 amplification sequence readings have been
generated, and 78% of the extracts had unlabelled taxa
in their package. Additionally, research have been
conducted on the implementation of PacBio RS II's
SMRT sequencing technology for determining the
constituents of ancient herbal mixtures Jiuwei Qianghuo
Wan [50] as well as Danggui Buxue [51]. They enable
consistent reads accessibility thus could be employed
for quantifying since the quantity of input data is
reflected in the total amount of sequences [52]. In this
regard, Zhang et al. created the Danshen (Salvia
miltiorrhiza) standard genomes using PacBio
technologies [53]. The future potential of the
technologies for molecular authentication of medicinal
plants has been demonstrated by its application in the
establishment of DNA markers for the authenticity of
particular plant species, like Boerhavia diffusa and
Tinospora cordifolia [54]. Because of the somewhat
higher sequence reading errors of Nanopore Sequencing
compared to other widely accessible NGS approaches,
this method is yet to be utilised towards the verification
of plant-based products.

Nanopore technology offers a potential tool for
medicinal products, with improved reading quality [40].
Table 1 contains the illustrations of the utilisation of
NGS techniques and Metabarcoding for the
authentication of plant-based products [55- 81]. Liu et
al. identified species in traditional herbal patent
medicine, Wuhu San with the help of Illumina
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sequencing technology and shotgun metabarcoding
[68]. Urumarudappa et al. conducted research on 39
Thai herbal products using ITS2 & rbcL markers and
through next generation sequencing technology reveals
the composition of several species [70]. Using lon
torrent sequencing technique and DNA metabarcoding,
Seethapathy et al. authenticated Ayurvedic herbal
products [71]. Another research conducted to identify
endangered species in complex samples using
cytochrome b, matK,16s, rbcL, mini-16S, COI, mini-
COl, tRNA, intron, mini-cyt for the development and
validation of multi-locus DNA Metabarcoding along
with Illumina technology [72]. Speranskaya et al. done
the comparative analysis of Illumina and lon torrent
High-throughput ~ Sequencing  technologies  for
identification of plant components in herbal teas [75].
Quality control of the traditional Chinese medicing,
Ruyi Jinhuang with the help of lon torrent technology
and Real-Time PCR [76]. In another research Raclariu
et al. identifies 16 Veronica officinalis therapeutic
products [79], 53 Echinacea medicinal products [78]
and 78 Hypericum perforatum drugs [80] by using NGS
assisted metabarcoding technologies along with other
chromatographic techniques. The traditional six herbal
materials of Liuwei DihuangWan (LDW) a traditional
Chinese medicine are reported as C. officinalis, Alisma
orientalis, Rehmannia glutinosa, Poria cocos, Paeonia
suffruticosa. Cheng et al. conducted the biological
ingredient analysis of LDW via next generation
sequencing technology [15].

5. Challenges

An improvement regarding sequencing output's read
size (read lengths have become significantly lower
across each newly introduced technologies) along with
reliability (the modern technology’s bases are, on
average, ten times less precise as compared to those
acquired using Sanger sequencing).The read size,
sequence dimension, sequence breadth and uniformity
of coverage along with other factors impact the rate at
which a DNA sequence generated from NGS reads and
evaluation of the pipeline's reliability as well as the
sequencing platform’s efficiency [82, 83].

Another issue revolved around determining the overall
output of the sequencing study relative to the
expenditure and effort involved. Although there are
many different
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Table 1 - lllustrations of the utilisation of NGS techniques & Metabarcoding for the Authentication of plant-based

products.
NGS techniques Plant-based Products Marker used/ Amplified region Refere
nces
Shotgun-Metabarcoding Four unlabelled plant ITS2, psbA-trnH, matK, and rbcL [55]
species
DNA Metabarcoding, Two traditional nriTS1 & nriTS2 [56]
HPTLC Chinese herbal
formulae
NGS/Metabarcoding 17 single drugs and 15 rbcL and 1TS2 [57]
polyherbal
formulations
DNA Metabarcoding Lonicerae Japonicae ITS2 [58]
Flos (LJF)
DNA Metabarcoding Lonicera species psbA-trnH [59]
DNA Metabarcoding Brahmi Herbal rbcL minibarcode [60]
products
DNA Metabarcoding Chishao species ycflb and ndhF [61]
IHlumina Forty-seven plants and | matK, rbcL, ITS2, trnH-psbA, ropC, COl, [62]
herb products rpoB, trnL-F, ycfl
NGS/Metabarcoding Herbal Teas ITS2 & psbA-trnH [63]
Shotgun Metabarcoding Qingguo Wan ITS2, psbA-trnH, matK, and rbcL [64]
Metabarcoding Ayurvedic polyherbal rbcL [65]
formulations
Shotgun Metabarcoding Fuke Desheng Wan ITS2, matK & rbcL [66]
(FKDSW)
PCR and Metabarcoding Hedyotis trnL-trnF, psbA-trnH [67]
Herbal products
Illumina, Shotgun Wuhu San ITS2, psbA-trnH, matK, and rbcL [68]
Metabarcoding
NGS/Metabarcoding Orchid along with other nrITS1 and nriTS2 [69]
kinds of plants included
in 55 commercial
products
NGS/Metabarcoding 39 Thai herbal products ITS2 & rbcL [70]
DNA Metabarcoding Senna obtusifolia (L.) ycfl, rpl23, petL, and matK [28]
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lon Torrent Ayurvedic herbal nriTS1 & nriTS2 [71]
products
IHlumina 18 traditional Cytochrome b, matK,16s, rbcL, mini-16S, [72]
therapeutic products COl, mini-COl, tRNA, intron, mini-cyt
DNA metabarcoding Commercial Plant tnrL [73]
products
DNA Metabarcoding Hypericum perforatum ITS, ITS1 & ITS2 [74]
L.
Illumina and lon Torrent Herbal Teas nrITS1 and nrITS2 [75]
lon Torrent Ruyi Jinhuang powder ITS2 [76]
lon Torrent Echinacea medicinal nriTS1 & nriTS2 [77]
products
PacBio Jiuwei Qianghuo Wan ITS2 & psbA-trnH [50]
IHlumina Cobra Performance 12 DNA barcode markers [72]
enhancer hard capsule
IHlumina Echinacea species Chloroplast genome [78]
lon Torrent Veronica officinalis nriTS1 & nriTS2 [79]
herbal products
lon Torrent Hypericum perforatum nriTS1 & nriTS2 [80]
herbal products
Pac Bio Danggui Buxue ITS2 & psbA-trnH [51]
NGS/Metabarcoding 17 plant species matK, 1TS2, trnl, rbcl, psbA-trnH [72]
(Angiospermae &
Cycadopsida)
lon Torrent 15 herbal supplements rbcL & ITS2 [81]
PacBio Danshen Whole genome [53]
454 Pyrosequencing C. officinalis, Alisma trnL & ITS2 [15]
orientalis, Rehmannia
glutinosa,Poria
cocos,Paeonia
suffruticosa
454 Pyrosequencing Various species from trnL [49]
68 families
types of PCR bias in this additional problem, bias temperatures with careful selection, PCR bias

induced during amplification affects all PCR-based
NGS technologies. Numerous investigations have
demonstrated that higher template amounts, effective
priming, by using varied replicate reaction
arrangements, lower cycle numbers, lower annealing
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possible to be minimised greatly [84]. Recently NGS
has been developed to encompass entire genome
sequence and is regarded as an index measure of the
number of repetitions a nucleotide was sequenced. The
entire genome's sequences increased with an increase in
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the index. Because this method is so costly, it became
essential to look for a different, more affordable
method, such as Genome skimming. This technique is
ideal for a decent assembling of repetitions, despite the
low sequencing efficiency or modest sequence level.
This method can generate around 1 gigabyte of
sequences [85]. Because genome skimming is unable to
identify uncommon varieties, it is comparable to Sanger
sequencing [86]. The general expenses and
effectiveness of NGS are increased employing selective
DNA enrichment approaches which focus on particular
areas that are of significance [87, 88]. However,
consistent coverage, excellent repeatability, and absence
of allele biases in any particular genomic area are
necessary for focused enrichment [89].

6. DNA Metabarcoding with NGS

The accurate recognition of taxa in heterogeneous
samples is made possible by metabarcoding technique,
which has been developed through Next-generation
sequencing technique [28]. DNA metabarcoding is the
process of combining high-throughput sequencing with
conventional DNA barcoding to enable simultaneous
sequencing of the same barcode. DNA metabarcoding is
being used to examine the degree of inconsistency
between anticipated and identified plant species
according to the marketing assertions of commercialised
medicinal goods. It is useful for identifying varied plant
species in a variety of goods [15, 49, 81, 79, 80]. The
most significant benefit of DNA metabarcoding are its
capacity to continuously detect individual species inside
complicated mixtures containing several ingredients and
processing steps, an area in which the applicability of
both  DNA barcoding and traditional analytical
techniques is severely restricted. Because many factors
significantly affect the acquired sequence read results,
DNA metabarcoding data is only useful for qualitative
evaluation—that is, for determining the presence of
taxa—and not for quantitative estimation of relative
number of species based on sequence read data [90].
This technique obtains the barcoded amplicon
sequences by high-throughput sequencing technology
and applies bioinformatic techniques to determine the
species and variation within a sample [1]. De Boer
conducted the research on Orchid along with other
kinds of plants included in 55 commercial products
using nrITS1 and nriTS2 through NGS technology
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along with Metabarcoding technique and reveals the
widespread illegal trade of Orchid plant [69].

The usefulness and scientific depth of DNA barcoding
is expanded by the recent advances in bioinformatics
and molecular biology, which have made molecular
data accessible from multiple databases. This
technology allows simultaneous sequencing of multiple
species in a single PCR run, thereby overcoming the
effort-intensive species sorting and single species
dependency that previously accompanied single species
sequencing. In order to explore the diversity of species
and determine the population density in a complex
mixed community, metabarcoding allows multiplexing
of hundreds of species from vast heterogeneous groups.
This greatly boost detection procedures for proactive,
cost-effective, and flexible management actions [91,
92]. For instance, in order to identify endangered plants
in complicated samples, such as Echinocactus,
Euphorbia, Aloe variegate, Dendrobium, Cycas
revolute, and Lactuca sativa, Arulandhu developed a
multi-locus DNA metabarcoding approach [72].

Using DNA metabarcoding in conjunction with other
sequencing approaches, can recognise both authorised
and adulterated Traditional Chinese Medicine (TCM)
preparations like Jiuwei Qianghuo Wan [50] and Liuwei
Dihuang Wan [15]. Certain illustrations of the
utilisation of Metabarcoding for the authentication of
plant-based products are given in Table 1. Nevertheless,
a thorough and precise reference library of DNA
sequences of a common genetic marker is necessary for
the proper identification of species or herbal items using
DNA metabarcoding technology [1].

7. Limitations Of DNA Metabarcoding

Similar to DNA barcoding, DNA metabarcoding has
several restrictions. If there is any amplifiable DNA
present, for example, these techniques may provide
positive verification for herbal ingredients but false
negative results may occur if the DNA has been
damaged or deteriorated during afterwards processing
or production [69]. DNA metabarcoding are only
applicable for identifying and verifying processes in the
context of the quality assurance of medicinal goods
because they do not offer any quantitative or qualitative
data regarding the metabolites that are active in the raw
plant matter or the prepared substance.
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8. Recent NGS-Based Research on

Therapeutic Plants

Using 454-GS FLX technology -based transcriptome
sequencing, Gupta et al. revealed those genes that
regulates production process of withanolides, which
have therapeutic qualities from Withania somnifera L.
Dunal [93]. Phyllanthus amarus Schum. and Thonn.
leaf transcriptome study utilising the Illumina
technology, investigated the roles of pathway-specific
genes  accountable  for  secondary  metabolite
biosynthesis [94]. In a different investigation, 454
pyrosequencing technique was used for determining
thirty unique polymorphic microsatellite loci in Ginkgo
biloba L. [95]. Using a transcriptomics approach based
on lllumina Hiseq 2500 technology, researchers
succeeded to identify genes associated with Panax
notoginseng dormancy [96]. Jiuwei gianghuo wan
(JWQHW), an 800-year-old traditional Chinese
medicinal product containing 9 botanical components,
was the goal of an investigation that using SMRT
sequencing to identify some of its constituents [50].

Employing the PacBio RS Il and Illumina Hiseq 2500
techniques, an experiment evaluated the genes
associated with the production of phenolic acid in
various Salvia miltiorrhiza root tissues [97]. Regarding
the threatened herb Aconitum austrokoreense, Yun et al.
employed Roche 454 GS-FLX Titanium technology to
create nine microsatellite markers [98].

Luo et al. utilised the Roche’s Titanium platform for
determining the genes and transcriptome regulators
intended towards the biosynthesis pathways in
Phlegmariurus carinatus and Huperzia serrat [99]. An
investigation into Picrorhiza kurrooa, 227 gigabytes of
initial data from the Illumina and PacBio RS Il
technologies were used to build the initial genomes
[100]. By applying a PacBio RS Il device, Rui et al.
carried out a transcriptome analysis of the Chinese
therapeutic herb Fritillaria cirrhosa D. Don to identify
genes associated with the production of iso-steroidal
alkaloids [101]. Bhandari et al. identified a new
microsatellite marker for Salvadora oleoides using
paired-end Illumina sequencing technology [102].

Table 2 - Recent NGS technology - based research on therapeutic plants.

Different Species NGS Technology Medicinal uses Objectives References
used
Gymnema Ilumina HiSeq Anti-diabetic Genetic diversity [103]
Sylvestre 2500 properties assessment
Oregano Species Metabarcoding and Antioxidant, Identify and [104]
NMR antimicrobial, anti- | quantify the level of
inflammatory adulteration in
oregano species
Genome skimming Blood sugar Testing and using [105]
Polygonati regulation, immune | complete plz_isto_mes
. support for authentication
Rhizoma .
of medicinal
Polygonatum
species
Coptis deltoidea PacBio, Illumina Carminative Analysis of genes [106]
technology properties, anti- that regulate the
inflammatory, Anti- production of
microbial benzoquinoline
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alkaloids

Clitoria ternatea Illumina technology | Anti-oxidant, Stress Finding potential [107]
and anxiety relief genes related to the
production of
cyclotides
Aconitum Ilumina technology Analgesic, Anti- Identify essential [108]
carmichaellii inflammatory genes associated
with the production
of diterpene
alkaloids.
Juglans regia Illumina technology Antioxidant, anti- Gene coding for the [109]
diabetic biosynthesis of
non-structural
polyphenols
Panax ginseng Illumina, Roche Anti-carcinogenic, Recognition of [110, 111]
sequencing Blood-sugar cultivars along with
technologies lowering, Neuro investigation of
defensive genetic variation
Ocimum Illumina sequencing Antimicrobial, Genes behind [112]
tenuiflorum technique antidepressant strong therapeutic
properties
Ocimum sanctum | lllumina HiSeq2000 | Respiratory health, Unravelling the [113]
immune support, genome of Holy
Anti-oxidant basil: an
properties “incomparable”
“elixir of life”” of
traditional Indian
medicine.
Pyrus 454- Anti-bacterial, anti- | Construction along [114]
. Pyrosequencing fungal, Disinfectant | with description of
communis
technology the genome
Panax ginseng Ilumina HiSeq Anticancer, to Transcriptome [115]
stimulate immune profiling and
system comparative
analysis
Capsicum annum | Illumina technology Acute diphtheria, Evolution, [116]

flatulence, paralysis

domestication and
specialization
studies
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Ziziphus jujuba Illumina sequencing | Anti-bacterial, anti- Vitamin C content, [117]
technique inflammatory, wound | genomic resource
healing properties
Catharanthus Ilumina HiSeq Anticancer Metabolic pathway [118]
roseus 2000 production from
RNA-Seq Data
Salvia miltiorrhiza Illumina, Roche Free radical Finding of [119]
scavenger, tanshinone
inflammation- biosynthesis-related
reducing, Tumour - genes
inhibiting
Nelumba nucifera Ilumina, 454- Diarrhea, Anticancer Genome [120]
Pyrosequencing characterization and
technology origin
Curcuma longa Illumina sequencing Antitumor, anti- De novo [121]
inflammatory transcriptome
assembly
Allium sativum GS FLX Titanium Immunity booster, De novo assembly [122]
platform antimicrobial, anti- | and characterization
inflammatory of transciptome
Azadirachta indica Illumina, SMRT, Anti-bacterial, anti- Terpenoid [123]
PacBio- fungal, anti-viral biosynthesis
technologies pathway
Phoenix Roche, SOLID Oxidative stress Description as well | [124, 125]
. reduction, cancer- as organisation of
dactylifera . .
fighting, gastric the genome and
defence, Liver- origin
protecting, Renal
defence, immune
system activation
Prunus mume Illumina technology | Antimicrobial, gastric Genome [126]
ulcers characterization and
evolution
Cannabis sativa Illumina, Roche Hallucinogenic, Cannabinoid [127]
454- Analgesic biosynthesis
Pyrosequencing
technology
Dendrobium Roche 454 GS FLX Immunity booster, Transcriptome [128]
officinale Titanium technique replenishment of analysis

fluids
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Yoo et al. conducted research on 3 Korean Asarum
species using Oxford nanopore technology and Illumina
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Bupleurum 454 Pyrosequencing Treat irregular Biosynthesis of [129]
chinense menstruation, saikosaponins
hepatitis
Centella asiatica Illumina Diarrhea, fever, Identification of the [130]
ulcers, relieves genes involved in
anxiety primary and
secondary
metabolism
Withania somnifera Pyrosequencing Treatment of nervous Comparative [131]
and sexual disorders | analysis of leaf and
root transcriptome
for withanolide
Vasconcellea Oxford Nanopore used to produce Comparative [132]
pubescens sequencing canned fruit, juice, analysis of
technology and jam and sweets chloroplast
Ilumina technology
genome
3 Korean Asarum Oxford Nanopore Aphthous stomatitis, Chloroplast [133]
species technology, toothache, and Genome Assembly
IHlumina gingivitis
Chrysanthemum PacBio SMRT White rust disease Reconstruction of [134]
boreale . resistant, fever, Chloroplast genome
sequencing . .
inflammation,
respiratory issues
Magnolia biondii Oxford Nanopore Treatment of allergic Mitochondrial [135]
sequencing rhinitis and genome assembly
technology sinusitis
Dalbergia PacBio SMRT, Treat blood Comparative [136]
odorifera Ilumina technology stagna_tlon syr_1drome, analyses of genome
ischemia structure and
mitochondrial
genome assembly
Sophora japonica PacBio and Anti-platelet, Assembly and [137]
Ilumina technology antioxidant, anti- comparative
inflammatory analysis of the
complete
mitochondrial
genome sequence
Rehmannia 454 GS FLX Constipation, Genes involved in [138]
glutinosa Titanium Anaemia, dizziness iridoid biosynthesis

genome

[133].

Another

example

sequencing technology to determine the chloroplast
assembly

of
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mitochondrial genome assembly is conducted by Dong
et al. with the help of Oxford nanopore sequencing
technology [135]. Comparative analysis of leaf and root
transcriptome for withanolides biosynthetic pathways
genes was determined by Gupta et al. with the help of
Pyrosequencing technology [131]. Some of the other
examples of recent NGS technology’s — based research
on therapeutic plants are given in Table 2.

9. Genome Skimming / Shotgun Metagenomics

Shotgun metagenomics often known as genome
skimming refers to low-coverage sequencing of an
entire genome. By using this method for plant-based
goods, sequencing libraries can be produced despite the
need for PCR amplification of barcode areas,
consequently getting around PCR's restrictions in both
DNA metabarcoding and traditional DNA barcoding.
But in order to assemble a collection lacking PCR
amplification, greater quantities of high-quality DNA
required for being obtained from samples being tested,
which can be difficult to get through extremely refined
goods [8]. Sequences that comprise large repeat
fractions of the genome such as inaccurate kilo base
segments of the genomes of mitochondria, nuclear
ribosomal DNA or whole plastid genomes may be
obtained by genome skimming using a single-ingredient
substance from plants [85]. Few papers have been
published so far regarding utilisation of shotgun
metagenomics for the recognition of plant-based goods.
For the purpose to assess 20 widely accessible
nutritional products of Echinacea, Handy et al. recently
conducted genome skimming and DNA metabarcoding
in conjunction with HPLC-UV assessment [139].

10. Discussion

According to some studies, whole genome sequencing
could yield a higher species resolution than barcoding
alone, hence the quick advancement of NGS could pose
a danger to DNA barcoding research. However,
genomic complexity, diversity, and function research is
better served by whole genome sequencing as opposed
to recognising species and biological monitoring [140].
Since whole plastid genome sequencing technology is
advancing quickly, focus should be placed on which
particular approach is appropriate for which species
rather than on higher discriminating rates between
species [141, 142, 84]. The dominant technique for
NGS in the area of genomic studies has yet to be
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determined, it seems highly possible that NGS will
ultimately become a crucial molecular method
determining each area of biological studies due to
ongoing cost savings, rapid enhancements in reliability
and speed of sequencing [143].With the ability to
sequence DNA at a speed that has never been achieved
NGS technologies have opened up new avenues for
biological research and previously unreachable
advances in science. However, there is also a big
problem with data storage, analysis and management
due to the vast amount of data generated by NGS. The
effective use of NGS technology requires sophisticated
bioinformatics tools [143]. Metabarcoding is a
technique that simultaneously identifies a variety of
plants using global primers. Employing a
metabarcoding approach, it has been demonstrated that
it is possible to identify the presence of therapeutic
herbs in manufactured medicinal products [144]. The
years ahead will bring the massive manufacturing of
phytomedicines as  well as  pharmaceutical
innovation with discoveries made possible by useful
and comparative genome sequencing techniques. The
integration of metabolomics, proteomics,
transcriptomics, and genomics is expected to offer
investigators in the fields of phytopharmaceuticals, drug
industry, preservation, systematic study, forensics
analysis along with herbal industries a valuable means
to comprehend phytomedicinal species from a systems
biology standpoint [19].

11. Conclusion

In conclusion, the application of NGS for molecular
authentication of medicinal plants has significantly
advanced the field, offering a robust and reliable
approach for ensuring the authenticity and quality of
herbal medicines. Metagenomics and next-generation
sequencing technology have made rapid advancements
in DNA barcoding achievable. In herbal-based products,
metabarcoding has shown possibilities as an approach
to distinguish between tagged as well as unorganised
varieties of plants. To get a high degree of accuracy, it
is more satisfying to integrate taxonomic information
with the DNA barcoding approach. Bioinformatics
software is required during different stages of the
barcoding processes to assist with gathering
information,  storage, evaluation, display, and
appropriate management. NGS and DNA barcoding
techniques is going to have a bright future owing to
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developments in bioinformatics. The integration of
NGS into regulatory frameworks and quality control
processes is essential for promoting consumer safety
and confidence in the medicinal plant industry. In
today's rapidly changing world, the significance of
accurate authentication of medicinal plants cannot be
overstated. By leveraging NGS, researchers can
accurately identify plant species, detect adulterants and
verify the botanical origin of medicinal plants. The
findings underscore the importance of NGS in
enhancing the safety and efficacy of herbal medicines.
Moving forward, further research in NGS applications
for plant authentication and the continuous development
of NGS technologies are essential for advancing the
field of molecular authentication of medicinal plants.
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