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Abstract: In the last two decades, plant taxonomy has bloomed, following the development of a
novel technique, namely, DNA barcoding. DNA barcodes are standardized sequences, ideally unique,
coding or non-coding, either from the genome of the organism or from its organelles, that are used
to identify/classify an organismal group; in short, the method includes amplification of the DNA
barcode, sequencing and comparison with a reference database containing the relevant sequences
from different species. In plants, the use a universal DNA barcode, such as COI, which is used in
animals, has not been achieved so far. This review provides a comprehensive overview of the progress
made in DNA barcoding within the field of plant taxonomy. It highlights the success of various
barcode loci, the emergence of super barcodes from the chloroplast genome, and the overall impact of
next-generation sequencing technologies on the field. The discussion of different approaches reflects
the ongoing efforts to refine and optimize DNA barcoding techniques for plants, contributing to the
advancement in our understanding of plant biodiversity.
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1. Introduction

“Taxonomy (the science of classification) is often undervalued as a glorified form of filing-
with each species in its folder, like a stamp in its prescribed place in an album; but taxonomy is a
fundamental and dynamic science, dedicated to exploring the causes of relationships and similarities
among organisms. Classifications are theories about the basis of natural order, not dull catalogues
compiled only to avoid chaos”, as the famous paleontologist, evolutionary biologist, and
historian of science Stephen Jay Gould says.

Biological diversity, commonly referred to as biodiversity, encompasses the variety
present within and between species, as well as across ecosystems. At its core, the species
serves as the fundamental unit of biodiversity, and the richness of intra-specific genetic
variation forms the bedrock upon which biodiversity is built. In essence, biodiversity
captures the intricate tapestry of life, accounting for the differences among species and the
genetic diversity within each, ultimately contributing to the resilience and adaptability of
ecosystems [1].
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According to data collected from the International Union for Conservation of Nature
(IUCN) Red List for 2022, more than 420,000 plant species exist around the world, yet a
subset of them can be identified by traditional taxonomy [2] based on morphological struc-
tures, namely, on the phenotypic characteristics of individual organisms. The conventional
taxonomy system faces inherent limitations, particularly in its dependence on morphologi-
cal criteria. Vegetative characteristics, susceptible to environmental influences, introduce
variability and ambiguity into the identification process. Compounded by the existence
of cryptic plant species—morphologically identical yet representing distinct evolutionary
lineages—traditional taxonomy methods prove inadequate for precise plant identification.
The challenges posed by these limitations underscore the necessity for integrating molecu-
lar techniques, like DNA barcoding, to overcome these shortcomings. By incorporating
genetic data, we can achieve more accurate and reliable plant classification, addressing the
inherent constraints of relying solely on morphological traits [3,4].

In the past 20 years, a novel approach based on the use of DNA markers has been
developed. DNA barcoding provides a reliable and rapid method for the identification of
organisms [5,6]. As DNA is not affected by external or other environmental factors, it is
stable and can be found in all tissues, and thus, this method can be very useful [7].

The term “DNA barcode” was first introduced by Paul Hebert of the University of
Guelph in 2003 [8]. DNA barcodes are standardized sequences of DNA, ideally unique,
from the genome either of the organism or from its organelles, with a length between 400
and 800 base pairs, that is used to identify/classify an organismal group following ampli-
fication, sequencing, and comparison with a reference database containing the relevant
sequences from different species [8]. By combining the strengths of two molecular biology
methods, PCR amplification and sequencing, DNA barcoding offers a quick and accurate
approach to identify different groups. Interestingly, at the species level, DNA barcoding
can be used to characterize novel, unknown species, or cryptic species [9], two or more
species that are classified as a single, as they are superficially morphologically similar and
hence cannot be identified using classical taxonomy [10,11]. Notably, the highest cryptic
diversity so far has been found in animals, particularly in invertebrates [9,12–14].

DNA barcoding can also be used for the preservation of rare endemic and endan-
gered species [15] and, in general, for the research of evolution, ecology, and conservation
of plants, especially since biodiversity has been threatened by anthropogenic activity,
pollution, deforestation, and resource extraction [6,9]. Notably, the US Food and Drug
Administration (FDA) encourages the use of DNA-based technology for herbal products’
quality assessment, among other innovative analytical techniques [16]. DNA barcoding is
an effective approach used in food authentication and traceability, for instance, in processed
foods and nutritional supplements [17,18]. Additionally, it can be used to identify local or
autochthonous varieties adding value to the crops or products, at the same time promot-
ing the consumption of locally grown vegetables, fruits, and aromatic plants [18]. DNA
barcoding is a valuable tool in forensic investigations, facilitating the connection between
biological specimens and crime scenes. The analysis of both human and non-human DNA
has gained prominence in crime investigations. Particularly, the examination of plant
evidence discovered at crime scenes, such as in cases involving the transportation of a
corpse, tracking the path of a suspect, or identifying narcotic plants, can play a pivotal
role in resolving criminal cases. The application of DNA barcoding in forensic botany
enhances the accuracy and efficiency of investigations, contributing significantly to the
field of forensic science. [3,19]. Finally, a major application of DNA barcoding is related
with environmental and ecological genomic studies [3].

A prerequisite for effective DNA barcoding is the establishment of a database of the
sequences of DNA barcodes. DNA barcoding has been successfuly used in identifying
species from many taxa [13,20]; GenBank and the Barcode of Life Datasystem (BOLD)
provide a repository for DNA sequences. In the BOLD database, projects can be managed,
files traced, herbarium specimen scanned, and pictures maintained along with DNA
sequences. Other well-established databases are FISHBOL and the Chinese herbal medicine
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DNA barcode identification system. Finally, a DNA barcode research center has been
established in Canada (CCDB) [18,21–23].

Although DNA barcoding has been used extensively in a wide range of plant identifi-
cations, there are instances where it is not the optimal method, particularly in complex ma-
terials such as wild potatoes. According to Spooner (2009) [24], the internal non-transcribed
spacer of nuclear ribosomal DNA (ITS) and the plastid markers trnH-psbA intergenic
spacer and matK are unable to provide species-specific markers. This issue is commonly ob-
served in wild potatoes across various plant groups. The separation of these species cannot
be accomplished using barcoding, since this technique relies on distinct separable species,
which may not have been studied extensively among different geographical regions, or the
number of deposited sequences in databases may be insufficient [24].

In recent years, however, techniques utilizing species-specific primers have been de-
veloped, offering the capability to differentiate targeted species from others. As described
by Frigerio et al., 2019 [25], the development of species-specific primers successfully dif-
ferentiated mustard from rapeseed and wheat. This advancement offers a potential way
around the drawbacks of conventional barcoding techniques when dealing with complex
plant materials [25].

The aim of the present review study was to summarize the work has been carried out
on DNA barcoding in plants and discuss several different approaches that have been used.

2. DNA Barcodes

Standardization, minimalism, and scalability are the three oilers of DNA barcoding.
This technique has been successfully used for species identification in animals; a 648-base
pair (bp) fragment near the 5′-end of the mitochondrial gene cytochrome c oxidase subunit
I (COI) has been selected as the standard barcode [26]: (a) there is a large copy number per
cell resulting in easier amplification from smaller or degraded samples, (b) it is maternally
inherited, (c) there is no possibility of recombination with paternal copies, and (d) it rapidly
accumulates mutations [27,28]. While COI is a suitable target for animals, it does not
discriminate most plants because of a much slower mutation rate. This has led to the search
of alternative barcoding regions [29,30].

The fundamental concept underpinning DNA barcoding is rooted in the notion that
throughout the evolution of species, certain DNA lengths within both coding and non-
coding regions remain highly conserved, undergoing minor changes. Sequences found in
cytoplasmic mitochondrial DNA, chloroplast DNA, and selected segments from nuclear
DNA embody these characteristics, making them suitable candidates for DNA barcod-
ing. The utilization of these sequences enables the differentiation of species, providing a
molecular signature that facilitates accurate and efficient species identification in the field
of DNA barcoding [31]. The suitability of such loci or the combination thereof is under
discussion for plant species where there is not one easily applied solution. The design of
universal primers could enable efficient PCR amplification that following sequencing and
bioinformatic analysis and would ideally identify all the known species. Unfortunately, so
far, the ideal DNA barcode does not exist in plants [20,21,32]. Several barcodes, single or
multiple, have been used and are presented below.

3. Nuclear Genome DNA Barcodes
3.1. ITS (Internal Transcribed Spacer)

Nuclear ribosomal DNA (rDNA) genes have been widely used in plant molecular
taxonomy; more specifically, the rDNA cistron contains a multigene family that consists of
the 18S, 26S, and 5.8S coding regions that encode the rRNA core of the ribosome. These
genes are separated by the internal transcribed spacer (ITS) consisting of two subregions,
namely, ITS1 and ITS2. So far, the ITS has been used as a DNA barcode to identify more
than 21,000 plant species [31,33,34].

ITS is a powerful phylogenetic marker because of its widespread distribution and the
greater evolutionary rate it presents, which enables the comparison of relative divergent
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taxa. Moreover, as it is a non-coding region, it exhibits more variation because of a presumed
reduction of functional constraints [20,31–33].

ITS can be easily PCR-amplified with conserved primers; alternatively, ITS1 and ITS2
with the joining of 5.8S loci can be used as barcodes [31,33]. The CBOL Plant Working Group
does not suggest its use as a universal plant DNA barcode, but as a supplementary locus for
taxonomic groupings [30,32]. Several limitations hinder the use of ITS as a universal DNA
barcode; gene paralogues, and the existence of secondary structural problems that result
in difficulties in amplification and sequencing, are major drawbacks [29,35,36]. Despite
these problems, ITS has been used to identify flowers, parasitic plants, and algae very
well [21,32,35,37]. Interestingly, a study of the ITS region as a candidate for plant DNA
barcoding suggested that, in general, it is superior to chloroplast DNA barcodes, having
better discriminatory power and universality [3,31,35].

3.2. ITS2

ITS2 can be used as an alternative DNA barcode for taxa [38,39]; 92.7% of species have
been correctly identified in more than 6500 samples from 4800 species [40,41]. Notably,
its secondary structure is also informative, enabling species identification [42]. ITS2 may
also be used as a complementary locus for COI to identify animal species [3,31,40,41]. ITS2
is easy to amplify; conserved, so it is easy to design universal primers; shorter, therefore
easier to sequence; and, due to its high diversity, can be used to distinguish even closely
related species [40,41]. Although ITS2 has many strengths, it is not ideal for identifying
every plant due to the presence of multiple copies with high levels of intraspecific variation
as well as heterogeneity as a result of concerted evolution [43].

4. Chloroplast DNA Barcodes

Chloroplast DNA is a circular molecule with a size between 120 and 220 kb and consists
of a large and a small single-copy region (LSC and SSC) intervened by two copies of a large,
inverted repeat (Ira and Irb). There are about 100 functional genes that can be used for
species identification and, according to some researchers, besides single-locus markers,
the whole plastid genome could be used for DNA barcoding besides single-locus markers.
DNA barcodes from chloroplast genes are extensively used in plant phylogenetic studies;
the design of primers is easy, gene order in the genome of the organelle is conserved, and
amplification is much easier due to the high copy number per cell. Nevertheless, compared
with the nuclear genome genes of the chloroplast genome, they are characterized by a
low evolutionary rate [3,23,31]. Among the chloroplast markers, the following have been
successfully used:

4.1. matK

matK (maturase K) is one of the most rapidly evolving chloroplast genes, which has
been used for identification at the family, the genus, and even the species level. matK
exhibits interspecific divergence and a low transition/transversion rate. It is approximately
1550 bp long and encodes maturase K, an enzyme involved in the splicing of type-II
introns [35,39,44,45]. However, its use as a universal DNA barcode is hampered by technical
problems, mainly the design of the universal primer sets, due to the high substitution
rate [37,46,47]. However, matK constitutes a suitable marker for angiosperm, flowering
plant, bryophyte, lycophyte, gymnosperm, and monilophyte identification [45,47].

4.2. rbcL

rbcL (ribulose bisphosphate carboxylase/oxygenase large subunit) is a candidate locus
for comparing at the levels of family and genus; however, it is not suitable for species
identification as it has modest discriminatory power. This marker has been one of the most
studied among the plastid genome, with wide representation from all major groups and
many available sequences in GenBank [20,21,30,39]. It was the first gene sequenced from
the plant chloroplast genome and encodes the large subunit of rubilose-1,5-bisphosphate
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carboxylase/oxygenase (RUBISCO), a critical photosynthetic enzyme [48]. rbcL is easy
amplify and sequence but has a slow evolutionary rate [7,39]. Its length is approximately
1430 bp and thus at least two sets of primers are needed to sequence the entire coding
sequence [21,35]. rbcL meets most of the desired criteria and can be used in conjunction
with other markers [30,37]. It is also widely used for alga, peptidophyte, and angiosperm
identification [6,32].

4.3. trnH-psbA

trnH-psbA is one of the most variable non-coding plastid loci with an intergenic
spacer suitable to offer a high level of species discrimination [35,37]. It is easily amplified
with universal primers but as it has high rates of insertion/deletion, alignment can be
difficult. Moreover, its length varies among different families, with this region containing
copies of rps19 in some cases, as well as a pseudogene that is located between trnH and
psbA; this causes a problem, as despite obtaining high-quality bidirectional sequences,
alignment is difficult due to the high length variation. Most researchers have proposed
that trnH-psbA should be used in combination with one or more loci to provide adequate
resolution [7,20,30,37,47]. Nevertheless, is has been shown that it is a suitable marker for
flowering plants and peptidophytes [6,21].

4.4. rpoB and rpoC1

rpoB (RNA polymerase subunit B) and rpoC1 (RNA polymerase subunit C1) are plastid
genes, encoding subunits of the plastid-encoded plastid RNA polymerase that have been
used for the identification at the family level but, due to their slow evolution rate, they
cannot be used for species discrimination in many plant families [37,45]. Both can be
efficiently amplified with a limited range of PCR conditions and primer sets [37]. rpoB,
rpoC1, rpoC2 encode three out of four subunits of the chloroplast RNA polymerase [49] and
are suitable markers for bryophyte identification [50].

4.5. trnL-trnF (Genic, Intron, and Intergenic Spacer)

The trnL-trnF intergenic spacer has been proposed as a universal plastid amplicon and
has been widely used in plant systematics and plylogeography since the 1990s [35,47]. This
region is located in the large single copy region of the chloroplast genome [19]. Despite
its slow rate of molecular evolution, the plastid trnL intron is suggested as a possible
marker because of its conserved sites; hence, it could be a useful tool for evolutionary
studies at higher taxonomic levels [21,37]. Taberlet et al. [51] established primers that
work for 19 species tested including algae, bryophytes, pteridophytes, gymnosperms,
and angiosperms.

4.6. psbK-psbI (Intergenic Spacer)

The psbK and psbI loci encode two low molecular weight polypeptides, K and I, of
the photosystem II [52]. The non-coding psbK-psbI intergenic spacer is conserved and
can be easily amplified with PCR, sequenced, and aligned [53,54]. It also demonstrates
high discriminatory power but low sequence quality and universality [35]. Despite its
discriminatory power, the CBOL Plant Working Group propose its use as a supplementary
locus due to the inconsistency in obtaining bidirectional unambiguous sequences [30].
Nevertheless, it constitutes a suitable marker for bryophyte, lycophyte, and monilophyte
identification [47].

4.7. atpF-atpH (Intergenic Spacer)

The non-coding, plastid region atpF-atpH could be used as a universal DNA barcoding
marker for species-level identification but its discriminatory power is medium. The genes
atpF and atpH encode ATP synthase subunits CFO I and III. The length of atpF-atpH
sequences vary from 598 to 613 bp and the alignment of these sequences is difficult despite
easy PCR amplification. For this reason, it could be useful only as supplementary marker
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in plant DNA barcoding, providing better resolution on specific projects and taxonomic
groups [33,47,55,56]. According to Wang W. et al. [55], it is a suitable marker for duck
seed identification.

5. Single-Locus, Multi-Locus, and Viable Gene Combinations

The main idea of DNA barcoding is to use a DNA sequence ideally present in every
organism to identify it; a prerequisite for this approach is the generation of a reference
database containing the relevant sequences from different species [3,50]. No single locus
meets CBOL’s data standards and guidelines for locus selection, and for this reason, the
use of a combination of barcodes has been proposed [30].

According to the CBOL Plant Working Group, to identify unknown samples, the most
common marker combinations are the matK, rbcL, rpoB, rpoC1, atpF-atpH, psbK-psbI, and
trnH-psbA sequences [30]. These markers are suggested, as they can be amplified with
universal primer sets and contain enough sequence diversity information, both individually
and combined, to discriminate across species. Besides these genes, other candidates, such
as ITS, ITS2, ycf5, trnL, and combinations of them, that can greatly improve species discrim-
ination have been proposed [3,33,35]. As Newmaster and his colleagues [20] suggested, to
identify unknown species, two sequences are needed; the first one would help organism
classification into family or genus level and the second one would enable species identifi-
cation within the higher systematic unit to which an object has been included by means
of a “primary” sequence. This concept was expanded further by Kress and Erickson [21],
who looked at prospective plant DNA barcode sequences through the lenses of two criteria:
universality of amplification and gene differentiation.

The Consortium for the Barcode of Life (CBOL) Plant Working Group, following
evaluation of the seven candidate genes referred to above, proposed the combination of
matK and rbcL as the best plant barcode [30]. rbcL offers high universality but lower species
resolution, whereas matK offers higher resolution but lower universality. This combination
offers the best discrimination between species. However, even this combination cannot be
used to discriminate between closely related species, so the trnH-psbA intergenic spacer has
been proposed as a supplementary locus. To obtain the highest identification rates, even
between closely related species, the China Plant BOL Group suggested adding nuclear
ITS to the matK + rbcL combination [57,58]. Additional combinations of non-coding and
coding regions that have also been proposed are matK + rbcL + trnH-psbA, matK + atpF-atpH
+ trnH-psbA, matK + atpF-atpH + psbK-psbI [30,47].

Kress et al. [29] recommended that two non-coding areas, the nuclear ITS region and
the plastid trnH-psbA intergenic spacer, could serve as universal plant barcodes. This
combination is predicted to have some difficulties at species-level identification, because
ITS has variable lengths and trnH-psbA provides insufficient variation, especially in groups
with low divergence. However, they later advocated the pairing of rbcL and trnH-psbA [21]
and according to Ferri et al. [59] and Tnah et al. [7], this resolution is provided by well-tested
and robust universal primers for both loci that facilitate the reproducibility of results and
the implementation of the method in forensics.

Chen et al. [40] recommended ITS2 as the best potential marker, which discriminates
92.7% of plants at the species level in more than 6600 plant samples. It has been used
as the main DNA barcode for medicine plants and in combination with trnH-psbA for
herbal substrates. Additionally, two other combinations of the plastid locus proposed from
Chase et al. [37] are rpoC1 + rpoB + matK or rpoC1 + matK + trnH-psbA. They are useful as a
barcoding system, but only for the identification of broad groups of species.

In general, different research groups have tested and recommended different combi-
nations using different taxa while attempting to select a universal barcode; nevertheless,
universal agreement has yet to be reached.
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6. Super Barcode

With the development of NGS technology, the use of the chloroplast (cp) genome for
phylogenetic analysis has rapidly developed. Numerous analyses using the entire sequence
of the cp genome have been conducted over the past ten years to solve phylogenetic prob-
lems at deep nodes [60,61]. The complete cp genome analysis generates the same amount
of data as the COI gene utilized in animals and it can provide molecular identification even
between closely related species [3,62]. The cp genome, ranging from 110 to 160 kb, offers
more diversity, enabling the discrimination between closely related plants [63]. Addition-
ally, PCR efficiency, potential problems with gene deletions, and difficulties in sequence
retrieval are avoided by using the cp genome as a marker. Researchers have recommended
the complete cp genome as a super barcode to differentiate closely related species, even
though sequences from a single or many nuclear and chloroplast genes have proved useful
for doing so [3,62].

The creation of a complete cp genome database, the reduction in sequencing cost, and
obtaining better DNA quality and quantity are the key to super barcoding [64]. The first
cp genome was sequenced in 1986 [65]; since then, the number of cp genomes sequenced
has significantly expanded due to the development of next-generation sequencing (NGS)
technology [3].

7. Specific Barcode

Single-locus barcodes do not offer enough variants, while fully annotated super bar-
codes are currently expensive and can be extremely complicated for laboratories without
the specific technological knowledge. Thus, researchers proposed the use of “specific
barcodes”, which trade off single-locus barcodes and super barcodes, to solve the above-
mentioned problem. A specific barcode is a fragment of a DNA sequence with a high
sufficient mutation rate to enable species identification within a specific taxonomic category.
Universal primers for the target group can be simply designed since specific barcodes
are selected directly from the plastid genome sequences of the target family or genus,
eliminating technical problems such as low PCR efficiency or extensive optimization that
may be time- and resource-consuming [3,37,66].

In Figure 1, a schematic representation is presented, depicting the DNA barcoding
categories distinguished for both animals and plants as analyzed above.
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8. Mini Barcoding

DNA mini barcoding has developed over the previous 10 years to either overcome
the limitations of DNA barcoding or as an extension of it. DNA mini barcoding uses a
DNA sequence shorter than conventional barcodes, usually equal to or less than 200 bp,
which can easily and rapidly be amplified. Instead of achieving universality for most
species, the major goal of creating a mini barcode is to identify specific target species of
herbal plants to prevent adulteration of natural herbal goods. Nonetheless, in the case of
complex herbal mixtures made, for instance, from 10 different species, mini barcoding is
challenging. Considering the position and the length of the specific mini barcode sequence
to distinguish between various species is very important, since certain DNA sequences
may contain unstable mutation sites [67–69].

9. Meta Barcoding

Meta barcoding is a method for identifying numerous species in a single environmental
sample by using universal PCR primers to simultaneously amplify multiple DNA barcodes.
The discovery and development of NGS (next-generation sequencing), which allows for
parallel reading of DNA sequences without the requirement of cloning, contributed to the
development of meta barcoding techniques. In contrast to traditional DNA barcoding,
which attempts to identify intact specimens up to the species level, metabarcoding aims
to identify in various samples or in degraded DNA samples, like environmental samples
(eDNA) up to the family level or higher. Metabarcoding represents a versatile and precise
approach to analyzing food matrices, to detect adulterants or contaminants, in forensics
and ecological analyses [31,46,68–70].

10. Discussion

DNA barcoding, developed approximately twenty years ago, is an approach that has
significantly contributed to the development of molecular systematics. DNA barcodes are
standardized sequences, ideally unique, coding or non-coding, either from the genome
of the organism or from its organelles, that are used to identify/classify an organismal
group; in short, the method includes amplification of the DNA barcode, sequencing and
comparison with a reference database containing the relevant sequences from different
species. This approach has been extremely successful in animals as COI has emerged as a
universal DNA barcode that is used for taxa identification.

In plants, however, the use a universal DNA barcode has not been achieved so far.
Several studies with the aim of characterizing plant DNA barcodes from chloroplast and
nuclear genomes have been performed—ITS, rbcL, trnH-psbA, rpoB, rpoC1, trnL-trnF, psbK-
psbI, and atpF-atp. Based on data from single loci, the CBOL Plant Working Group has
suggested the use of combinations of DNA barcodes; however, this approach also has not
provided a universal combination for all plants; however, for specific organismal groups,
specific combinations have been successfully used. The future of DNA barcodes in plants
is next-generation sequencing, through the generation of very long sequences—super bar-
codes, such as the chloroplast genome, are being used successfully, especially to distinguish
between close species.

Different strategies could be adopted using next-generation techniques to generate
super barcodes in plants; the choice of the best solution may consider different aspects.
Annotated chromosome-scale whole-genome sequences (WGS) are the ideal data set in
super barcodes [71]; however, the quality of plant material does not always allow for this
application. Many sources of samples are stored as historical collections like herbaria [72],
and the DNA is degraded with fragments shorter than 100 bp [73]; in this context, it is
difficult to apply WGS, and it is necessary to move towards the application of short-read
sequencing technologies. Researchers have developed and applied different techniques that
realize the generation of thousands of markers both in nuclear DNA, as well as from plastid
and mitochondrial genes. While GBS (genotyping by sequencing) and RAD (restriction
site-associated genotyping) are mostly useful for plant collection management and diversity
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and evolutionary studies [74], genome skimming and target capture are more suitable for
super barcoding [75].

Target capture is a target enrichment sequencing approach that uses specific probes
designed to select target loci obtained from libraries of fragmented genomic DNA. The
critical aspect of the technique is the achievement of prior knowledge about the target
taxon’s DNA to define the probes. The advantages are the moderate cost [76] and the
possibility to apply it with low-quality DNA [77].

Genome skimming (also known as shallow shotgun sequencing) is a low-depth se-
quencing technique [71]. With this approach, it is possible—with a low–medium coverage
ranging from 5 to 20 X (it is necessary to consider the genome size and ploidy level)—to
recover the fraction of the plant genome that is present in multiple copies, such as the mito-
chondrial and plastid genomes, nuclear ribosomal DNA (nrDNA) sequences, with higher
coverage [78]. Currently, several sequencing services are available in Europe, the USA, and
Asian countries, and the costs related to NGS applications are about a few hundred euros
per sample, making these approaches feasible, even for small laboratories, assuming there
is good bioinformatics support for data analysis.

In summary, the future of plant DNA barcoding lies in leveraging next-generation
sequencing methodologies, particularly with the emergence of “super barcodes”. Ap-
proaches like genome skimming and target capture demonstrate adaptability in addressing
challenges posed by degraded DNA in historical collections. While annotated chromosome-
scale whole-genome sequences remain ideal, practical considerations favor short-read
sequencing techniques. Target capture, utilizing specific probes, offers a cost-effective
solution even with low-quality DNA. Genome skimming, a low-depth sequencing method,
efficiently recovers plant genome fractions present in multiple copies. Accessible sequenc-
ing services and moderate costs make these methods viable for small laboratories, contin-
gent on robust bioinformatics support. These advancements hold promise for widespread
adoption, enhancing the precision of plant DNA barcoding in species discrimination and
biodiversity assessments.
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