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A B S T R A C T

South Africa, a global biodiversity hotspot, faces escalating threats to its rich plant diversity, including habitat
loss, climate change, invasive species, and illegal harvesting. These threats are further exacerbated by the
country’s taxonomic impediment, which hinders both conservation and sustainable development efforts.
This paper assesses the efficiency of DNA barcoding as a tool for species identification and biodiversity con-
servation within the South African context. While DNA barcoding offers promising applications in conserva-
tion, significant gaps and challenges persist. We provide a comprehensive overview of plant barcoding
initiatives in South Africa � by querying the public data portal for plant barcoding records, 12,456 published
specimen records encompassing 159 families and ca. 3,449 species were returned. These numbers highlight
historical progress, database contributions, technological advancements, and taxonomic coverage. Despite
South Africa contributing the third-highest number of Magnoliophyta records to the Barcode of Life Data Sys-
tem (BOLD), significant gaps in endemic families and geographic regions highlight the urgent need for tar-
geted DNA barcoding initiatives and increased collaboration, as only ca. 16 % of the known flora has been
barcoded. The underutilisation of BOLD and financial constraints pose significant barriers to expanding plant
barcoding records. However, advancements in sequencing technologies offer cost-effective solutions. We
advocate for concerted efforts to enhance DNA barcoding utilisation, harmonise databases, and prioritise
sampling of underrepresented taxa to effectively preserve South Africa’s diverse plant life.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

South Africa, renowned for its rich biodiversity, is one of the
world’s 17 "megadiverse” countries � encompassing approximately
21,466 plant species (ca. 6 % of the world’s plant diversity) with an
impressive 76.68 % endemism (Hoveka et al., 2020; SANBI, 2023).
Furthermore, South Africa is the only country on Earth to have within
its national borders an entire floral kingdom (also known as a phyto-
chorion) � one of just six in the world (Good, 1947; Goldblatt, 1997;
Carlin et al., 2020). The Cape Floral Kingdom supports a rich biodiver-
sity, hosting over 9000 plant species, with 70 % restricted to approxi-
mately 90,000 km2 (Pirie et al., 2016). South Africa’s biodiversity
extends to three hotspots � the Cape Floristic Region (CFR; confined
to the Western and Eastern Cape provinces), the Maputaland-Pondo-
land-Albany Hotspot (extends from the extreme southern parts of
Mozambique and Mpumalanga through Eswatini and KwaZulu-Natal to
the Eastern Cape) and the Succulent Karoo (found along the west coast
of the Western Cape and Northern Cape provinces and extending into
neighbouring Namibia). Nine terrestrial biomes have been identified
within the region, ranging from deserts to forests. In addition to the rec-
ognised biomes in South Africa, two unique biomes, namely the sub-
Antarctic tundra situated in lowland areas and the sub-Antarctic polar
desert exclusive to higher elevations (Smith and Mucina, 2006), have
been identified on the subantarctic islands within the South African ter-
ritory. Marion Island and Prince Edward Island hosts 22 and 21 indige-
nous vascular plant species, respectively.

South Africa’s commitment to conservation dates to the establish-
ment of Africa’s first protected areas in the 1890s with the priority of
conserving wild-life or “game”. This led to the first proclaimed pro-
tected areas being Sabi (est. 1895) and Shingwedzi (est. 1903) �
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which later became the Kruger National Park (the first national park
proclaimed in 1926; Van Wilgen et al., 2020). The Department of For-
estry, with the aim of protecting forest and water resources, estab-
lished protected areas in mountain water catchment areas (Langberg,
est. 1886; Cederberg, est. 1895), coastal areas (Walkerbay, est. 1895),
and indigenous forests (Knysna forest, est. 1894) (Van Wilgen et al.,
2020). A 2021 report compiled through the collaborative efforts of
Statistics South Africa (Stats SA), the South African National Biodiver-
sity Institute (SANBI), and the Department of Forestry, Fisheries and
the Environment (DFFE) states that in 2020, protected areas
accounted for 112,807 km2 (9.2 %) of the total land area of the coun-
try (Statistics South Africa, 2021).

In 2019, a status update on South Africa’s biodiversity reported
that 20,401 plant species had been assessed and listed on SANBI’s
Red List � 2,804 of which were threatened with extinction. Unfortu-
nately, the situation seems to be on a downward trajectory with 17 %
of revised assessments in the most recent iteration of the list (SANBI,
2024) being for species that have become even more threatened due
to either intensifying existing threats or emerging threats. Further-
more, South Africa is reported as having the second-highest number
of plant extinctions per country worldwide, with 36 species con-
firmed extinct and a further 70 possibly extinct (DEA, 2019). This
worrying loss of species diversity is a direct consequence of factors
such as changes in climate conditions, habitat loss, invasive species,
and the illegal wildlife trade.

2. Threats to biodiversity

2.1. Plant poaching and illegal trade

The illegal wildlife trade, specifically illegal plant collections,
gravely threatens biodiversity globally. Moreover, succulents have
become critically threatened through illegal over-collecting for the
ornamental trade (Margulies et al., 2022). In South Africa, a drastic
increase in the illegal harvesting of succulent plants across the coun-
try’s Arid Zone, particularly the Succulent Karoo Biome, has become
of great concern (DFFE, 2022). Between 2020 and 2022, government
agencies noted a sharp increase of 250 % per annum in illegal harvest-
ing of endemic species to supply the global horticultural trade, with
ca. 1.5 million plants removed from the wild since 2020 (Smith et al.,
2023). The impact of this is evident in the uplisting of 85 Conophytum
N.E.Br. species in the most recent iteration of SANBI’s Red list (SANBI,
2024). Originally designated as Least Concern, Critically Rare, and
Rare in 2020, all of these species are currently listed under a category
of threat. Currently, 96 % of all Conophytum species are categorised as
Vulnerable or higher. Numerous other caudiform and geophytic spe-
cies are facing challenges as well, with patterns shifting quickly as
more species are targeted by the expanding illicit wildlife trade.

Another notable threat to South African biodiversity is what has
been described as the “South African cycad extinction crisis”,
whereby the country is at risk of losing 50 % of its cycads within the
next 10 years. Of the 37 Encephalartos Lehm. species in the region,
four are extinct in the wild, and 32 species have a conservation status
ranging from vulnerable to critically endangered as a direct result of
anthropogenic activities such as habitat loss and illegal harvesting
(Williamson et al., 2016; Stewart et al., 2023). The resulting impacts
have had dire consequences on several endemic species, such as Con-
ophytum herreanthus subsp. herreanthus S.A.Hammer (Azioaceae),
Encephalartos brevifoliolatus Vorster and E. nubimontanus P.J.H. Hurter
(Zamiaceae), which have all been reported as extinct in the wild
between 2009 and 2015 (DFFE, 2022; Van der Colff et al., 2023).

2.2. Climate change

Over the second half of the 20th century, the world’s ecosystems
have changed more rapidly than ever. Rising levels in both CO2 and
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temperature associated with climate change have led to changes in
hydrological cycles and extreme weather patterns (droughts and
floods; Habibullah et al., 2022). The impact of climate change in South
Africa is highlighted by the higher temperature increase and extreme
rainfall occurrences experienced in the country over the past 50 years,
with the mean annual temperature increasing 1.5 times the global
average and mean precipitation increasing by 2 % � both of which
have serious ramifications for the distribution and survival of plant
species, especially endemics, within the region (Hoveka et al., 2022).

Greater mean precipitation can also negatively impact plant biodi-
versity by leading to significant reductions in species richness, pro-
moting grass dominance at the expense of other plant types, and
increasing physiological stress and mortality rates among plants due
to more extreme wet and dry periods (Reynaert et al., 2021). These
alterations disrupt ecosystem balance and diminish overall biodiver-
sity (Reynaert et al., 2021). Therefore, climate change has now been
recognised as a serious concern, with data predicting the growth or
decline of many suitable habitats, shifts in phenological patterns and
growth, and the possibility of local extinctions under various cli-
mate-controlled scenarios, such as present-day and future climate
conditions. These scenarios have predicted that South Africa’s threat-
ened endemic species may experience changes in their range and dis-
tributions by 2050. Based on such data, improvements must be made
to protected areas and incorporated into species extinction risk
assessments (Hoveka et al., 2020). Moreover, climate change signifi-
cantly intensifies wildfires, increasing their frequency and severity.
Higher global temperatures result in drier conditions and extended
fire seasons, facilitating ignition and spread. More frequent and
severe droughts dry out vegetation, heightening fire risk. Altered pre-
cipitation patterns impact fuel moisture and vegetation growth,
changing wildfire dynamics. Extreme weather events like heatwaves,
strong winds, and lightning storms are becoming more common, fur-
ther promoting wildfire conditions (Kraaij et al., 2018). Climate
change also influences vegetation distribution and abundance, affect-
ing fuel availability. As human populations expand into wildland
areas, the vulnerability of the wildland-urban interface to wildfires
increases. Additionally, wildfires release greenhouse gases, creating
feedback loops that exacerbate global warming and future fire behav-
iour. Understanding these complex interactions is vital for develop-
ing effective wildfire management and adaptation strategies (Kraaij
et al., 2018).

The impact of climate change on biodiversity within the South
African context is evident in the most recent iteration of SANBI’s Red
List (SANBI, 2024). The findings indicate that climate change had an
impact on 12 % of the recently updated assessments. The Namaqua-
land, in particular, saw substantial population declines as a result of
the prolonged drought that began in 2012 and continued until 2021.
The tree aloes Aloidendron pillansii (L.Guthrie) Klopper & Gideon F.
Sm. and Aloidendron dichotomum (Masson) Klopper & Gideon F.Sm.,
as well as other iconic species of the Richtersveld, such as Pachypo-
dium namaquanum (Wyley ex Harv.) Welw. (the ‘halfmens’) and Aloe
pearsonii Sch€onland, are just a few disturbing examples of South Afri-
can species declining as a result of climate change.

2.3. Land degradation, fragmentation, and habitat loss

Land degradation refers to the adverse alteration of land condi-
tions caused by human activities, including climate change (IPCC,
2019). This decrease in biological productivity, ecological integrity,
and overall land value undermines the multifaceted significance of
the land, encompassing its ecological, social, and economic dimen-
sions. Approximately 3.2 billion people, or over 10 % of the global
annual gross product, are affected by land degradation, resulting in
biodiversity loss and diminished ecosystems. The extent of degraded
land ranges from under 1 billion ha to around 6 billion ha, with
observed degradation levels of 15 % to 63 % between 1977 and 2003
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(Mani et al., 2021). Roughly 25 % of Earth’s land area is acknowledged
as degraded � impacting 1.3 to 3.2 billion people in poverty. The
drivers of land degradation include biophysical, institutional (land
governance, land tenure systems, policy frameworks, economic fac-
tors and resource management practises), and socio-economic fac-
tors (Mani et al., 2021).

The key factors driving land degradation in South Africa are his-
torical inequity in land access, unsustainable land management prac-
tices, overgrazing, high population-to-land ratio, and woody plant
encroachment. These factors are interconnected with issues of justice
and climate change, where historical injustices in land distribution
(particularly due to apartheid policies) have led to high population
densities and livestock numbers, contributing to land degradation.
Unsustainable land management practices, influenced by complex
land tenure systems, worsen degradation. Woody plant encroach-
ment, influenced by climate change, overgrazing, and unsustainable
land management further exacerbates degradation � about 60 % of
the country’s land is degraded, and 91 % is susceptible to desertifica-
tion (Mani et al., 2021). Continued mining activities in the Northern
Cape have also been identified as a primary contributor to the
remarkable increase in the number of threatened species that have
been added to the SANBI Red List from this province (SANBI, 2024).

Habitat loss has been the biggest driver of the extinction of South
African plant species between 1750 and 2021. During this period, 26
species became extinct primarily due to urban and agricultural
expansion, afforestation, and dam construction (Van der Colff et al.,
2023).

2.4. Invasive alien species

South Africa displays the imprint of European colonisation on its
ecosystems. Alien plant species were minimal before the seventeenth
century, but introductions worldwide began in the 1600s for pur-
poses such as agriculture, timber, and ornamental gardens. Forestry
initiatives in the nineteenth and mid-twentieth centuries, largely
influenced by government efforts, introduced numerous tree species
like Acacia Mill. (Australian wattles), Eucalyptus L’H�er., and Pinus L.;
with World War I, afforestation intensified with the cultivation of
over 400 tree species (Richardson et al., 2020). Furthermore, despite
a diverse native flora, the persistent demand for ornamental alien
plants, dating back to 1652, has led to widespread invasions around
human settlements (Richardson et al., 2020).

Invasive alien species pose various significant threats to native
plants and ecosystems. These species tend to outcompete native
plants for resources, disrupt ecosystem processes, reduce biodiver-
sity, alter soil properties, increase the risk of wildfires, deplete water
resources, and lead to secondary invasions by other invasive species.
The impact of alien species on South African flora is a complex issue
that necessitates integrated management strategies to mitigate nega-
tive effects and safeguard the region’s unique biodiversity (Erckie et
al., 2022; Zengeya and Wilson, 2023). For instance, the presence of
Lantana camara L. (commonly known as lantana) induces alterations
in the physical structure of the ecosystem, precipitating shifts in com-
munity composition. This, in turn, results in a decrease in both inver-
tebrate abundance and species richness � concomitant with a
decline in plant species diversity within Groenkloof Nature Reserve,
South Africa (Samways et al., 1996; Raphela and Duffy, 2022).

3. Navigating taxonomic impediments in biodiversity

Finding practical solutions to the rising threats to biodiversity is of
great importance. However, accurate taxonomic data is crucial for
implementing any measure undertaken. Taxonomists are responsible
for generating and curating the baseline data critical to successful
conservation and sustainable development. Nonetheless, factors such
as large gaps in taxonomic knowledge, a decline in the number of
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experts, poor funding, and inadequate infrastructure hinder taxo-
nomic work generally in many regions worldwide (Coleman, 2015).
These factors, which have come to be known as ‘taxonomic impedi-
ments’, may hinder the progress of cataloguing and understanding
the full extent of a country’s biological diversity. South Africa is not
left out in facing these taxonomic impediments. Despite having a rich
biodiversity, the country also struggles with gaps in taxonomic
knowledge and a shortage of experts, which can impact conservation
efforts and sustainable development initiatives. In a comprehensive
assessment of the state of plant taxonomy in South Africa, Victor and
Smith (2011) and Victor et al. (2015) concluded that there is a critical
shortage of human capacity in South Africa to conduct plant taxo-
nomic research to benefit its biodiversity. These studies also
highlighted the lack of funding and research material as major
obstacles hindering the advancement of plant taxonomy in South
Africa. Consequently, the progress with taxonomic treatments of
South African plants, such as the Flora of Southern Africa project, has
been slower than expected, with only a fraction of species treated
after many years � impacting the availability of up-to-date informa-
tion for conservation assessments. Buys and Smith (2006) estimated
the discovery and description of new plant species in South Africa to
60 per year between 1995 and 2005, contrasting with the global rate
of 2350 new species described annually. This suggests a compara-
tively slower pace of species documentation within the region. The
rates of new species descriptions, when expressed as percentages,
highlight the significance of undiscovered plant species in South
Africa compared to the global context. In South Africa, the estimated
1400�1575 yet-to-be-described species represent approximately
12.5 % to 14 % of the total described species (11,208) (Mamathaba et
al., 2022). This indicates a significant opportunity for new discoveries
within the country’s rich biodiversity. Globally, these unknown spe-
cies constitute less than 1 % (about 0.36 % to 0.40 %) of the estimated
390,000 known plant species, showing that while important nation-
ally, South Africa’s undiscovered species form a minor part of the
global botanical landscape (Mamathaba et al., 2022). These percen-
tages underscore the need for continued taxonomic research in South
Africa to fully document its flora within the broader context of global
plant diversity. The richness and complexity of the South African flora
also make it difficult for taxonomists to identify the plants’ biodiver-
sity in the region. In a study that sought to identify the biodiversity
knowledge gaps for conserving South Africa’s endemic flora, Hoveka
et al. (2020) attributed the challenge of fully documenting and
researching all plant species in South Africa to the extensive species
diversity in the region. According to them, South Africa is home to an
estimated 250,000 to 1000,000 plant and animal species collectively,
including over 13,000 plant species that are endemic to the region,
thereby making many species remain poorly understood and threat-
ened with extinction. Additionally, the high level of endemism in the
region further complicates taxonomic efforts. Regions such as the
CFR, the Succulent Karoo, and the Maputaland-Pondoland-Albany are
recognised as global biodiversity hotspots with significant levels of
endemism. Identifying and studying these endemic species requires
focused sampling endeavours and specialised expertise already in
short supply.

The existence of "cryptic" plant species adds additional complex-
ity to the challenge of taxonomic impediments in South Africa. Cryp-
tic plant species are difficult to differentiate based on traditional
morphological characteristics because they appear similar but are
genetically distinct. This is evident in the Salicornia meyeriana Moss
(Slenzka et al., 2013) complex, where two subspecies, ‘overbergensis’
and ‘soetendaliana,’ were described despite their morphological simi-
larities. These subspecies were identified using diagnostic mutations
in the External Transcribed Spacer (ETS) region, and their unique dis-
tribution and ecological preferences (Slenzka et al., 2013). The ‘over-
bergensis’ subspecies is associated with estuarine habitats, while the
‘soetendaliana’ subspecies is found in inland areas of the Overberg
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region in South Africa. Despite the challenge in morphological differ-
entiation, the genetic, geographical, and ecological distinctiveness of
these subspecies allowed for their recognition and description
(Slenzka et al., 2013). The difficulty in distinguishing cryptic species
can lead to misidentification or underestimation of species diversity,
impacting conservation strategies and management decisions.

These taxonomic impediments, compounded by the complexities
of South African plant diversity, highlight the importance of finding
innovative solutions. Incorporating genetic data, such as that
obtained through DNA barcoding, has emerged as a promising
approach to mitigate these challenges and foster collaboration
between molecular approaches and traditional taxonomy.

4. DNA barcoding as a tool for species identification and
biodiversity conservation

DNA barcoding is a molecular technique developed by Paul Hebert
(Hebert et al., 2003) to identify a wide range of taxa based on short,
standardised DNA sequences from a specific genome region. His core
idea behind DNA barcoding was to assign a unique genetic barcode
to each species, similar to how product barcodes are used for identifi-
cation in stores.

The protocols for DNA barcoding typically involve several key
steps, such as DNA extraction, PCR amplification, sequencing, and
data analysis. First, DNA is extracted from the tissue or specimen of
the organism of interest using various extraction methods, such as
silica-based extraction, CTAB-based extraction, or commercial DNA
extraction kits. Then, a specific DNA region, such as the mitochondrial
region cytochrome c oxidase subunit 1 (CO1) in animals or the plastid
regions ribulose bisphosphate carboxylase large subunit (rbcL) and
maturase K (matK) in plants, can be amplified using polymerase chain
reaction (PCR) with primers designed to target the barcode region.
This step generates multiple copies of the DNA fragment for sequenc-
ing. Next, the amplified DNA fragments are sequenced using Sanger
sequencing or high-throughput sequencing technologies like Illu-
mina, PacBio, or Oxford Nanopore. The resulting sequences represent
the DNA barcode of the organism. The obtained DNA barcode sequen-
ces are compared to reference databases like BOLD (Barcode of Life
Data Systems) or the National Center for Biotechnology Information’s
(NCBI) GenBank to identify the species. Bioinformatics tools are used
to analyse the sequences, perform alignments, and assess genetic dis-
tances for species identification.

In many animal groups, the "Folmer region” of the CO1 gene (a
650 bp fragment at the 50end of the gene) is often used as a single
barcode marker to identify all animal species. However, it has been
difficult to find a single barcode marker for land plants as most candi-
date loci did not meet the criteria for selecting a DNA barcoding
marker viz: universal applicability of primers; genetic variability
between species; conservation of markers; amplifiability of primers
using PCR; high resolution of the marker; ease of primer design, and
compatibility with sequencing technologies and bioinformatics tools
(Letsiou et al., 2024). These criteria ensure the markers across diverse
organisms, their ability to differentiate species accurately, and their
compatibility with laboratory techniques for efficient and reliable
species identification in plant DNA barcoding studies. Fazekas et al.
(2008) attributed the difficulty of finding a universal plant barcode
marker to factors such as higher levels of genetic diversity, complex
evolutionary histories, hybridisation, and polyploidy � making spe-
cies boundaries difficult to define.

To address these limitations, the Consortium for the Barcode of
Life (CBOL) Plant Working Group (2009) was tasked with testing the
seven leading candidate chloroplast barcoding regions at the time
(atpF�atpH, matK, psbK�psbI, rbcL, rpoB, rpoC1 and trnH�psbA) and
finding a suitable DNA barcode for land plants among them. This
required the collection, pooling, and collaborative analysis of data to
evaluate the candidate markers in relation to three criteria: sequence
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quality, discriminatory power, and universality (ease of amplification
and sequencing). Four of the seven barcodes could be ruled out based
on the aforementioned criteria: atpF�atpH due to limited recovery of
high-quality bidirectional sequences and falling below the median
for species resolution in both single and multilocus barcodes,
psbK�psbI for having the lowest overall sequencing success during
the trials and for also exhibiting significant issues producing bidirec-
tional reads, and both rpoB and rpoC1 as a result of their poor dis-
criminating power.

Selecting a plant barcode among the three plastid loci that
remained was challenging because matK, rbcL, and trnH�psbA each
had distinct advantages and disadvantages. The majority preference
of the CBOL Plant Working group (2009) was to suggest a 2-locus
core barcode for terrestrial plants made up of portions of rbcL+matK
that would be supplemented with further markers as needed. The
decision was mostly based on the simple recovery of rbcL and the
strong discriminatory ability of matK, which together offset each
other’s weaknesses and produced a higher level of species resolution
than the majority of the multilocus barcodes investigated as well as
all seven single locus barcodes. Additionally, because both markers
are coding regions, errors in editing or assembly, the existence of
pseudogenes, and proper sequence orientation can all be automati-
cally checked by electronically translating DNA sequences to amino
acids.

Supplementary loci often include the plastid trnH-psbA intergenic
spacer because of its higher species discrimination success and/or the
nuclear ribosomal internal transcribed spacers (nrITS or nrITS2)
because it generally provides improved species resolution (Okuyama
and Kato, 2009; Hollingsworth et al., 2011). Nonetheless, universal
agreement on a single combination is still lacking, but exploring
diverse marker combinations continues to improve the effectiveness
of plant DNA barcoding for precise species identification.

Ideally, an appropriate DNA barcode should display a clear “barcod-
ing gap” (Meyer and Paulay, 2005); i.e., the genetic distances between
species (interspecific variability) are greater than the genetic distances
within a species (intraspecific variability). It was identified at an early
stage as being essential to the success of DNA barcoding. Indeed, the
presence of a species’ barcoding gap has frequently been cited as
proof that DNA barcoding “works” in real-world scenarios (Stoeckle and
Thaler, 2014). Using a taxonomically understudied group like cowries
(marine gastropods in the Cypraeidae family) as an example, Meyer &
Pauley (2005) pointed out that there was substantial overlap between
intra- and interspecific variation, which usually compromises species
identification. In such cases, thresholds are often used to separate varia-
tions, whichmight increase error rates. Previous research (Phillips et al.,
2024) shows that the existence of a gap depends on sampling effort for
target taxa and their close relatives and can, therefore, be improved
upon with better-optimized sampling strategies. In cases where a DNA
barcode might not be present/sufficient, the application of a character-
based DNA barcode approach can also be a solution. It is an approach
that converts sequence data into diagnostic characters and can be used
to distinguish between different species, particularly in cases when
there is little to no interspecific variation or a "barcoding gap." (DeSalle
2006, 2007; Wiemers and Fiedler 2007; Rach et al. 2008; Waugh et al.
2008; Gibbs, 2018). Many problems associated with a lack of a DNA bar-
code gap can also be solved by employing next-generation sequencing
approaches.

The future of plant DNA barcoding lies in next-generation
sequencing (NGS) technologies, through the generation of very long
sequences often referred to as super barcodes. Super barcodes, like
the complete chloroplast genome, have demonstrated potential in
differentiating closely related plant species (Li et al., 2015; Wu et al.,
2021). The chloroplast genome offers more sequence diversity and
can differentiate between closely related plants, providing a compre-
hensive approach to plant DNA barcoding. For example, this
approach has been successfully applied to identify closely related
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species of Aloidendron (A.Berger) Klopper & Gideon F.Sm. (Malakasi et
al., 2019), Araucaria Juss. (Ruhsam et al., 2015), Camellia L. (Yang et
al., 2013), Echinacea Moench (Zhang et al., 2017), Epimedium L.
(Zhang et al., 2016), Fritillaria Tourn. ex L. (Wu et al., 2021), Taxus L.
(Fu et al., 2019), and Theobroma L. (Kane et al., 2012). Complete plas-
tid sequencing, however, does not solve the fundamental problem
that plastid genomes do not always reflect species boundaries (Riese-
berg and Soltis, 1991; Nichols, 2001; Hollingsworth et al., 2011; Hol-
lingsworth et al., 2016). Thus, although the continued use of
complete plastid genomes as barcodes is expected, substantial gains
in resolving power are expected to come from NGS technologies uti-
lising the nuclear genome (on its own or in conjunction with plastid
and/or mitochondrial sequence data).

Super barcodes in plants could be produced in various ways utilising
next-generation techniques; the optimal approach would take several
factors into account. Annotated chromosome-scale whole-genome
sequences (WGS) are thought to be the best data set for super barcodes
(Pezzini et al., 2023); however, this application is rarely possible due to
project budget constraints (especially in the context of developing coun-
tries like South Africa) and the quality of plant material required. For
most studies, DNA is extracted from dried plant material obtained from
silica collections or herbaria � with DNA from the latter often being
degraded with fragments shorter than 100 bp (Forrest et al., 2019). The
use ofWGS is challenging in this situation. Hence, short-read sequencing
technologies must be employed instead. Numerous strategies have been
devised and implemented by researchers to generate thousands of
markers from the nuclear, plastid, and mitochondrial genomes �
enhancing the resolution and accuracy of plant species identification.
These approaches are expected to become more accessible as NGS costs
continue to decrease with continued technological advancements, mar-
ket competition, economic scalability, and new competitors with innova-
tive approaches. While genotyping by sequencing (GBS) and restriction
site-associated genotyping (RAD) are primarily useful for plant collection
management aswell as diversity and evolutionary investigations (Villano
et al., 2023), genome skimming and target capture are considered to be
more suitable for super barcoding (Guo et al., 2023).

Genome skim data has successfully been used as a super barcode
to separate taxonomically complicated taxa like Rhododendron L.
(Fu et al., 2022) and Schima Reinw. ex Blume (Yu et al., 2022). Full
skim data has been investigated for its potential wide-spread applica-
tion as a plant DNA barcode (Coissac et al., 2016); however, the more
loci used, the more problems with hybridisation, introgression, and
general incongruence are exposed, and the more complicated it is to
distinguish between species in many clades (Bohmann et al., 2020).
While high-copy-number areas are conserved between samples
(making genome skimming data relatively easy to combine), the dif-
ference in coverage caused by the diverse nuclear genome structure
of plants may result in missing data when combining sequences from
multiple samples. For instance, an equivalent amount of reads from a
species with a small genome will result in a higher average coverage
of organelle sequences than a set number of reads from a species
with a large genome (Twyford and Ness, 2017).

The lack of a universal probe set with adequate phylogenetic
breadth has hindered the viability of target enrichment-based
DNA barcoding despite its potential. A possible remedy to this
problem has emerged in recent years � the Angiosperms353
probe set (Brewer et al., 2019). Compared to the well-established
DNA barcoding technique based on the Sanger sequencing of the
plastid marker-based core plant barcode, targeted sequence cap-
ture, like many of the other NGS approaches, produces a lot more
data, which increases the potential capacity for species discrimi-
nation. The method is also effective with poor-quality material,
and coverage is not affected by fluctuations in genome size like
genome skimming is.

Nevertheless, additional proof of the Angiosperms353 probe set’s
ability to discriminate between species is needed to develop it into a
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practical barcoding tool. Although evidence is growing that it is
highly informative in lower-level phylogenetic studies (e.g., Murphy
et al., 2020), few studies exist directly comparing its performance to
standard plant DNA barcodes. Stewart (2021) found that the Angio-
sperms353 probe set provided modest discrimination gains com-
pared to utilising standard plant DNA barcodes with additional loci
(matK, rbcLa, psbA-trnH, trnL-F, ycf1, and ITS1) in Gasteria Duval.
Because they were created to resolve deeper nodes in the Angio-
sperm tree of life, the low copy number nuclear loci targeted by uni-
versal bait kits, such as Angiosperms353, are fairly conserved genes
(McDonnell et al., 2021; Woudstra et al., 2021) � limiting its applica-
tion in clades that have recently and/or rapidly diversified. Addition-
ally, the Angiosperm353 panel’s gene recovery is typically subpar in
Monocot clades (e.g., less than 37 % in Cyperus L., Larridon et al.,
2020), which further restricts its utility. In order to address this and
achieve very high resolution and sequencing success spanning large
phylogenetic distances, a more comprehensive assessment of the
best instances, methods, and scales for combining taxon-specific bait
sets with a universal bait set is required (Manzanilla et al., 2022). The
need for taxon-specific bait sets, however, undermines the three core
tenets of DNA barcoding � standardisation, minimalism, and scalabil-
ity (Hollingsworth et al., 2011).

Targeted sequence capture-based DNA barcoding implementation
faces additional problems, such as the requirement to create a refer-
ence library and the related costs and technological difficulties (in
both lab and bioinformatics). Additionally, traditional plant DNA bar-
coding markers should also be captured by a targeted sequencing
approach to barcoding (Hollingsworth et al., 2016) � allowing for
continued use of the reference libraries that are already available.
Until these shortcomings are adequately addressed, it is unlikely that
a target-capture-based DNA barcoding approach will see broad-scale
implementation within South Africa in the foreseeable future.

NGS has also been used to leverage existing DNA barcode libraries.
DNA meta-barcoding is a method used for detecting many species in
one sample (often an environmental sample) by amplifying and
sequencing multiple DNA barcodes at once. By combining traditional
DNA barcoding with NGS, it allows for the identification and quantifi-
cation of various taxa in a complex biological sample � including
environmental samples like water, sediment, or soil samples contain-
ing eDNA (genetic material shed into the environment by all organ-
isms, often without any obvious signs of biological source material;
Hajibabaei, 2012; Thomsen and Willerslev, 2015; Aylagas et al.,
2016). Unlike conventional DNA barcoding, which focuses on identi-
fying individual specimens at the species level, meta-barcoding is
designed to detect a wide range of species present in a sample, often
to the family level or higher taxonomic groups. Meta-barcoding can
be used in many ways including biodiversity surveys, ecological
research, food authentication, forensic science, and environmental
assessment. In meta-barcoding, the ability to distinguish between
closely related species will also depend on the variability of the cho-
sen barcode region (Cristescu, 2014).

The progress in the broad-scale implementation of DNA barcoding
technology has transformed it into a valuable tool for biologists
across various research fields and applications, including species
identification, conservation initiatives, monitoring biological inva-
sions and biodiversity conservation (Krishnamurthy and Francis,
2012). The versatility of DNA barcoding is evident in species identifi-
cation, where it offers a cost-effective and standardised approach for
discovering new species objectively, independent of morphology or
life stage (Hebert et al., 2003). DNA barcodes contribute significantly
to habitat conservation by enhancing phylogenetic diversity map-
ping, aiding in biodiversity assessments and conservation planning
with minimal fieldwork and cost-efficiency (Farooq et al., 2020).

The success of DNA barcoding in accurately identifying plant spe-
cies relies heavily on the availability and quality of reference libraries
that contain DNA sequences from known species. These reference
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libraries are a comparison tool for analysing the DNA sequences
obtained from unknown plant samples during barcoding. The Bar-
code of Life Data System (BOLD) is a global barcode database that
allows different regions to build a reference library particular to the
species in their region. South Africa, for example, has several dedi-
cated DNA barcoding initiatives such as "The African Centre for DNA
Barcoding" (ACDB) and “The South African Node of the Barcode of
Life Consortium” (SABOL), which focuses on the building of barcoding
reference libraries specifically for South African species (animal and
plant). These initiatives aim to enhance the accuracy and efficiency of
plant identification in the region by providing researchers with a
valuable resource for comparison and analysis.

5. Methodology

To assess the status of plant barcoding in South Africa, we
conducted an analysis in July 2023, focusing on all Tracheophyta
(land plants) phyla, which include "Cycadophyta", "Gnetophyta",
"Magnoliophyta", "Pinophyta", and "Pteridophyta". Bryophyta
were excluded due to the limited number of records (53) avail-
able. Data were retrieved from the Barcode of Life Data Systems
(BOLD) public database, chosen for its status as the world’s larg-
est repository of curated DNA barcodes; BOLD also mines
sequence data from Genbank.
Fig. 1. Accumulation of sequence records contributed through time from individuals upload
(blue). (For interpretation of the references to colour in this figure legend, the reader is referr
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Information on locality (province and GPS coordinates) and taxo-
nomic classification was collected for each record. This dataset was
then compared with the South African 2023 plant checklist using R to
identify knowledge gaps. The compositional breakdown between
barcode genes and other genetic markers was analysed by querying
the South African plant checklist on BOLD (checklist number CL-
SAPLA, managed by Johandr�e van Rooyen).

6. Status of plant barcoding in South Africa

In total, 12,456 published specimen records were identified from
ca. 3449 species, encompassing 965 genera and 159 families. Accord-
ing to BOLD, South Africa has the third most Magnoliophyta records,
which, at the time of query, had 11,810 publicly available plant
records. Our paper aims to provide an up-to-date and comprehensive
review of the current progress on plant barcoding in South Africa.

6.1. Historical overview of plant barcoding initiatives in South Africa

The first plant barcoding project in South Africa (SA) was launched
in 2007 by the African Centre for DNA Barcoding (ACDB), intending to
barcode the Flora of the Kruger National Park (Lahaye et al., 2008).
Since then, enormous amounts of resources, including time and fund-
ing, have been spent generating and contributing records to various
ing to BOLD (purple), mining from NCBI/GenBank (orange), and the total contributions
ed to the web version of this article.)
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databases such as the Barcode of Life Data System (BOLD) and NCBI
by several institutions across the country. These initiatives were
funded through various funding efforts, including the Government of
Canada through Genome Canada and the Ontario Genomics Institute,
the International Development Research Centre (Canada), the Con-
sortium for the Barcode of Life (CBOL) through Google’s Global Impact
Award Programme, the Royal Society (UK), and Toyota SA (Bezeng et
al., 2017). Between 2009 and 2023, the Foundational Biodiversity
Information Programme (FBIP), managed by the NRF and SANBI and
funded by the Department of Science and Innovation (DSI), allocated
R15 million towards funding over 90 small-scale projects. This
resulted in 204 publications between 2013 and 2021 � with approxi-
mately 3 % (six) being DNA barcoding studies (source: https://fbip.co.
za/publications/ � accessed on 21/02/2024). However, in 2023, a
noticeable shift in funding priorities towards generating DNA bar-
code data was observed, with the FBIP supporting 70 projects.
Despite this increase, there is still a lack of plant barcoding research
being done, with only 7 % (five) of the funded studies focusing on
plants (source: https://fbip.co.za/publications/ � accessed on 21/02/
2024).

Over the last 14 years (2009�2023), 12,254 plant DNA sequences
have been uploaded to BOLD Systems (Fig. 1), with the ACDB at the
UJ contributing 46 % (5789) of the total records (Fig. 2). The next
Fig. 2. The number of BOLD records submitted b
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closest contribution was “records mined from the NCBI”, with
2,797 records (22 %); these sequences are mined from GenBank
to bolster the overall availability of sequence data on BOLD. Fur-
thermore, SANBI has contributed 1,431 sequences over the same
period (2009�2023), followed by the University of Cape Town
(UCT) with 1,002 sequences.

6.2. Overview of contributions to databases such as bold and NCBI’s
GenBank

Although Lahaye et al. (2008) conducted one of the earliest plant
barcoding studies in South Africa, the associated sequence data was
not uploaded to BOLD until 2011 and 2012. This delay stemmed from
BOLD’s initial lack of support for plant barcoding data in 2008, with
the platform only accepting plant barcodes in 2009 (Sujeevan Ratna-
singham, Personal communication). Consequently, sequence records
were uploaded to GenBank without accompanying metadata, such as
locality data, rendering the country of origin indeterminable when
accessed through BOLD. This discrepancy has artificially separated
records on BOLD from South African DNA plant barcode records sub-
mitted over time. Subsequently, researchers often opt to submit their
sequence data to GenBank due to its less stringent metadata require-
ments, as exemplified by Botha et al. (2023), who submitted their
y the top nine contributors in South Africa.

https://fbip.co.za/publications/
https://fbip.co.za/publications/
https://fbip.co.za/publications/
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new sequence data (2159 sequences; 1238 rbcL and 921 trnL) directly
to GenBank. GenBank’s appeal lies in its status as a comprehensive
repository for various genetic data, extending beyond DNA barcoding
� thereby potentially serving a broader range of research applica-
tions.

Even though GenBank sequence data stands as a significant
resource in DNA barcoding applications, its utilisation has sparked
several debates (Collins et al., 2012; Niemann et al., 2022). Despite its
advantages, the more likely absence of preserved vouchers and vali-
dated identifications accompanying sequence data often undermines
its direct utility for identification (Harris, 2003; Meier et al., 2006;
Collins et al., 2012). Conversely, BOLD data boasts superior curation
and higher quality standards but is not immune to misidentifications
to some degree (Meier et al., 2006; Ratnasingham and Hebert, 2007).
Recognising that no database is error-proof, users must remain cogni-
zant of alternative explanations for observed patterns, inherent limi-
tations in analytical techniques for taxon identification using DNA
barcoding, and the necessity for ongoing dataset curation.

While BOLD serves as a sequence data repository and an informat-
ics platform facilitating DNA barcode data storage, analysis, and pub-
lication, South African researchers have not fully capitalised on its
capabilities. Instead, they tend to favour GenBank for data upload,
possibly due to a lack of comprehensive understanding regarding
BOLD’s functionalities. Consequently, researchers may exclusively
Fig. 3. Number of species records from South Africa on BOLD (purple) across families and th
than 50 % South African endemic species. The graph is sorted from the highest to the least n
(http://www.boldsystems.org/). * Indicates families that have not been fully updated to APG
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choose GenBank, which offers a simpler submission process with
fewer requirements for supporting information. It is essential to note
that within BOLD, an option exists for the platform to submit records
to GenBank on behalf of users, allowing both GenBank and BOLD
records to have the appropriate metadata available. This feature
could bridge the gap between the two platforms, encourage more
researchers to utilise BOLD effectively and leverage having their data
available on both platforms.

6.3. Impact of technological advancements on cost reduction

A noteworthy observation is the absence of significant contribu-
tions of sequence data by individuals to BOLD after 2015, likely attrib-
uted to the country’s lack of funding for barcoding-related projects.
Large-scale sequencing poses challenges primarily due to its high
costs (capital cost = US$500 K; annual services = US$50 K), as Hebert
et al. (2023) indicated. This financial barrier is beyond the means of
many South African institutions. However, a potential transformation
is on the horizon as Hebert et al. (2023) have demonstrated the bar-
coding of 100,000 specimens in a single Oxford Nanopore run, sub-
stantially reducing the costs of obtaining a DNA barcode to US$0.10.
Leveraging the Oxford Nanopore technology makes sequence genera-
tion cost-effective (sequencer = US$1000; flow cell = US$90). By low-
ering the initial cost of large-scale sequencing, it is possible to assist
e number of South African species found in each family. The families in bold have more
umber of species records from BOLD. The data was collected on 27/07/2023 from BOLD
IV.

http://www.boldsystems.org/
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DNA barcoding initiatives in developing countries, including South
Africa. However, this is for large-scale barcoding efforts and is not
necessarily suitable for small-scale projects.

6.4. Analysis of taxonomic coverage across different plant families

While global research on plant DNA barcoding is burgeoning
(Cahyaningsih et al., 2022; Wang et al., 2022; Schweikle et al.,
2023; Tnah et al., 2024), the trend in the number of species
records on BOLD within specific South African plant families
appears markedly deficient, as depicted in Fig. 3. Notably, only
one family exceeds the number of barcode records compared to
Table 1
South African families and the number of genera and species in the world; genera
records, genera, and species; and the percentage of the family that has been barcod
Indicate families that have not been fully updated to APG IV (Asparagaceae � in
should be in Asparagaceae).

Plant Family World genera
(Christenhusz
and Byng, 2016)

World species
(Christenhusz
and Byng, 2016)

SA Genera SA Sp

Asteraceae 1623 24,700 259 2444
Ericaceae 124 4250 2 943
Fabaceae 751 19,500 164 1857
Poaceae 780 12,000 185 865
Asphodelaceae 39 900 16 603
Rosaceae 91 2950 19 213
Apocynaceae 366 5100 87 701
Cyperaceae 90 5500 35 483
Scrophulariaceae 62 1830 44 783
Euphorbiaceae 209 6252 32 319
Aizoaceae 121 1900 120 1777
Rubiaceae 590 13,620 62 256
Zamiaceae 9 230 2 38
Malvaceae 244 4225 35 366
Thymelaeaceae 46 913 8 206
Anacardiaceae 83 860 15 115
Proteaceae 83 1660 19 391
Solanaceae 100 2600 13 96
Asparagaceae* 114 2900 3 192
Orchidaceae 736 28,000 53 511
Polygalaceae 21 900 4 208
Celastraceae 96 1350 22 92
Geraniaceae 2 803 4 348
Acanthaceae 510 4000 38 295
Gentianaceae 102 1735 10 81
Lamiaceae 241 7530 41 297
Apiaceae 442 3575 48 248
Amaranthaceae 165 2040 39 206
Amaryllidaceae 75 1600 22 253
Molluginaceae 9 80 9 66
Myrtaceae 132 5950 12 76
Rutaceae 148 2070 18 298
Colchicaceae 17 170 9 94
Cucurbitaceae 95 965 14 66
Boraginaceae 135 2535 22 110
Rhamnaceae 55 950 10 196
Santalaceae 43 1000 7 205
Brassicaceae 328 3628 28 186
Convolvulaceae 53 1660 17 102
Iridaceae 66 2244 38 1295
Campanulaceae* 81 2300 18 411
Hyacinthaceae* 46 900 18 572
Caryophyllaceae 81 2625 22 85
Crassulaceae 35 1400 6 372
Hypoxidaceae 4 159 4 94
Bruniaceae 6 81 6 81
Orobanchaceae 98 1960 14 72
Cupressaceae 29 149 7 15
Restionaceae 51 572 16 351
Oxalidaceae 5 570 1 268
Pinaceae 11 228 1 10
Podocarpaceae 19 187 2 4
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the number of species found in South Africa � Zamiaceae. This
discrepancy can be attributed to the allocation of funding by the
South African Government and Google’s Global Impact Award
Programme towards establishing a robust DNA barcoding refer-
ence library for Encephalartos to counter the illegal poaching of
this endangered species. However, a significant concern arises
when considering families predominantly endemic to South Africa
(bold labels in Fig. 3 and Table 1), which have not managed to
exceed 30 % of South African species records being uploaded to
BOLD. For example, Aizoaceae, with approximately 1900 species
globally (Christenhusz and Byng, 2016) and 1700 indigenous to
South Africa (SA-Plant-Checklist-2023; http://opus.sanbi.org/
and species in SA; the number of records in BOLD; the number of SA BOLD
ed. The families in bold have more than 50 % South African endemic species. *
cludes Ruscaceae; Campanulaceae � includes Lobeliaceae; Hyacinthaceae �

ecies World BOLD
Records

SA BOLD
Records

SA BOLD
Genera

SA BOLD
Species

Percentage
Barcoded

24,470 601 105 386 16 %
4899 335 1 301 32 %
22,935 537 68 277 15 %
19,555 391 87 209 24 %
821 441 6 202 33 %
9354 279 5 141 66 %
3332 175 62 136 19 %
9564 201 18 120 25 %
959 144 29 119 15 %
6759 132 18 98 31 %
410 99 35 78 4 %
8244 103 40 74 29 %
720 298 2 63 166 %
4277 78 18 55 15 %
927 88 7 52 25 %
1038 62 11 41 36 %
1099 41 8 35 9 %
4031 149 7 34 35 %
2078 35 12 33 17 %
20,126 30 6 27 5 %
865 34 3 26 13 %
1829 40 14 25 27 %
991 26 4 24 7 %
1822 28 15 24 8 %
2601 42 5 24 30 %
7201 29 13 22 7 %
5386 32 12 21 8 %
2084 32 15 21 10 %
1697 34 11 20 8 %
281 62 8 20 30 %
3301 36 7 19 25 %
2301 23 10 15 5 %
342 0 4 15 16 %
2387 24 6 14 21 %
3578 17 5 12 11 %
1095 26 7 11 6 %
560 17 6 10 5 %
6928 11 3 10 5 %
2786 17 4 9 9 %
2607 10 5 7 1 %
2445 6 3 5 1 %
101 4 2 4 1 %
4405 7 3 4 5 %
1793 3 2 3 1 %
111 3 2 3 3 %
127 2 2 2 2 %
3658 2 2 2 3 %
1325 4 1 2 13 %
370 2 2 1 0 %
622 1 1 1 0 %
2823 1 1 1 10 %
1006 0 0 0 0 %

http://opus.sanbi.org/handle/20.500.12143/6880


Fig. 4. The number of South African plant records from BOLD. The colour of the district municipalities is scaled by the number of BOLD records found within their boundaries. The
data was collected on 27/07/2023 from BOLD (http://www.boldsystems.org/). For species distributions, see Supplementary Figure 1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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handle/20.500.12143/6880), has only 4 % species coverage on
BOLD. Similarly, Bruniaceae, with 81 species occurring exclusively
in South Africa, has only two species � Berzelia lanuginosa (L.)
Brongn. and Berzelia albiflora (E.Phillips) Class.-Bockh. & E.G.H.
Oliv. � with available records on BOLD. Families with substantial
endemicity such as Asphodelaceae Juss., Aizoaceae Martinov, Mol-
luginaceae Bartl., Colchicaceae DC., Iridaceae Juss., Hyacinthaceae
Batsch ex Borkh., Hypoxidaceae R.Br., and Restionaceae R.Br.
should be designated as high priority for DNA barcoding initia-
tives by South African researchers and institutions. Notably, the
Asphodelaceae is being specifically addressed through an interna-
tional DNA barcoding project that involves nuclear genomics. This
project includes many South African endemic species of Aloe L.
(Woudstra et al., 2021). Such focused efforts highlight the critical
need to improve species coverage and support conservation strat-
egies, emphasising the importance of advanced genomic tools in
biodiversity research and management (Woudstra et al., 2021). In
their study, Hoveka et al. (2020) concentrated on angiosperm
plant families alongside various South African endemic species
possessing sequences available on GenBank. Their analysis
unveiled that a mere 36 % of endemic species featured accessible
DNA sequences on GenBank, with the less diverse families nota-
bly underrepresented in terms of sequence availability. Among
the species devoid of sequence data, 68 % were classified as pos-
ing low conservation concerns, 20 % were flagged as threatened,
and 12 % were categorised as data deficient. In particular, Hoveka
et al. (2020) highlighted the presence of 2698 Proteaceae sequen-
ces on GenBank, while our study revealed only 318 sequences on
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BOLD, with contributions from rbcLa totalling 171 and matK com-
prising 147 sequences.

Several studies have constructed robust reference libraries with
notable contributions to the plant records available on BOLD. Maurin
et al. (2014) stand out in particular � contributing a substantial 1400
taxa representing 117 families and 562 genera of Angiosperms and
Gymnosperms. This pivotal study not only shed light on the origins
of underground forests in Africa but also provided essential data for
exploring advanced ecological and evolutionary questions, such as
the timing of herbivore-adapted savanna evolution (Charles-Domi-
nique et al., 2016; Davies et al., 2020).

Notably, Mankga et al. (2013) investigated the feasibility of
employing DNA barcoding to identify commonly used medicinal
plants in South Africa. Their effort enriched the construction of a
comprehensive reference library by contributing over 180 plant
specimens to BOLD. Niemann et al. (2022) also curated an extensive
macrophyte barcode reference library encompassing 539 species,
with a noteworthy contribution of 120 specimens to BOLD.

Additionally, Botha et al. (2023) constructed a reference library
utilising rbcL and trnL markers to support metabarcoding analysis of
foraged plants. Their rbcL reference library consisted of 1238 sequen-
ces (representing 318 genera and 562 species), and the trnL reference
library included 921 sequences (representing 270 genera and 562
species). Their marker choice was informed by the relative ease of
amplifying shorter segments of these markers from heavily degraded
material (i.e., herbivorous faecal samples) as well as the availability
of these two plastid sequences on GenBank � with rbcL totalling
307,756 sequences and trnL 337,987. These collective efforts

http://opus.sanbi.org/handle/20.500.12143/6880
http://www.boldsystems.org/
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represent crucial strides in expanding the breadth and depth of the
plant DNA barcoding resources of South Africa.

Preserving the rich and diverse ecosystems of South Africa entails
addressing critical taxonomic, genomic, and spatial knowledge gaps.
Analysing biodiversity sampling within the BOLD framework (Fig. 4)
reveals that the southwestern regions, including the Cape Floristic
Region and the Succulent Karoo, boast higher record numbers. Con-
versely, the eastern coast, particularly within the Maputaland-Pondo-
land-Albany hotspot, remains relatively underrepresented, with
sampling concentrated primarily in areas overlapping with the
Kruger National Park. Moreover, other provinces appear notably
under-sampled beyond the Western Cape and Mpumalanga, with the
Free State province exhibiting 99 plant records in total. Rectifying
these gaps is paramount for fostering a more holistic understanding
and effectively preserving South Africa’s diverse plant life.

6.5. Evaluation of various barcode markers and their discriminatory
power

Our analysis showed that most sequences accessible on BOLD
originate from the core barcode regions (Fig. 5). However, for several
South African plant families, including Ericaceae Durande, Gentiana-
ceae Juss., Oxalidaceae R.Br., and Santalaceae R.Br., other regions such
as trnL-F or ITS dominate the available data. This observation suggests
that researchers may still evaluate which markers offer superior dis-
criminatory power.
Fig. 5. The sequences composition of records on BOLD for each of the South African plant fam
sequences, and purple for entries with no associated sequence data. (For interpretation of th
this article.)
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A notable trend emerges toward the increased utilisation of trnL-F
(De Groot et al., 2011; Mallott et al., 2018; Omelchenko et al., 2022;
Wang et al., 2022; Botha et al., 2023). This preference can partly be
attributed to the gene’s ability to generate small DNA segments, with
the entire intron (254�767 bp) displaying significant conservation
across various land plants (Taberlet et al., 1991, 2007). Furthermore,
the growing emphasis on dietary research has underscored the effi-
ciency of trnL-F in species-level identification � even when working
with degraded samples (Ferri et al., 2015; Lee et al., 2018; Botha et
al., 2023).

7. Recommendations for future research and policy interventions

The status of plant DNA barcoding in South Africa reveals persis-
tent gaps and challenges that hinder comprehensive biodiversity
conservation efforts. To address these constraints, actionable recom-
mendations are necessary, encompassing prioritising research areas
and target groups, policy advocacy, capacity building, technological
advancements, and integration with conservation strategies. Priori-
tising research areas and taxa is crucial for advancing biodiversity
research efforts, focusing on validating and optimising DNA barcod-
ing markers for native plant species and investigating the genetic
diversity of endemic taxa. Effective policy interventions should allo-
cate funding, establish regulatory measures and frameworks, and col-
laborate with stakeholders to develop conservation policies.
Capacity-building initiatives and collaborations require investments
ilies, using orange for core barcode regions (rbcLa andmatK), pink for non-core barcode
e references to colour in this figure legend, the reader is referred to the web version of
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in taxonomic training, laboratory infrastructure, and interdisciplinary
partnerships to strengthen research capabilities. Embracing emerging
technologies such as high-throughput sequencing (NGS platforms
and Angisperms353) and bioinformatics is essential, necessitating
resource allocation for research infrastructure and data repositories
to support large-scale sequencing initiatives and facilitate data shar-
ing. Integrating DNA barcoding data into conservation strategies and
incorporating genetic information into biodiversity monitoring, con-
servation planning, and invasive species management is paramount.
Such actions are crucial in safeguarding South Africa’s plant biodiver-
sity and preserving its natural heritage for future generations.

8. Conclusions

The comprehensive evaluation of 14 years of plant DNA barcoding
in South Africa unveils both progress and persistent challenges. With
a dataset comprising over 12,000 published records spanning 965
genera, 159 families and ca. 3,449 species, the nation ranks third
globally in the number of Magnoliophyta records. However, critical
gaps persist � particularly in endemic families and biodiversity hot-
spots, with only ca. 16 % of the toral flora having been barcoded.
Despite a substantial contribution by several institutions nationwide
(i.e., ACDB, SANBI and UCT), a noteworthy portion of data is not asso-
ciated with the South African BOLD records, suggesting a potential
loss of crucial information.

The underutilisation of BOLD Systems, coupled with researchers’
preference for GenBank submissions, presents a significant obstacle
to expanding high-quality, appropriately curated plant barcoding
records within the country. Financial constraints have further
impeded contributions to barcoding efforts. However, promising
strides in sequencing technologies, exemplified by Oxford Nanopore
sequencing technology, offer cost-effective avenues for broader par-
ticipation in data generation. Notably, endemic families such as
Aizoaceae and Bruniaceae remain underrepresented � highlighting
the urgent need for targeted DNA barcoding initiatives. Exploring
unique biodiversity hotspots across South Africa, particularly in
under-sampled provinces (all provinces except the Western Cape
and Mpumalanga) and prioritising those encompassing the Succulent
Karoo and Maputaland-Pondoland-Albany hotspots, underscores the
imperative to comprehensively address taxonomic, geographic and
genomic gaps for effective preservation efforts.

This review highlights the pressing need for concerted efforts
to enhance DNA barcoding utilisation, harmonise databases,
increase contributions, and prioritise sampling of underrepre-
sented taxa. These measures are crucial for comprehensively cap-
turing South Africa’s rich plant diversity and ensuring effective
conservation strategies.
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