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ABSTRACT

Genetic technologies such as DNA barcoding make it easier and less expensive to monitor biodiversity and its associated eco-
system services, particularly in biodiversity hotspots where traditional assessments are challenging. Successful use of these
data-driven technologies, however, requires access to appropriate reference data. We reviewed the >373,584 reference plant
DNA barcodes in public repositories and found that they cumulatively cover a remarkable quarter of the ~435,000 extant land
plant species (Embryophyta). Nevertheless, coverage gaps in tropical biodiversity hotspots reflect well-documented biases in
biodiversity science — most reference specimens originated in the Global North. Currently, at least 17% of plant families lack any
reference barcode data whatsoever, affecting tropical and temperate regions alike. Investigators often emphasise the importance
of marker choice and the need to ensure protocols are technically capable of detecting and identifying a broad range of taxa. Yet
persistent geographic and taxonomic gaps in the reference datasets show that these protocols rely upon risk undermining all
downstream applications of the strategy, ranging from basic biodiversity monitoring to policy-relevant objectives — such as the
forensic authentication of materials in illegal trade. Future networks of investigators could work strategically to improve data
coverage, which will be essential in global efforts to conserve biodiversity while advancing more fair and equitable access to
benefits arising from genetic resources.

1 | Introduction species have unique barcodes, then a reference library cover-

ing known taxa can enable accurate specimen identifications
DNA barcoding is a strategy to identify species using short, (Ratnasingham and Hebert 2007). Available DNA barcode data
standardised genomic sequences (Hebert et al. 2003). If all can help verify and refine species' identities (Hebert et al. 2003,
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2004) or be leveraged to characterise complex mixtures of ge-
netic material via ‘DNA metabarcoding’ (Pompanon et al. 2012).
Decades of ‘upstream’ research have yielded a versatile technol-
ogy that has rapidly transformed an array of ‘downstream’ appli-
cations in taxonomy and systematics (Hebert and Gregory 2005),
ecology and evolution (Kress et al. 2015), biogeography (Bezeng
et al. 2017), paleoecology (Williams et al. 2023), anthropology
(Maixner et al. 2018), forensic science (Willette et al. 2017), par-
asitology and biomedical research (Ondrejicka et al. 2014; Reese
et al. 2019) and evaluations of the diets, microbiomes and nu-
trition of diverse species (Kartzinel et al. 2015) - among others.
Because DNA barcodes can be used to support global biodiver-
sity assessments, the technology has also gained traction with
policymakers aiming to benchmark progress toward global bio-
diversity targets under the Convention on Biological Diversity,
the United Nations' Sustainable Development Goals and
Reducing Emissions from Deforestation and Forest Degradation
in Developing Countries (REDD+) (Bush et al. 2017).

Biological collections underpin our knowledge of life on earth
(Heberling and Isaac 2017; Meineke, Davis, et al. 2018). Physical
specimens, painstakingly identified by experts, are irreplaceable
for all DNA barcoding applications that require identifying un-
known genetic material (Hebert et al. 2003). The completeness and
reliability of biodiversity collections are thus inevitably reflected in
the types of gaps, errors and biases associated with DNA barcode
libraries (Pinheiro et al. 2019; Lendemer et al. 2020; Davis 2023).
Quantifying shortcomings in these reference libraries — including
well-documented geographic and taxonomic biases that reflect the
historical priorities of commercial interests and well-resourced in-
vestigators - is needed to ensure the data are interpreted properly
(Meyer et al. 2016; Daru et al. 2018; Cooper et al. 2019; Meineke
and Daru 2021). Investigators should beware of the constraints im-
posed by limited data coverage because a lack of access to relevant
reference data could generate imprecise and potentially mislead-
ing results.

The most effective DNA reference libraries provide data from
accurately identified and geographically relevant specimens
(Goldstein and DeSalle 2011; Kuzmina et al. 2017; Kolter and
Gemeinholzer 2021). Unfortunately, progress developing ex-
tensive repositories of plant DNA barcodes has lagged despite
the utility of these data for advancing basic and applied re-
search priorities (Kress et al. 2005; Hollingsworth et al. 2009;
Braukmann et al. 2017). Substantial efforts were made to cre-
ate globally relevant barcode libraries for the chloroplast genes
rbcL (552 base pairs) and matK (~800 base pairs), since these
markers were proposed as the ‘standard’ plant DNA barcodes
by the Consortium for the Barcode of Life Working Group
(Hollingsworth et al. 2009). However, the relatively long size
of these barcodes in base pairs has precluded their use in some
applications that require shorter and less-supported barcodes,
such as in studies of degraded environmental DNA that fre-
quently use the trnL(UAA) intron (often 500-600 base pairs), its
shorter trnL-P6 fragment (often <100 base pairs) or the nuclear
ribosomal DNA fragments called internal transcribed spacers
(ITS1 and ITS2) (Taberlet et al. 2007; Riaz et al. 2011; Ivanova
et al. 2016; Deagle et al. 2019; Bansch et al. 2020). Consequently,
the most taxonomically complete reference databases may not
correspond to those that are in highest demand for many down-
stream applications in the real world.

If a researcher relies on a reference database that lacks a match-
ing record for the taxon under investigation, they will have to
settle for the next closest match (Pompanon et al. 2012). There
is thus a need to jointly evaluate both the taxonomic and geo-
graphic coverage of public DNA barcodes. The geographic cov-
erage of DNA barcodes can be defined as the extent to which the
expert-verified specimens used to build a reference database re-
flect the distribution of biodiversity across the earth. Geographic
coverage will be limited whenever sampled specimens and the
species they represent include only a narrow subset of the rel-
evant species diversity. To begin characterising and addressing
contemporary geographic coverage of publicly available barcode
data, we quantified spatial, taxonomic and marker-based cover-
age of the plant DNA barcodes that are in widest use today.

2 | Methods
2.1 | Building the Datasets

We began our review of publicly available plant DNA bar-
codes by downloading data from ‘BOLD’ (i.e., Barcode of Life
Data Systems), the largest curated repository of DNA bar-
codes for plants and animals (Ratnasingham and Hebert 2007;
Meiklejohn et al. 2019). From the 11 phyla of land plants
(Embryophyta) available in BOLD v. 4, as of June 2024, we ob-
tained all public sequence records that were (1) assigned to one
of 660 plant families and (2) associated with any of four com-
mon DNA barcode markers: rbcL and matK, the ‘standard’ plant
DNA barcodes (Kress et al. 2005; Hollingsworth et al. 2009);
trnL, the most widely used reference sequence for plant DNA
metabarcoding (Taberlet et al. 2007; Pansu et al. 2022); and
ITS, the nuclear marker that is most widely used for plant bar-
coding and phylogenetic studies (Alvarez and Wendel 2003;
Kolter and Gemeinholzer 2021). This dataset included 373,584
sequences from 281,669 specimen records representing at least
102,887 species from 651 families (Dataset S1). About half of
these sequences (199,591/373,584 = 53%) and a larger fraction of
so-called ‘specimens’ (198,551/281,669=70%) originated from
GenBank, which BOLD mines for data in addition to accept-
ing direct submissions (Ratnasingham and Hebert 2007). Most
sequences, regardless of origin, included a GenBank accession
number (262,922/373,584 =70%), indicating that these reposito-
ries overlap, albeit incompletely.

Whereas BOLD was developed to support and curate the growth
of specimen-based barcode libraries, complementary data-
mining methods are often used to build reference databases by
extracting sequences and associated metadata from public re-
positories (Riaz et al. 2011; Meiklejohn et al. 2019). This strat-
egy can produce much larger databases but may leave end-users
lacking some relevant metadata and prone to taxonomic errors
and/or imprecision compared to those using platforms such
as BOLD (Vilgalys 2003; Meiklejohn et al. 2019). Data-mining
methods often involve searching large public repositories for
pre-defined primer sequences, which can be an impediment
since standard quality controls require data producers to remove
sequences corresponding to the primers that they used at the
bench prior to archiving their data (Riaz et al. 2011). We there-
fore quantified how much a sequence-mining strategy might
improve (or fail to improve) taxonomic coverage compared to
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a more traditional DNA barcoding strategy. Our comparison
focused on the trnL(UAA) intron (often 500-600 base pairs)
and a shorter, internal fragment of this marker called trnL-P6
(often <100 base pairs) because the former is the least-barcoded
marker in our review of the BOLD dataset — and thus there is
the greatest possible room for improvement - while the latter
has become one of the most widely used in plant DNA metabar-
coding applications (Pompanon et al. 2012; Deagle et al. 2019).
We did this by using ‘in silico PCR’ to search for and extract
the trnL-P6 barcode fragment from public plant records in the
European Nucleotide Archive (ENA) release 143 (N=4,145,939
accessions). We searched these records for the trnL-P6 primers
g/h, allowing a maximum of three mismatches to each primer
and retaining all sequences that were found between these
primer-binding sites at an appropriate size range of 8-300bp
(Taberlet et al. 2007; Boyer et al. 2016). The resulting in silico
database comprised reference sequences that are internal to the
full-length trnL barcode and thus inevitably, on average, provide
less taxonomic resolution. However, if the data-mining strategy
yields substantially more reference data from the geographic lo-
calities or taxonomic groups that are most relevant to a study's
objectives, then it could still provide significant advantages.

2.2 | Geographic Coverage

To evaluate the geographic coverage of plant barcodes, we ana-
lysed both country-level distributions and coordinate positions
in the BOLD metadata. Country was listed for 150,347/281,669
(53%) of records, and coordinates were available for 111,111
(39%), though coordinate precision varied and was occasionally
listed as country centroids. We visualised the global distribu-
tion of source specimen localities with respect to mean annual
temperature and mean annual precipitation using WorldClim
data with 1° resolution (Fick and Hijmans 2017). To identify
geographic patterns in the global environments that have been
under sampled, we plotted locations characterised by climates
that are represented by <5% of specimen source localities in the
database.

2.3 | Taxonomic Coverage

Evaluating taxonomic coverage in plant biodiversity data is com-
plicated by the need to address data quality, differences among
taxonomic authorities in how species are treated and the in-
teroperability of databases (Thomas 2009). We approached these
challenges by obtaining data on the relative size of plant fami-
lies according to the Integrated Taxonomic Information System
(ITIS) database, accessed via taxize (Chamberlain et al. 2018),
which has 98% overlap with the Global Biodiversity Information
Facility (GBIF) (National Museum of Natural History 2023). To
correlate barcode availability with family size, we matched fam-
ily names between ITIS and BOLD, returning 101,674 plant spe-
cies in 730 ITIS-accepted land plant family names (Dataset S2).
Plant family data from BOLD and ITIS overlapped broadly, with
609/730 (83%) of ITIS family names matching a public BOLD
record (Dataset S2). A subset of ITIS families matched no BOLD
records, partly due to differences in the extent to which each
database addresses recent taxonomic revisions. Similarly, plant
family names in the sequence-mining dataset largely overlapped

with ITIS (611/730, 84%). To evaluate global trends in taxonomic
coverage, we used a log-log correlation between the count of ac-
cepted species names in a family according to ITIS (predictor)
and the number of specimens, sequences and named species
in the barcode data (response). We tested hypotheses concern-
ing potential sampling biases based on family size, considering
whether the barcode coverage of each family reflected (i) an ap-
proximately 1:1 correlation with the relative size of each family,
(ii) bias toward large families or (iii) bias towards small families
(or none of the above).

2.4 | Case Study in Geographic Coverage
of Site-Based Reference Data

As with all historical biodiversity collections, the growth of
DNA barcode libraries is often driven by independent teams
with motivations connected to their specific research foci, tax-
onomic groups or geographic locations. It is not uncommon for
species to be omitted because collecting fertile voucher speci-
mens can be phenologically challenging, labour-intensive or not
related to the interests of the investigator. Yet each new barcode
has the potential to provide coverage of taxa beyond specific
sampling localities, and thus site-based barcode projects have
the potential to meaningfully contribute to the growth of global
barcode coverage. To illustrate the challenges and opportunities
associated with the ongoing growth of a representative site-
based barcode project, we present an example from Yellowstone
National Park (Littleford-Colquhoun et al. 2024). The first pub-
lic release of data from the Yellowstone Barcode Project included
319 of the 1386 plant species known to occur in Yellowstone
National Park (Whipple 2001). We evaluated the contribution
of this collection to global geographic coverage using data from
GBIF (GBIF 2024). We obtained coordinate data from a total of
18,588,886 GBIF records corresponding to species in the bar-
code dataset and mapped them into globally distributed hexa-
gons with a 69-km average edge length using Uber's Hexagonal
Hierarchical Spatial Index (Kuethe 2022).

2.5 | Code Book

To empower investigators to conduct more comprehensive eval-
uations of plant barcode taxonomic and geographic coverage
as relevant to their study objectives, we published a Code Book
organised in chapters that correspond to each section of our re-
view (see Data Accessibility Statement). This Code Book can be
customised to support additional case studies or comparative
evaluations of barcode coverage that may be of interest to data
producers and end users alike.

3 | Results
3.1 | Globally Available Plant DNA Barcode Data

Our review of global plant barcode diversity in BOLD revealed
high taxonomic precision, with 97% of specimens identified to
species. Most specimens were associated with rbcL (N=47%),
matK (45%) and/or ITS (38%), while trnL was only sparsely
represented (< 2%; Figure 1). The total of 102,887 plant species
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covered by at least one marker in BOLD thus remains far from
approaching the full diversity of plant species, but nevertheless
provides coverage for a remarkable ~24% of extant plants.

3.2 | Geographic Coverage

The DNA barcode records in BOLD originated in 189 countries
and Antarctica, though regional sampling was highly skewed
(Figure 1A and Figure S1). Most specimens with coordinate data
originated north of the Tropic of Cancer (N =61,865; 56%), fewer
were from the tropics (N =37,229; 34%) and very few were from
south of the Tropic of Capricorn (N=12,018; 11%); these per-
centages better match the latitudinal distribution of landmass
than plant species richness, as the tropics harbour 80% of bio-
diversity but comprise only 36% of global landmass. Specimen
collection localities were concentrated in relatively warm and
dry regions of the temperate zone (Figure 1A,D). Exacerbating
disparities in collection localities, marker coverage was un-
even: latitudinal coverage for rbcL and matK was broad, but
trnL and ITS sampling were far more localised (Figure 1B,C).
Indeed, 75% of trnL barcodes in BOLD originated from five
site-based project containers, including three developed to pro-
vide local reference libraries for dietary DNA metabarcoding at

Mpala Research Centre, Kenya (project code ‘UHURU’, 30%)
(Kartzinel et al. 2015), Gorongosa National Park, Mozambique
(PNG, 9%) (Pansu et al. 2019) and Yellowstone National Park,
United States (YNPBP; 9%) (Littleford-Colquhoun et al. 2024);
the other two focused on high-latitude bryophytes (BRYCA,
21%; TMBRY, 6%).

3.3 | Taxonomic Coverage

We found strong, positive correlations between the relative size
of plant families in the ITIS database and the corresponding
amount of data available in BOLD (Figure S2A,B). The slope of
each correlation was less than 1:1 on a log-log scale, indicating
that some small families have been barcoded extensively, while
some larger families may be undersampled relative to their
diversity.

Posing a challenge, many ITIS-accepted family names did not
match an entry in BOLD for any of the markers we surveyed
(N=121/730families: 17%). These ‘no-barcode families’ included
823 species in the ITIS database (range =1-203 species per fam-
ily; Dataset S2). The majority of no-barcode families are bryo-
phytes and ferns (~70%), which are taxonomically challenging

281,669 public barcode specimens for land plants
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FIGURE1 |

Global geography of plant DNA barcodes. (A) Map shows georeferenced BOLD specimens (grey points) and the climate extremes un-

der which <5% of specimens originated (blue =cold/dry; green =warm/wet). The (B) latitudinal and (C) longitudinal distributions of all barcodes are
broadly matched for the three most widely used barcodes, rbcL, matK, ITS; there is a strongly trimodal distribution of trnL barcodes. For each mark-
er, the legend notes the total number of barcodes available in BOLD and the subset for which coordinate data are available. (D) Bioclimatic coverage
of specimens (dark + signs) reveals a climatic envelope in which most specimens originated from relatively warm/dry environments (grey; dashed
lines =95 percentiles) and few originated from warm/wet (green) or cold/dry (blue). The climate envelope was established using 100,000 random
localities across the terrestrial earth surface.
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groups and the subjects of recent revisions (Christenhusz and
Chase 2014; Schuettpelz et al. 2016; Li et al. 2024). Many of these
groups were also monotypic (N=1 species per family; 56%) or
nearly so (N<5 species per family; 77%). Of the 68 bryophyte
families included on the no-barcode list, 23 were represented
by only a single genus. Most of these gaps thus do not appear
to involve many species, but some may. The most species-rich
no-barcode family in this dataset was Hydrophyllaceae (N=203
accepted names), which has also been affected by significant
taxonomic reclassifications based on progress resolving the phy-
logeny of this and related groups (e.g., Boraginaceae, Cordiaceae,
Ehretiaceae, Heliotropiaceae) (Luebert et al. 2016). As such,
some no-barcode families could be artefacts arising from taxo-
nomic reorganisations, highlighting challenges associated with
the interoperability of databases.

While the no-barcode families that were completely missing
from public BOLD data tended to present narrow targets for
biodiversity research - comprising few known species, diffi-
cult taxonomy and/or recent taxonomic rearrangements — we
found the coverage of plant families varied extensively across
barcode markers. On a marker-by-marker basis, the fraction
of no-barcode families increased from rbcL (129/370 families:
18%) to matK (251/730: 34%) and to ITS (261/730: 36%) before
jumping dramatically to include most plant families for trnL
(518/730: 71%; Dataset S2). Said another way, only 29% of plant
families can be positively identified using public trnL sequences
in BOLD.

3.4 | Comparing Taxonomy-Driven Versus
Sequence-Mining Coverage

Mining the ENA database for trnL-P6 sequences yielded 157,020
references from at least 666 family names reported for this one
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locusin this one database (Dataset S3) versus 651 family names re-
ported inclusively across all four loci we considered in the BOLD
dataset (Dataset S1). When matched against the ITIS-accepted
plant family names, far fewer no-barcode families remained in
this library of ‘short’ trnL-P6 sequences (119/730=16%) versus
the 518 no-barcode families represented in the ‘full-length’ trnL
dataset from BOLD (71%). This strategy thus provided ~30-fold
more sequence records and coverage for ~3-fold more plant fam-
ilies, albeit with less consistently complete and curated metadata
compared to the full-length trnL dataset from BOLD. There was
again a strong, positive correlation between the size of a plant
family and the numbers of sequences and species represented in
the barcode data (Figure S2C,D). Plant family size is thus a gen-
erally good predictor of the data volume that may be obtained
through either strategy, although both approaches may suffer
from the undersampling of larger families.

3.5 | Case Study in Geographic Coverage
of Site-Based Reference Data

Our example of a site-based DNA barcode project focused on the
flora of Yellowstone National Park and comprised 319 species. It
included a specimen of lodgepole pine — the most widespread co-
nifer in western North America — which is an example of a spec-
imen record that provided geographic coverage across North
America in addition to Eurasia and Australasia (Figure 2A). Yet
this dataset did not include big sagebrush, a common plant in
Yellowstone's sagebrush-steppe, so local coverage of this taxon
would require access to public data generated elsewhere in the
region (Figure 2B). This contrast provides a clear example of
how species' overlapping geographic ranges provide comple-
mentary coverage that can cumulatively enhance the complete-
ness of taxonomic coverage within and beyond a study site.
The potential for other researchers to benefit from accessing

Count of species occurring in each cell

FIGURE 2 | Geographic coverage of site-based barcode data from Yellowstone National Park. Continent-scale coverage of (A) lodgepole pine (+
sign) and (B) big sagebrush DNA barcodes (* sign), with green or orange colouring indicating the presence of the taxon within a 10-min grid cell using

GBIF. Lodgepole pine barcodes were available from specimens both inside and outside the park ("YNP’); big sagebrush was not included in the initial

release of data from Yellowstone but available from other public data. (C) Case study of 319 barcoded species from the Yellowstone dataset matched

311 species’ distribution records in GBIF, providing geographic coverage concentrated in the Rocky Mountains and extending across the globe.
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the public data provided by the Yellowstone Barcode Project is
clearly concentrated in the Rocky Mountains, but the overall
geographic footprint of the dataset spans continents because it
includes some species with very broad distributions (Figure 2C).
The geographic reach of these data spanned a mean distance
from Yellowstone of 8,493 km per species (range =1-19,489 km;
Figure 2).

4 | Discussion

We quantified progress toward a comprehensive plant barcode of
life, focusing on the completeness of geographic and taxonomic
coverage. We found the reference data in BOLD cover a remark-
able quarter of the estimated 435,000 extant land plant species,
about 40% of which are exceedingly rare (Enquist et al. 2019).
Not unexpectedly, sampling biases leave striking gaps in the
global coverage of available data - especially in, but not limited
to, tropical biodiversity hotspots. Today, at least 17% of plant
families appear to lack any public barcode data, and the largest
plant families tend to be under-sampled relative to the numbers
of species they contain. Marker coverage was also unequal, so
marker choice can exacerbate other shortcomings in the data —
nearly three-quarters of plant families were not included in the
full-length trnL dataset (71%). We have thus clearly reached a
major milestone in our progress with the plant barcode of life
agenda, but persistent coverage gaps warrant attention. Failing
to resolve them has the potential to undermine many common
end-uses of the data.

4.1 | Equitable Access to Genomic Resources

Considerable attention has been given to the importance of en-
suring that DNA barcoding assays are able to amplify and thus
detect the full array of taxa under investigation (Hollingsworth
et al. 2009; Riaz et al. 2011), but comparatively little attention
has been given to geographic coverage. Geographic biases in
the availability of reference DNA resources reflect persistent
inequalities that pose barriers toward landmark international
agreements such as the Convention on Biological Diversity and
the Nagoya Protocol, which calls for ‘access to genetic resources
and the fair and equitable sharing of benefits arising from their
utilization’ (United Nations Environment Programme 1992;
Paton and Lughadha 2011).

Our review highlights how tropical countries harbour the great-
est concentrations of biodiversity, yet this diversity is badly un-
derrepresented in DNA barcode databases: the places that most
need to monitor environmental change because they harbour
the most biodiversity and bear the greatest impacts of global
change are those that cannot readily access the reference data
that facilitate biodiversity monitoring. Gaps in barcode coverage
reflect long-term disparities in the resources available to collect
specimens, identify taxa and sequence DNA. Governmental
policies developed since the Nagoya Protocol emerged as a legal
framework under the Convention on Biological Diversity have
the potential to both help and hinder efforts to improve global
coverage of DNA barcodes (Watanabe 2017; Ambler et al. 2021;
Colella et al. 2023). Unless proactive measures are taken and
prove effective at enhancing the use of biodiversity data for

conservation, the regions that are now underrepresented in
public databases are liable to remain at a disadvantage when it
comes to scientific research on biodiversity, the monitoring of
endangered species, the detection of invasive species, the devel-
opment of effective biodiversity policies and the forensic capa-
bilities available to law enforcement (Moritz and Cicero 2004;
Valentini et al. 2009).

Whether and how the international community might catalyse
better coverage of DNA barcodes available for basic research
and conservation is a timely question. The 2024 Conference of
the Parties (COP16) to the Convention on Biological Diversity
in Cali, Colombia, launched the ‘Cali Fund’ as a mechanism
to share benefits from the use of Digital Sequence Information
(DST) (Conference of the Parties to the Convention on Biological
Diversity 2024). Under the agreement, large companies and
other major entities that benefit from accessing genomic re-
sources, such as pharmaceutical or biotech companies, “should
contribute” a percentage of their profits or revenues to the Cali
Fund and thus ensure the resulting benefits can be shared with
developing countries, Indigenous Peoples and local communi-
ties in the service of nature. The agreement includes exemp-
tions for academic and public research, recognising important
distinctions between commercial and non-commercial uses
of sequence data, and it was established on the basis that the
fund must be operated in ways that are “consistent with open
access to data” (Conference of the Parties to the Convention
on Biological Diversity 2024). As DNA barcode data are often
shared and accessed in the open science tradition via pub-
lic databases (Centre for Biodiversity Genomics University of
Guelph 2021; von Wettberg and Khoury 2022), strategic coor-
dination to enhance equitable access to DNA barcodes would
be consistent with the requirement of the Cali Fund to “support
the realization of the objectives of the Convention in develop-
ing countries” including with “scientific research on biodiver-
sity” (Conference of the Parties to the Convention on Biological
Diversity 2024). In this spirit, we now consider strategies that
might improve the usefulness of plant DNA barcode libraries
for basic research and conservation.

4.2 | No-Barcode Families

About 17% of land plant families lack public barcodes altogether,
and the most common DNA barcode markers vary markedly in
their coverage of taxa, which amplifies the challenge of address-
ing taxonomic uncertainties, omissions, and the interoperabil-
ity of databases (Thomas 2009; Kolter and Gemeinholzer 2021).
The prevalence of no-barcode families in both BOLD and our
sequence-mining database is a problem because it is impossible
to identify a barcode sequence as part of a family when that fam-
ily is not included in the reference set. The best we can do in
these situations is recognise a non-identification scenario and
place an unidentified sequence within a higher taxonomic cat-
egory (e.g., Order or higher); though more often, the algorithms
used by search engines will attempt identifications based on the
most similar sequences in a reference set, and the results will
inevitably be wrong (Brower 2006). Therefore, obtaining the
first barcodes for each family - across all relevant markers - is
critical for improving accuracy. Examples include a small family
of flowering plants endemic to Chile known as ‘bridal wreaths’
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(Francoaceae) and a species-rich family of pantropical liver-
worts (Balantiopsidaceae). Herbaria that host specimens from
these families — especially type specimens (Renner et al. 2023) -
could make important contributions to global barcode coverage.
Enhancing sequence coverage of no-barcode taxa could become
a thematic focus for consortia of herbaria, sequencing facilities
and funders aiming to remedy rather than reinforce inequities
in biodiversity science, noting that many smaller institutions
host historically and taxonomically important collections but
may require access to a broader network of funders and trusted
collaborators if they are going to generate data for the greater
good (Daru et al. 2018; Meineke, Davies, et al. 2018; Meineke,
Davis, et al. 2018; Pinheiro et al. 2019).

4.3 | Site-Based Data

Investigators that lack access to a local DNA barcode library
often rely on data mined from public repositories and therefore
risk reporting errant species identifications. Knowledge of the
extent to which site-based collections provide complementary
coverage can thus help guide the growth and appropriate uses
of reference data (Figure 2). As illustrated by the site-based proj-
ect example at Yellowstone, some plant species have broad geo-
graphic distributions and thus field botanists should not have
to survey every habitat to attain far better coverage than exists
today. Accounting for these kinds of overlapping footprints be-
tween localities of substantial research and conservation value
could enable more strategic coordination, minimise costs and
maximise the reach of benefits beyond each study area. For ex-
ample, the publication of a plant DNA barcode library in Kenya
included data for only 460 species, yet increased barcode cover-
age for the plants of Africa by ~10%, helping improve precision
in continent-scale analyses (Gill et al. 2019; Pansu et al. 2022).
Especially in the wet tropics that harbour the greatest concen-
tration of plant diversity, site-based research is likely to yield
both improvements in data coverage and better recognition of
hitherto unidentified species.

5 | Conclusions

All DNA-based identifications are hypotheses. The strength of
evidence available to evaluate them is inextricably linked to the
quality of reference data, so shortcomings in the coverage of bio-
diversity collections needed to support these data-driven tech-
nologies can limit their application. Failing to overcome historic
disparities in the means to generate reference DNA barcodes risks
exacerbating future inequities in the benefits that nations can de-
rive from applying these resources in the service of biodiversity
research and conservation. A major step toward improving cov-
erage might be to guide future barcode data growth by leveraging
geographic information associated with ongoing herbarium digiti-
sation projects (Meyer et al. 2016) or site-based research networks,
such as ForestGEO (Anderson-Teixeira et al. 2015), NutNet (Borer
and Stevens 2022) and NEON (Keller et al. 2008). When it comes
to prioritisation, our results show that species from big families
with broad geographic ranges could generally accelerate progress
because they tend to be under-sampled relative to their diversity
(Figure 2). But this would not obviate the concurrent need to im-
prove coverage of the rare, endemic and otherwise overlooked

taxa that have historically represented narrow targets for bio-
diversity research (Figure S2). Complementary means of spur-
ring progress could increasingly leverage emerging long-read or
high-throughput sequencing technologies to overcome historical
limitations arising from the early reliance on Sanger sequencing
platforms for DNA barcoding (Hebert et al. 2025). It would further
diminish constraints on end-users if whole-chloroplast genomes
or multiplexed barcode markers were more routinely sequenced
and archived in public repositories (Deagle et al. 2014; Littleford-
Colquhoun and Kartzinel 2024). A concern is that the erosion of
institutional support for biodiversity training and infrastructure
could lead to a collapse in essential resources required for emerg-
ing data-driven technologies (Davis 2023).
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