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Abstract – Apid bees are essential ecosystem pollinators, occurring worldwide and comprising over 5900 spe-
cies. Although they are identified mainly using morphology, DNA barcoding has been explored since its proposal 
as a supplementary tool in bee taxonomy. Smaller regions of barcode markers—mini-barcodes—were also suc-
cessfully employed in corbiculate bee identification, but the performance of mini-barcodes was only tested in a 
narrow taxonomic scope. Here, we scrutinized all 18167 apid bee cox1 sequences from the Barcode of Life Data 
System to provide an overview of the available data, search for barcoding gaps at genus level, test if full-length 
and mini-barcode regions perform similarly in specimen identification, and flag bee taxa that may benefit from 
studies implementing DNA barcodes. Our dataset encompassed five subfamilies, 25 tribes, 71 genera, and 1012 
species, although it was biased towards corbiculate tribes. Most of the surveyed genera showed good perfor-
mance in the barcoding gap analyses. Moreover, full-length and mini-barcodes displayed a similar probability 
of correct identification, demonstrating that both marker types are equivalent in bee identification. Finally, we 
discuss some examples to show how full-length and mini-barcodes can help solve taxonomic inconsistencies 
and foment future studies of apid bees.

Apoidea / Anthophila / Barcode of Life Data System / COI / cox1 / integrative taxonomy

1. INTRODUCTION

The correct identification of species under-
pins most biological studies. In the last decades, 
molecular tools have been applied in organism 
identification, diversity surveys, and species 
delimitation (Roe et al. 2017). For animals, the 
5′ region of the mitochondrial gene cytochrome 
c oxidase subunit I (cox1) was formalized as a 

DNA barcode, allowing a quick, efficient, and 
reliable tool for molecular identification (Hebert 
et al. 2003). DNA barcoding relies on compar-
ing genetic distances of intraspecific and inter-
specific specimens. Generated sequences can 
be deposited in reference databases for future 
comparisons with novel data (Ratnasingham and 
Hebert 2007). Besides its applications in speci-
men identification, cox1 barcodes may unveil 
cryptic diversity, shed light on species bound-
aries, and aid in phylogenetic and phylogeo-
graphic studies (DeSalle and Goldstein 2019).

Bees are known for their fundamental pollina-
tion role in ecosystems and their commercial and 
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scientific importance (Michener 2007). Among 
the bees, the Apidae form a clade comprising 
over 5900 valid species within 34 tribes (Table I; 
Bossert et al. 2019). Bee identification is based 
primarily on morphological characters and mor-
phometric measurements (e.g., Michener 2007; 
Bustamante et al. 2021; Boustani et al. 2021; 
Schaller and Roig-Alsina 2021; Nogueira et al. 
2022). However, morphology alone may be mis-
leading since some bee species are challenging to 
distinguish, forming cryptic species complexes 
(e.g., some bumblebee species; Williams et al. 
2012; Martinet et al. 2019). Specimens of certain 
life stages or castes may also lack informative 
characters, making it impossible to identify eggs, 
larvae, and most pupae to species (Michener 
2007). Therefore, DNA barcoding has been 
employed as a supplementary tool to shed light 
on bee taxonomy (Schmidt et al. 2015; González-
Vaquero et al. 2016; Packer and Ruz 2017).

The standard DNA barcode proposed by 
Hebert et  al. (2003) corresponds to the so-
called Folmer region, a 648 bp fragment at the 
5′ end of the mitochondrial gene cox1 ampli-
fied by the primers designed by Folmer et al. 
(1994). This region was initially chosen because 
it is informative and relatively easy to amplify, 
besides being sufficiently conserved within spe-
cies yet variable between species (Hebert et al. 
2003). Smaller regions of barcode markers—
mini-barcodes—were developed for accurate 
identification in samples with degraded DNA 
(Hajibabaei et al. 2006). These markers can also 
be handy and cost-effective in high-throughput 
sequencing projects (Yeo et al. 2020). For bees, 
mini-barcodes may be applied to environmen-
tal samples, archived specimens (Françoso and 
Arias 2013), and commercial products such as 
honey (Schnell et al. 2010). A mini-barcode 
based on a 175 bp region of cox1 was proposed 
for specimen identification of corbiculate bees 
(Figure 1) (Françoso and Arias 2013). How-
ever, the performance of this marker remains 
insufficiently tested: previous studies have only 
focused on a narrow taxonomic scope (e.g., 
Françoso and Arias 2013; Blasco-Lavilla et al. 
2019), were limited to a regional bee fauna 
(e.g., Magnacca and Brown 2012; Sheffield 

et al. 2017), or evaluated mini-barcodes in a 
broader sense but did not include apid bees 
(e.g., Meusnier et al. 2008; Yeo et al. 2020).

In this context, we tested in silico if full-
length barcodes and mini-barcodes perform 
similarly in specimen identification and species 
discovery of apid bees. We datamined all Api-
dae cox1 sequences deposited in the Barcode of 
Life Data Systems (BOLD), aiming to (1) verify 
the existence of barcoding gaps in full-length 
and mini-barcodes at the generic level in all 
available apid genera, (2) test if full-length and 
mini-barcode regions have similar success rates 
of specimen identification, and (3) flag bee taxa 
that may benefit from integrative studies imple-
menting DNA barcodes. Furthermore, we pro-
vide here an overview of the information avail-
able in BOLD concerning barcode sequences of 
apid bees.

2.  MATERIALS AND METHODS

2.1.  Data retrieval and filtering

We retrieved all BOLD sequences labeled 
as “Apidae” on November 27, 2020, generating 
separate FASTA files for each genus. To ensure 
robust analyses, we followed several filter-
ing steps described by Bianchi and Gonçalves 
(2021a). Briefly, we only maintained sequences 
belonging to the 5′ region of cox1 (labeled in 
BOLD as “COI-5P”) and removed those entries 
without species-level identification (e.g., Bombus 
sp.). Then, we conducted preliminary alignments 
on MAFFT 7.0 (Katoh et  al. 2019), seeking 
sequences with nonsense mutations, insertions, 
and deletions. These entries were removed from 
the datasets since we assumed they resulted from 
low-quality sequencing, erroneous amplification 
(e.g., nuclear mitochondrial DNA segments), or 
lab contamination. After the filtering steps, a 
final alignment round was conducted on MAFFT 
with default parameters.

AliView (Larsson 2014) was used to inspect 
the alignments and trim the sequences to the bar-
code region amplified by the primer pair BarbeeF 
(Françoso and Arias 2013) and MtD9 (Simon 
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Table I  Taxonomic coverage of this study, sorted by subfamily and tribe following the revised generic clas-
sification of Bossert et al. (2019). In parentheses, the number of valid genera (sensu Bossert et al. 2019) and 
species (a rough estimative according to the Integrated Taxonomic Information System online database; http:// 
www. itis. gov) for each tribe. Sampled sequence count is also provided, and estimated species coverage is 
given in percent (%)

* Bombus subgenera were also treated separately; our sample encompasses the 15 recognized Bombus subgenera sensu 
Williams et al. (2008)

Subfamily Tribe Genera Species Sequences Species 
coverage 
(%)

Anthophorinae Anthophorini 3 (7) 69 (794) 375 8.69
Apinae Apini 1 (1) 8 (8) 2063 100.00

Bombini * 1 (1) 179 (280) 5566 63.93
Centridini 2 (2) 18 (271) 49 6.64
Euglossini 5 (5) 143 (248) 1615 57.66
Meliponini 19 (51) 93 (518) 1712 17.95

Eucerinae Ancylaini 0 (2) 0 (16) 0 0.00
Emphorini 3 (10) 20 (120) 81 16.67
Eucerini 6 (27) 131 (801) 549 16.35
Exomalopsini 2 (5) 7 (156) 10 4.49
Tapinotaspidini 5 (8) 23 (146) 36 15.75

Nomadinae Ammobatini 1 (7) 2 (117) 3 1.71
Ammobatoidini 2 (5) 6 (32) 10 18.75
Biastini 1 (3) 2 (12) 3 16.67
Brachynomadini 0 (5) 0 (26) 0 0.00
Coelioxoidini 0 (1) 0 (4) 0 0.00
Caenoprosopidini 0 (2) 0 (2) 0 0.00
Epeolini 2 (8) 70 (309) 267 22.65
Ericrocidini 3 (9) 9 (44) 14 20.45
Hexepeolini 0 (1) 0 (1) 0 0.00
Isepeolini 2 (2) 6 (21) 8 28.57
Melectini 2 (9) 14 (206) 64 6.80
Neolarrini 1 (1) 2 (16) 3 12.50
Nomadini 1 (1) 95 (701) 738 13.55
Osirini 1 (5) 2 (52) 7 3.85
Protepeolini 1 (1) 2 (5) 3 40.00
Rhathymini 0 (2) 0 (19) 0 0.00
Townsendiellini 0 (1) 0 (3) 0 0.00

Xylocopinae Allodapini 4 (16) 25 (248) 129 10.08
Ceratinini 1 (1) 43 (339) 911 12.68
Ctenoplectrini 1 (1) 5 (20) 11 25.00
Manueliini 0 (1) 0 (3) 0 0.00
Tetrapediini 0 (1) 0 (25) 0 0.00
Xylocopini 1 (1) 38 (400) 351 9.50

71 (203) 1012 (5963) 14,578 16.97
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et al. 1994), the first one specially developed 
to generate a 619 bp fragment of the Folmer 
region in bees (Figure 1). Sequences shorter 
than 400 bp were removed, and the remaining 
sequences composed our primary dataset (Full-
Length Barcode Dataset). A secondary dataset 
(Mini-Barcode Dataset) was compiled, trim-
ming the sequences from the Full-Length Bar-
code Dataset to a 175 bp mini-barcode region, 
which is amplified by the primer pair COI-2166F 
and COI-2386R (mini-barcode II; Françoso and 
Arias 2013) (Figure 1). As a final filtering step, 
we double-checked scientific names, correcting 
misspellings and non-valid names (i.e., syno-
nyms) according to the Integrated Taxonomic 
Information System (www. itis. gov) and recent 
literature.

To guarantee intra- and interspecific compar-
isons, the analyses described below comprise 
only genera featuring at least two species, with 
at least one of the species represented by two or 
more sequences. Sequences identified as subspe-
cies were treated at the species level. Although 
our analyses focused on the generic level, we 
also analyzed Bombus subgenera given the diver-
sity of species and the high number of sequences 
recovered for this genus (see “Results”). We fol-
lowed the simplified subgeneric classification of 
Williams et al. (2008). Our results are presented 
using the revised generic classification of Apidae 
from Bossert et al. (2019), and we include Lan-
thanomelissa as a valid genus of Tapinotaspidini 
(Ribeiro et al. 2021).

2.2.  Data analysis

We generated separate FASTA files for each 
genus represented in the datasets for the barcod-
ing gap analyses. The R package Spider (Brown 
et al. 2012) was used to estimate pairwise uncor-
rected p-distances for all sampled sequences 
within each genus. We opted to use uncorrected 
p-distances because they yield better or similar 
results in distance-based analyses when com-
pared to other models of nucleotide substitution 
(e.g., K2P; see Collins et al. 2012; Srivathsan 
and Meier 2012). Intra- and interspecific dis-
tances of each genus were visualized in a box-
plot. Boxplots are handy tools for data visualiza-
tion: the line that divides the box into two parts 
represents the median of the data; box ends show 
the upper (Q3) and lower (Q1) quartiles; whisk-
ers extend to Q3 + 1.5xIQR and Q1-1.5xIQR; 
dots show outlier values (McGill et al. 1978).

Based on the boxplots obtained for each 
genus, we followed Badotti et al. (2017) to sort 
cox1 efficacy into three categories: good, inter-
mediate, and poor. Efficacy was considered 
good when whiskers displayed a gap between 
intra- and interspecific comparisons, intermedi-
ate whenever the whiskers of intra- and interspe-
cific comparisons overlapped, and poor when the 
boxes overlapped. Moreover, we used the func-
tion localMinima() implemented in Spider to 
set a threshold value for the scrutinized genera 
that could serve as a reference in future DNA 
barcoding studies. This function optimizes a 

Full-Length Barcode (619 bp)

Mini-Barcode
(175 bp)

BarbeeF

COI-2166F

MtD9

COI-2386R

Cytochrome c oxidase subunit I (cox1)
~1500 bp

5’ 3’

Figure  1.  Schematic representation of the 5′ terminal of the mitochondrial gene cytochrome c oxidase subunit I 
(cox1). Primer pair BarbeeF and MtD9 amplify the full-length barcode in bees (619 bp); primer pair COI-2166F and 
COI-2386R amplify the mini-barcode (175 bp).  Adapted from Françoso and Arias (2013)
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putative threshold value based on a gap in the 
density plot of genetic distances, disregarding 
sequence labels (Brown et al. 2012). Addition-
ally, we assessed the number of informative char-
acters of full-length and mini-barcodes for each 
genus using the function pis() of the R package 
ips (Heibl et al. 2019). Last, a Pearson Correla-
tion (function cor.test() in base R) was used to 
examine the relationship between the number of 
informative characters of each marker.

We compared identification success between 
full-length and mini-barcodes by calculating the 
Probability of Correct Identification (PCI). We 
specifically adopted here the PCI metrics clas-
sified by Erickson et al. (2008) as “discrete spe-
cies assignment”, which considers the maximum 
intraspecific distance and the minimum inter-
specific distance (nearest-neighbor distance) for 
each species. Identification of species was con-
sidered successful if the maximum intraspecific 
distance of a species was less than its minimum 
interspecific distance. Then, we calculated the 
PCI for each genus as the proportion of species 
successfully identified. If the PCI of full-length 
and mini-barcodes differed for a given genus, the 
observed proportions were converted to a 2 × 2 
contingency table and compared with a Fisher’s 
exact test using the function fisher.test() imple-
mented in base R (R Core Team 2021).

3.  RESULTS

Our raw dataset consisted of 18167 cox1 
sequences. After the filtering steps and maintain-
ing only genera with viable intra- and interspe-
cific comparisons, 14578 sequences remained 
(Table I). We used these sequences to compile 
the full-length barcode and the mini-barcode 
datasets. A total of 393 sequences (2.69% of 
the dataset) had their labels changed due to mis-
spelled or invalid species names. These changes 
are appended as supplementary material with 
all sampled species and sequences (Online 
Resources 1 and 2).

Regarding species coverage, our sample 
encompasses five subfamilies, 25 tribes, 71 gen-
era, and 1012 species (around 17% of valid apid 

species; Table I). Sequence coverage by species 
ranged from 1 to 1162, with 77.86% of sampled 
species represented by less than ten sequences. 
Concerning sequence abundance, our final 
datasets present a strong bias towards Apinae 
(75.49%), followed by Xylocopinae (9.62%), 
Nomadinae (7.68%), Eucerinae (4.64%), and 
Anthophorinae (2.57%) (Table I). Corbiculate 
tribes (Apini, Bombini, Meliponini, and Eugloss-
ini) contributed with most of the sequences for 
the final datasets, although absolute species rich-
ness was higher for Bombini, Euglossini, and 
Eucerini, respectively (Table I). Our datasets, 
however, lack sequence data for eight apid tribes.

For most genera, cox1 efficacy was consid-
ered good for both full-length and mini-barcodes 
(77.02 and 71.62%, respectively). Some genera, 
however, displayed intermediate (17.57 and 
25.67%) and poor (5.41 and 2.70%) performances. 
Figure 2 illustrates the barcoding gap classifica-
tions we adopted in this study. The PCI of the 
two markers sometimes differed among genera, 
with full-length barcodes performing better for 
some taxa—Anthophora, B. (Bombus), B. (Meg-
abombus), Euglossa, and Epeolus—but worst for 
others, Caenonomada, Diadasia, and Triepeo-
lus. Intra- and interspecific distances fluctuated 
considerably among genera and between mark-
ers, affecting threshold values inferred by func-
tion localMinima(). The average threshold for the 
full-length barcodes was 2.88%, whereas mini-
barcodes displayed an average of 3.31%. Marker 
performance and threshold values of each genus 
are presented in Table II.

The number of informative sites varied among 
genera, ranging from 0 to 112 for mini-barcodes 
and 0 to 366 for full-length barcodes (Fig-
ure 3A). The relationship between the number of 
informative sites of the markers was positive and 
strong (r = 0.968, p < 0.001). However, the infor-
mativeness was heavily affected by the sample 
size. For instance, Bombus presented the high-
est number of informative sites for both markers 
and was also the genus with the highest number 
of sequences. In contrast, genera represented by 
less than five sequences (such as Erichocis, Leio-
podus, Melectoides, and Neolarra) often lacked 
informative sites.
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Overall, full-length barcodes presented 
equal or higher PCI than mini-barcodes, 
whereas mini-barcodes of Bombus (Psithyrus) 
displayed a higher PCI than full-length bar-
codes (Table II). However, none of the differ-
ences were statistically significant (Table II). 
In general, PCI rates were higher for genera 
that displayed good and intermediate per-
formances (Figure 3B). Full-length barcodes 
exhibited, on average, higher PCI rates for 
genera with poor performance. In short, our 
findings show that full-length barcodes and 

mini-barcodes have equivalent performance 
in bee identification.

4.  DISCUSSION

Since its formal proposal in 2003, DNA bar-
coding has achieved the status of a revolution-
ary and reliable tool to support taxonomic stud-
ies (DeSalle and Goldstein 2019). Shorter DNA 
barcode sequences—mini-barcodes—have 
been conveniently employed in the taxonomic 

Intraspecific Interspecific

Xylocopa Melissodes Exoneura
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Figure 2.  Examples of the barcoding gap performance classifications implemented in this study. The boxplots refer 
to comparisons done with the full-length dataset. Xylocopa displayed a good performance since intra- and interspe-
cific boxes displayed a clear gap; the performance of Melissodes was classified as intermediate since the whiskers of 
the intra- and interspecific comparisons overlapped; intra- and interspecific boxes of Exoneura overlapped, implying 
a poor performance
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Table II  Barcoding gap, probability of correct identification (PCI), and local minima results for full-length 
(full) and mini-barcode (mini) datasets. When PCI differed between markers, the p-value of the Fisher’s exact 
test is also shown

Barcoding gap PCI (%) Local minima 
(%)a

Full Mini Full Mini p Full Mini

Anthophorinae
Anthophorini
  Amegilla Intermediate Intermediate 71.43 71.43 2.15 2.80
  Anthophora Good Intermediate 71.43 66.67 0.649 1.68 1.64
  Habropoda Good Good 100.00 100.00 4.89 4.94

Apinae
Apini
  Apis Good Good 62.50 62.50 0.76 0.56

Bombini
  Bombus Good Good 63.64 62.09 0.603 1.15 0.27
  B. (Alpigenobombus) Good Good 66.67 66.67 4.48 6.26
  B. (Alpinobombus) Intermediate Intermediate 42.86 42.86 1.19 1.30
  B. (Bombias) Good Good 66.67 66.67 2.43 3.36
  B. (Bombus) Good Intermediate 73.33 62.50 0.846 1.67 0.42
  B. (Cullumanobombus) Good Good 75.00 75.00 3.91 4.46
  B. (Megabombus) Good Intermediate 93.75 93.75 2.38 2.35
  B. (Melanobombus) Good Good 100.00 100.00 1.01 0.29
  B. (Mendacibombus) Good Good 100.00 100.00 5.82 5.43
  B. (Orientalibombus) Good Good 100.00 100.00 0.52 0.27
  B. (Psithyrus) Good Good 66.67 75.00 0.782 1.96 2.32
  B. (Pyrobombus) Good Good 58.82 50.00 0.947 1.69 1.00
  B. (Subterraneobombus) Intermediate Intermediate 80.00 80.00 0.88 0.84
  B. (Thoracobombus) Intermediate Intermediate 64.29 64.29 1.86 1.64

Centridini
  Centris Good Good 100.00 100.00 2.38 2.83
  Epicharis Good Good 100.00 100.00 6.04 6.93

Euglossini
  Eufriesea Intermediate Intermediate 35.29 29.41 0.991 0.68 0.82
  Euglossa Good Intermediate 19.35 14.52 1.000 0.82 0.86
  Eulaema Good Good 33.33 25.00 0.988 0.08 0.30
  Exaerete Intermediate Intermediate 25.00 25.00 2.82 2.56

Ctenoplectrini
  Ctenoplectra Good Good 50.00 50.00 5.73 5.96

Emphorini
  Diadasia Intermediate Good 77.78 77.78 1.93 5.71
  Melitoma Good Good 100.00 100.00 5.52 6.37
  Ptilothrix Good Good 100.00 100.00 4.32 6.77
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Table II  (continued)

Barcoding gap PCI (%) Local minima 
(%)a

Full Mini Full Mini p Full Mini

Ericrocidini
  Ericrocis Good Good 100.00 100.00 4.94 5.76
  Hopliphora Poor Poor 0.00 0.00 NA NA
  Mesoplia Good Good 100.00 100.00 4.42 5.96

Eucerini
  Alloscirtetica Good Good 100.00 100.00 4.93 6.76
  Eucera Good Good 84.21 73.68 0.810 1.59 1.42
  Florilegus Good Good 100.00 100.00 1.57 NA
  Melissodes Intermediate Intermediate 50.00 44.44 0.990 1.12 1.08
  Svastra Good Good 100.00 100.00 4.77 5.39
  Thygater Intermediate Intermediate 77.78 66.67 0.822 0.69 1.71

Exomalopsini
  Anthophorula Good Good 100.00 100.00 8.76 NA
  Exomalopsis Good Good 100.00 100.00 3.56 8.59

Isepeolini
  Isepeolus Good Good 100.00 100.00 2.79 3.12
  Melectoides Good Good 100.00 100.00 4.98 6.69

Melectini
  Melecta Good Good 100.00 100.00 4.16 5.76
  Thyreus Good Good 100.00 100.00 3.44 4.15

Meliponini
  Cephalotrigona Good Good 100.00 100.00 2.89 3.99
  Liotrigona Good Good 100.00 50.00 0.879 1.13 1.35
  Melipona Intermediate Intermediate 23.53 11.76 0.996 0.58 5.01
  Partamona Good Good 40.00 0.00 1.000 1.40 2.08
  Plebeia Intermediate Intermediate 0.00 0.00 1.68 0.38
  Scaptotrigona Intermediate Intermediate 50.00 16.67 0.984 0.47 0.30
  Scaura Good Good 50.00 50.00 2.87 5.17
  Tetragona Good Good 100.00 100.00 3.16 4.20
  Tetragonisca Intermediate Intermediate 0.00 0.00 0.11 0.28
  Trigona Good Good 28.57 28.57 3.20 3.29

Osirini
  Epeoloides Good Good 100.00 100.00 4.35 5.40

Protepeolini
  Leiopodus Good Good 100.00 100.00 4.70 4.40

Tapinotaspidini
  Arhysoceble Good Good 100.00 100.00 3.56 4.70
  Caenonomada Poor Intermediate 66.67 33.33 0.929 3.46 3.65
  Chalepogenus Good Good 100.00 100.00 3.03 4.57
  Lanthanomelissa Good Good 100.00 100.00 1.45 1.53
  Paratetrapedia Good Good 100.00 100.00 2.28 3.26
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identification of ancient or degraded DNA 
(Meusnier et al. 2008; Cardeñosa et al. 2017; 
Erickson et al. 2017). A specific mini-barcode 
was developed for corbiculate bees (Françoso 
and Arias 2013) and has been applied to iden-
tify century-old museum specimens (Françoso 
and Arias 2013) and to assess bee biodiver-
sity (e.g., Brettell et al. 2020; Nakamura et al. 
2020). Traditional Sanger sequencing of full-
length barcodes can be expensive when dealing 
with thousands of samples or ancient material 
(Yeo et al. 2020, 2021). In the genomics era, 

mini-barcodes with good taxonomic resolution 
can be employed in large-scale biodiversity 
studies using next-generation sequencing pipe-
lines, costing equal or less than a morphology-
based diagnostic system (Stein et al. 2014; Roe 
et al. 2017; Xing et al. 2021).

Here we retrieved all Apidae cox1 sequences 
from BOLD to compare barcoding gap performance 
and identification success of full-length barcodes 
and mini-barcodes. We detected barcoding gaps for 
most of the genera and both markers, suggesting 
that these markers perform equally well in species 

Table II  (continued)

Barcoding gap PCI (%) Local minima 
(%)a

Full Mini Full Mini p Full Mini

Nomadinae
Ammobatini
  Oreopasites Good Good 100.00 100.00 3.99 5.12

Ammobatoidini
  Ammobatoides Good Good 100.00 100.00 5.51 6.05
  Holcopasites Good Good 100.00 100.00 4.31 6.63

Biastini
  Biastes Good Good 100.00 100.00 3.85 3.61

Epeolini
  Epeolus Good Intermediate 80.00 75.00 0.802 1.87 2.54
  Triepeolus Poor Intermediate 50.00 50.00 1.31 1.53

Neolarrini
  Neolarra Good Good 100.00 100.00 4.75 6.85

Nomadini
  Nomada Good Good 62.20 52.44 0.983 0.70 0.29

Xylocopinae
Allodapini
  Braunsapis Good Good 0.00 0.00 3.32 4.28
  Exoneura Poor Poor 0.00 0.00 2.40 0.39
  Exoneurella Good Good 100.00 100.00 2.87 2.90
  Macrogalea Good Good 66.67 66.67 10.20 2.63

Ceratinini
  Ceratina Good Good 68.75 68.75 0.71 0.96

Xylocopini
  Xylocopa Good Good 78.26 69.57 0.852 1.64 2.12

2.88 3.31

a NA: when local minima failed to return a threshold for the given dataset
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discovery for apid bees—that is, when one of the 
barcode regions was considered good, the other 
region displayed the same performance. Further-
more, our results indicate that both markers also 
perform similarly concerning identification success, 
showing that mini-barcodes are a reliable supple-
mentary tool to specimen identification and spe-
cies delimitation considering a broader taxonomic 
scope. Here we also provide barcode threshold val-
ues for 78 bee genera that can aid future taxonomic 
projects (Table II), which can help determine clus-
ters for further assessment with additional methods.

4.1.  BOLD overview

Several DNA barcoding projects have been con-
ducted for pollinators in the past years, especially 
in North America and Europe (e.g., Sheffield et al. 
2009; Magnacca and Brown 2012; Packer and 
Ruz 2017). The available data on BOLD is overall 
biased towards corbiculate Apidae, often recog-
nized as the commercially most important group 
of bees (Martins et al. 2014). Sequences belonging 
to Apis (Apini) and Bombus (Bombini) represented 
more than half of the dataset. These genera are 
widely studied due to their economic importance 

in crop pollination and honey production. Because 
of this commercial relevance, such taxa tend to be 
well characterized in reference databases (Virgilio 
et al. 2010).

After the filtration steps, eight apid tribes 
were absent in our dataset, reflecting the pau-
city of data for some taxa (Table I). These tribes 
comprise around 100 solitary and cleptopara-
sitic species. Even though most known bee 
species are solitary (Michener 2007), genetic 
and molecular studies usually focus on social 
species (Neumann and Seidelmann 2006), lead-
ing to an underrepresentation of solitary bee 
species in public barcode databases. Identify-
ing solitary bees can be a nightmare even for 
experienced taxonomists because these species 
are usually small and exhibit cryptic morphol-
ogy (Magnacca and Brown 2012). DNA barcod-
ing can be a valuable tool to aid in specimen 
identification and species delimitation in this 
scenario. Since solitary bees also play a signifi-
cant role in pollination services, DNA barcod-
ing efforts focused on these species may also 
be fundamental to studying macroecological 
phenomena such as the worldwide decline in 
pollinators and animal-pollinated plant species 
(Pornon et al. 2017; Vamosi et al. 2017).
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We detected 393 sequences (2.7% of the data-
set) with invalid or misspelled species names 
during the filtration process. Although this num-
ber is somewhat concerning, previous surveys 
of BOLD sequences found a much higher pro-
portion of invalid or misspelled names for other 
taxa (e.g., around 12% for true bugs; Bianchi and 
Gonçalves 2021a). A reliable reference database 
is fundamental to identifying specimens using 
DNA barcoding (DeSalle and Goldstein 2019), 
and incorrect taxonomy will inevitably hinder 
the effectiveness of this tool. Since identification 
errors are inherent to any public DNA repository 
(Meiklejohn et al. 2019; Bianchi and Gonçalves 
2021b), data from these sources must be used 
with caution.

4.2.  Barcoding gaps and taxonomic 
inconsistencies

As shown by the boxplots and the local min-
ima analyses, barcoding gap values varied widely 
among the scrutinized genera, which could be 
explained by the different coalescence times of 
each lineage (Fujita et al. 2012). From a single-
locus point of view, a recurrent debate is that 
the evolutionary story of a gene (like cox1) does 
not necessarily depict the evolution of the spe-
cies (Knowles 2009). Furthermore, evolutionary 
events such as introgression, incomplete lineage 
sorting, heteroplasmy, and hybridization may 
further hinder single-locus approaches like tra-
ditional DNA barcoding (Moritz and Cicero 
2004; Magnacca and Brown 2010). Inconsisten-
cies that may arise from these biological factors 
may be mitigated, for instance, by multi-marker 
barcoding approaches (e.g., Cruaud et al. 2017). 
However, a myriad of operational biases—that 
is, non-biological factors—may be much more 
relevant to undermine DNA barcoding effective-
ness, including (but not limited to) inaccurate 
reference taxonomy, misidentifications, spelling 
errors, contamination, and low-quality sequences 
(Mutanen et al. 2016). Since a gap between intra- 
and interspecific distances does not necessarily 
imply correct identification in DNA barcoding 
studies (see Collins and Cruickshank 2012), we 

separately evaluated identification success by 
calculating the PCI.

Most genera showed high PCI and a good bar-
coding gap performance for both full-length and 
mini-barcodes. This pattern is consistent with 
previous studies using similar metrics to evaluate 
barcode efficiencies for other taxonomic groups 
such as fungi (Badotti et al. 2017), nematodes 
(Gonçalves et al. 2021), and true bugs (Bianchi 
and Gonçalves 2021a). However, genera with 
intermediate or poor performance—which over-
all exhibited lower PCI—require special attention 
as these results may hint at operational biases and 
taxonomic inconsistencies. Although our objective 
here was not to discuss taxonomic details about 
the sampled taxa, we bring below some examples.

Melissodes (Eucerini) is a diverse genus of 
solitary bees (ca. 129 species) whose taxonomic 
determination at the species level is challenging 
(Wright et al. 2020). Moreover, identification 
keys for these species often refer to color and 
chaetotaxy (e.g., LaBerge 1956a, b), morpholog-
ical characters that are not always available and 
are prone to deterioration in archived specimens. 
Thus, sequences generated for this genus are sus-
ceptible to misidentification in public databases 
due to problems in reference taxonomy, which 
may explain the PCI around 50%. Moreover, we 
found an intermediate performance in the bar-
coding gap analyses for Melissodes (Figure 2), 
and several of the sequences of this genus were 
labeled with invalid names (Table S2). These 
results may flag a relatively high number of 
misidentifications in BOLD and show that the 
taxonomic identity of sequences from this genus 
should be verified and analyzed for unknown 
cryptic diversity.

Exoneura (Allodapini), although common in 
temperate parts of Australia, is characterized by 
its intricate and volatile taxonomy (Michener 
2007; Yong et al. 2020). Accordingly, Exoneura 
was one of the few genera that displayed a poor 
barcoding gap performance in our analysis, 
with a PCI of 0%. Although these results are 
partly explained by the low sample size (see 
Meyer and Paulay 2005), they emphasize the 
need for a taxonomic revision and deeper inves-
tigations concerning specimen identification 
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and species delimitation of this genus. To our 
knowledge, there is no recent taxonomic review 
for Exoneura, which could be one of the reasons 
behind the poor performance. Therefore, we 
believe that genera with poor barcoding gap and 
low PCI values, such as Exoneura, should be pri-
oritized in future taxonomic works. As shown in 
multiple studies, DNA barcodes can be valuable 
resources in integrative approaches to unravel 
cryptic species complexes (e.g., Sheffield et al. 
2017; Milam et al. 2020; Williams 2021).

4.3.  Comparing barcodes: the longer, the 
better?

Although mini-barcodes represent roughly 
25% of the canonical barcode region, we found 
that they still maintain significant information, 
explaining why the performance and identifica-
tion success of full-length and mini-barcodes 
are very similar. Overall, both markers showed 
a high number of informative sites, and as new 
sequences become available for each genus, this 
number will inevitably increase. These results 
emphasize the remarks of Françoso and Arias 
(2013) about this mini-barcode region, reaffirm-
ing its effectiveness for specimen identification. 
Moreover, because of the greater relative genetic 
divergence of mini-barcodes, we found that their 
threshold values tend to be higher.

Since our work focused on the in silico evalu-
ation of the barcodes, studies implementing other 
characters (such as morphology) must validate 
our results. However, our findings reinforce the 
utility of mini-barcodes in bee taxonomy, espe-
cially in scenarios where the amplification of 
full-length barcodes is compromised due to DNA 
degradation (e.g., archived specimens and envi-
ronmental DNA). Moreover, genetic methods 
of specimen identification and species delimita-
tion are prominent tools for discovering putative 
cryptic species; multiple evidence approaches 
are then necessary to corroborate these findings.

Studies related to bee identification are crucial 
to their conservation and to maintain ecosystem 
services (Zayed 2009; Lozier and Zayed 2017). 
DNA barcodes can be valuable allies to unveil 
cryptic diversity, flag taxonomic inconsistencies, 

and improve species discovery (DeSalle and 
Goldstein 2019; Bianchi and Gonçalves 2021a). 
By scrutinizing cox1 sequences retrieved from 
BOLD, we showed that both full-length and 
mini-barcodes could be successfully employed in 
bee identification. We believe the reported results 
and analyses may help researchers identify spe-
cies groups needing taxonomic revision as the 
first step in an integrative taxonomy workflow. 
Our findings may aid future research concerning 
apid bee diversity, taxonomy, and systematics.
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