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Abstract

Accurate identification of species is a prerequisite for successful biodiversity management and further genetic studies. Spe-
cies identification techniques often require both morphological diagnostics and molecular tools, such as DNA barcoding, for
correct identification. In particular, the use of the subunit I of the mitochondrial cytochrome c oxidase (COI) gene for DNA
barcoding has proven useful in species identification for insects. However, to date, no studies have been carried out on the
DNA barcoding of Nigerian butterflies. We evaluated the utility of DNA barcoding applied for the first time to 735 butterfly
specimens from southern Nigeria. In total, 699 DNA barcodes, resulting in a record of 116 species belonging to 57 genera,
were generated. Our study sample comprised 807 DNA barcodes based on sequences generated from our current study and
108 others retrieved from BOLD. Different molecular analyses, including genetic distance-based evaluation (Neighbor-
Joining, Maximum Likelihood and Bayesian trees) and species delimitation tests (TaxonDNA, Automated Barcode Gap
Discovery, General Mixed Yule-Coalescent, and Bayesian Poisson Tree Processes) were performed to accurately identify
and delineate species. The genetic distance-based analyses resulted in 163 well-separated clusters consisting of 147 described
and 16 unidentified species. Our findings indicate that about 90.20% of the butterfly species were explicitly discriminated
using DNA barcodes. Also, our field collections reported the first country records of ten butterfly species—Acraea serena,
Amauris cf. dannfelti, Aterica galena extensa, Axione tjoane rubescens, Charaxes galleyanus, Papilio lormieri lormeri, Pen-
tila alba, Precis actia, Precis tugela, and Tagiades flesus. Further, DNA barcodes revealed a high mitochondrial intraspecific
divergence of more than 3% in Bicyclus vulgaris vulgaris and Colotis evagore. Furthermore, our result revealed an overall
high haplotype (gene) diversity (0.9764), suggesting that DNA barcoding can provide information at a population level for
Nigerian butterflies. The present study confirms the efficiency of DNA barcoding for identifying butterflies from Nigeria.
To gain a better understanding of regional variation in DNA barcodes of this biogeographically complex area, future work
should expand the DNA barcode reference library to include all butterfly species from Nigeria as well as surrounding coun-
tries. Also, further studies, involving relevant genetic and eco-morphological datasets, are required to understand processes
governing mitochondrial intraspecific divergences reported in some species complexes.
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50% of its butterfly species, with Nigeria harboring more
than 60% of the West African butterflies [8, 9]. The butterfly
species richness in Nigeria is impressive when compared to
other African countries [9]. Furthermore, new species and
country first records are continually reported from Nigeria
[10-12]. These studies suggest that butterfly diversity in
Nigeria is vastly underestimated.

Accurate species identification is a pivotal component of
biodiversity documentation and population genetic studies
[10, 11]. In Nigeria, butterfly taxonomy is often an over-
looked field of study. Most studies in this region addressed
ecological questions that focused on diversity, abundance,
and distribution patterns of butterflies [13—17], with only
a few studies focusing on the taxonomy [18]. The routine
identification of Nigerian butterflies is based on morpho-
logical characters. This approach faces enormous challenges
due to the complex life cycle, morphological plasticity, and
multiple morphs within butterfly species. For instance, in
Nigeria, there are over 60 species of Charaxes with varying
morphological traits and convergence. In such a scenario,
morphology-based identification could be labor-intensive.
Thus, it is essential to use alternative and rapid methods
for solving taxonomic ambiguities and helping to identify
species quickly.

In the last three decades, mitochondrial DNA, based
on the cytochrome c oxidase subunit I (COI) gene, gained
prominence as a molecular tool for identifying organisms
and documenting biodiversity [19]. This process commonly
referred to as DNA barcoding, is a quick and valid method
for identifying species and delimiting complex cryptic spe-
cies [20-28]. DNA barcoding has been applied in the bio-
diversity studies and species identification of diverse fauna,
including fishes, amphibians, reptiles, mammals, birds, and
invertebrates [20, 29-36]. Also, past studies have confirmed
the relevance of this approach for lepidopterans with a vari-
ety of applications in taxonomy, biodiversity documentation,
and ecology [35-45].

More than 1300 species of butterfly have been reported
in Nigeria [9], even though only 3.6% of COI barcodes have
been generated from the described species. To date, no
studies have reported the DNA barcode analyses of Nige-
rian butterflies. Herein, our objectives are as follows: (i) to
evaluate the effectiveness of DNA barcoding for identify-
ing butterflies from southern Nigeria; and (ii) to establish
the first curated DNA barcode reference library for butter-
fly species in Nigeria using the newly collected and pre-
viously published data. Our study substantially improved
understanding of butterfly diversity in southern Nigeria,
marked first country records of some butterfly species and
enabled the creation of DNA barcodes of Nigerian butter-
flies. Besides, the information produced through this study
will provide a credible knowledge base for entomologists,
researchers, biodiversity scientists, and decision-makers for

@ Springer

the development of sustainable conservation strategies for
Nigerian butterflies.

Materials and methods
Site selection and sample collection

To create a first curated DNA reference library for Nige-
rian butterflies, we focused our field survey in Cross River
National Park (CRNP) in southern Nigeria. A previous study
by Terborgh [46] reported over 950 species of butterflies
from the CRNP, with some species endemic to this pro-
tected area. Also, CRNP comprises a humid lowland forest
[36], and according to Larsen [18], lowland forest is by far
the most crucial ecological zone supporting abundant and
diverse species of butterflies. To date, CRNP hosts 70% of
the butterfly species in Nigeria [46]; thus, this highlights
the uniqueness of CRNP as a hotspot for butterfly studies
in Nigeria.

Ethical permission was acquired from the management
of the Nigerian National Park Service. Between January
2017 and November 2019, we collected 735 specimens
of butterflies from CRNP (see Table S1, supporting infor-
mation). Field surveys were conducted in the morning
(6:00-09:00am), afternoon (12:00-2:00 pm) and evening
(4:00-6:00 pm). The specimens captured were euthanized
with ethyl acetate. These were labeled, assigned reference
codes, and kept in the insect collection of Dr. O. Anyaele of
the Department of Zoology, University of Ibadan, Nigeria.

Morphology-based identification and voucher
preservation

Specimens were identified based on the wing and genitalia
patterns following the checklist and keys of identification
guide for the butterflies of West Africa by Larsen [47]. We
consulted the African butterfly database for further verifica-
tion. Also, a qualified entomologist was assigned to verify
the authenticity of the species name assigned to each speci-
men. For the DNA-based species identification, a hind leg
was taken from each individual using sterile forceps. It was
then preserved in a tube containing 95% ethanol. The eth-
anol-preserved tissue samples were stored at— 80 °C at the
State Key Laboratory of Genetic Resources and Evolution,
Kunming Institute of Zoology, Chinese Academy of Sci-
ences (KIZ-CAS), China.

Molecular laboratory protocols
The extraction of the total genomic DNA, PCR amplifica-

tion, and sequencing were performed following standard
protocols [48-52]. For all individuals, we attempted to
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generate approximately 500-640 base pairs (bp) of the par-
tial sequence of the COI-5' barcode region. The fragment
was amplified with a primer pair designed by Hebert et al.
[20]: LepF1 5'-ATTCAACCAATCATAAAGATATTGG
-3, and LepR1 5-TAAACTTCTGGATGTCCAAAAAAT
CA-3'. Amplification was performed in a volume reaction of
25 pl comprising 1.5 pl of genomic working DNA, 18.5 ul
of PCR water, 2.5 pl of PCR buffer, 1.2 pl of dNTP, 0.5 pl
of each of the forward and reverse primers (10 pm/ul) and
0.30 pl of rTaq polymerase. The PCR cycle profiles were as
follows: initial denaturation at 94° C for 5 min, accompanied
by 35 cycles at 94 °C for 1 min, annealing at 46 °C for 45 s,
an extension at 72 °C for 1 min, and a final extension at
72 °C for 10 min. The amplified products were imaged on
1.2% agarose gel containing gel red. Bidirectional sequenc-
ing of the purified PCR products was performed using an
automated DNA sequencer (ABI 3730 xI).

Sequence alignment and sequence-based specimen
identification

Using SeqManTMII (DNASTAR Lasergene 7), the verifica-
tion of the nucleotide sequences was done manually. Align-
ment used ClustalW with default parameters in MEGA 6.0
[53]. The aligned sequences were translated into amino acids
to search for premature stop codons and confirm that the
open reading frame was maintained in the protein-coding
locus. After that, a DNA-based similarity check was per-
formed using "BLAST’ (https:/blast.ncbi.nlm.nih.gov/Blast.
cgi) in the GenBank and the ’Identification Request’ func-
tion (https:/www.boldsystems.org/index.php/IDS Identifi-
cationRequest) on the Barcode of Life Database (BOLD).
Given that previous studies [20, 54] have reported species
delimitation for most lepidopterans based on COI sequence
divergence of >2%, we used a threshold of 2% divergence
in our study. The neighbor-joining (NJ) trees were con-
structed using our newly amplified COI sequences and
other sequences of related species in the BOLD. The Bar-
code Index Number (BIN) analysis was performed in the
BOLD. We also estimated the Kimura-2-Parameter (K2P)
[55] sequence divergence within various taxonomic levels
(family, genus, and species) using MEGA 6.0. For each taxo-
nomic level, mean, maximum, and minimum K2P genetic
distances were computed.

Sequence data assembly and estimation of COI
genetic similarities and diversity

We searched for the previously published partial sequences
of the COI-5' barcode region of butterfly species from Nige-
ria. In this study, we used sequences retrieved from BOLD
because it provides specifics on the voucher specimens.
In sum, 108 COI sequences of 58 butterfly species were

retrieved and used in this study (see Table S2, supporting
information).

The NIJ tree approach was used to evaluate the COI
genetic distance among species. The tree was constructed
using MEGA 7.0. Initial tree construction comprised 807
COI sequences of Nigerian butterflies as ingroup taxa. We
downloaded the COI sequence of Asian peach fruit moth—
Carposina sasakii (KM547875) as the primary outgroup
taxon based on a previous study [56]. The K2P distance
model, using 10,000 bootstrap pseudoreplicates [57], was
employed to assess monophyly.

For a more comprehensive inference of the COI genetic
distance, the COI sequence dataset was collapsed to encom-
pass the haplotypes of Nigerian butterflies. Haplotypes were
generated using DnaSP 5.10. Using the Akaike Information
Criterion (AIC) implemented in MrModelTest version 3.7
[58], the best-fit nucleotide substitution model was selected.
The maximum likelihood (ML) and Bayesian Inference (BI)
approaches were used to estimate COI sequence distances.
The ML tree was constructed in RAXML version 7.2.8 [59],
using a gamma distribution evolutionary model with 100
random addition replicates and per partition branch lengths.
Using 1000 bootstrap replications, the branch support for the
optimal likelihood tree was calculated. The branch support
for the optimal likelihood tree was estimated using 1000
bootstrap replications. The BI was estimated in MrBayes
version 3.2.1 [60]. The analysis was run for 10 million gen-
erations with sampling every 1000th generation. Two inde-
pendent runs with four Markov Chain Monte Carlo chains
were performed. We excluded the first 25% of trees as burn-
in before the log-likelihood scores stabilized. The trees were
constructed in the CIPRES Science Gateway version 3.3 web
service [61]. The resulting trees was displayed using FigTree
v1.4.2 [62].

Species delimitation analyses

The species delimitation tests, based on the COI sequence
data, were conducted using four different approaches. The
species delimitation analyses involved a subset of the COI
haplotypes of Nigerian butterflies. The clusters/matches that
resulted were regarded as the Operational Taxonomic Units
(OTUs).

Approach 1: TaxonDNA

The species cluster analysis was performed with the *Clus-
ter’ algorithm in TaxonDNA version 1.8 [63]. The species
unit, herein referred to as clusters, was defined for sequences
within each cluster based on pairwise (uncorrected) dis-
tances. The pairwise distances were increased from 1.0% to
a maximum of 3.0% with an increment of 0.5% in each step.
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Approach 2: automated barcode gap discovery
(ABGD)

The automated barcode gap discovery (ABGD; [64]) was
conducted on the online server (https://www.abi.snv.jussi
eu.fr/public/abgd/abgdweb.html). Analyses used the Jukes-
Cantor (JC69), K2P, and Simple model distances. Param-
eters were set as follows: prior intraspecific divergence of
P-min=0.001 and P-max=0.1, steps =10, relative gap
width (X)=1.0, and Nb bins (for distance distribution) =20,
with the other parameters in default settings.

Approach 3: Bayesian posterior tree Poisson (bPTP)

The Bayesian Posterior Tree Poisson (bPTP; [65]) analysis
was performed using the webserver (https://species.h-its.
org). This web interface only permits the input of a phylo-
genetic tree at a time. The bPTP analyses used the rooted
RAXML tree for the evaluation. Parameters were specified
as follows: Number of MCMC generations =200,000, thin-
ning = 100, burn-in 25%, seed = default, and the outgroup
taxon specified.

Approach 4: general mixed yule-coalescent (GMYC)

Firstly, a linearized Bayesian phylogenetic tree was gen-
erated as implemented in BEAST v1.8.4. The analysis
used a Yule pure birth model tree prior [66, 67]. Setting in
BEAUi version 1.8 [68, 69] was as follows: the best substi-
tution model, tree prior (Yule process), number of genera-
tions = 10,000,000 generations with sampling at every 1000
step, and other parameters in default settings. The evaluation
of the Effective Sample Size (ESS >200) and trace files of
runs were performed in Tracer v1.5 [70]. Tree files gener-
ated from the BEAST analysis were combined using the
LogCombiner. The maximum clade credibility tree was pro-
duced in TreeAnnotator v1.6.1 [71]. The single (sGMYC)
and multiple (mGMYC) thresholds were conducted in the R
platform using the APE [72] and SPLITS [73] packages. The
support values were classified into three categories: weak
(<£0.49), moderate (0.5-0.79), and strong (> 0.8).

Results

Collection of specimens and morphological
identification

Of the 735 specimens collected, 116 butterfly species
belonging to 57 genera from six families were morphologi-
cally described as follows: Hesperiidae (n=10 species),
Lycaenidae (n= 12 species), Nymphalidae (n=74 species),
Papilionidae (n= 10 species), Pieridae (n=9 species) and
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Riodinidae (n=1 species) (Table 1). Our field collections
included ten butterfly species, Acraea serena, Amauris cf.
dannfelti, Aterica galena extensa, Axione tjoane rubescens,
Charaxes galleyanus, Papilio lormieri lormeri, Pentila alba,
Precis actia, Precis tugela, and Tagiades flesus recorded for
the first time from Nigeria. Also, our field collections con-
sist of 16 butterfly species, namely Acraea sp., Caenides
sp., Catuna sp. 1 and 2, Eurema sp., Euryphura sp., Lepi-
dochrysops sp 1 and 2, Neptis sp., Pseudophilotes sp. 1 and
2, Tarucus sp., Telipna sp., Papilio sp. 1 and 2, Semomesia
sp., that could not be classified to species-level and were
assigned to genera-level.

Amplification success, tree-based specimen
identification, and COIl sequence information

The mitochondrial COI barcode sequences of more than
500 bp of 699 specimens were generated from the 735
(95.10% amplification success rate), providing at least
one COI sequence for each of the 116 morphospecies. All
attempts to generate quality sequences for some individu-
als (n=36) failed. Thus, these individuals were excluded.
No insertion, deletion, or stop codons were observed in the
newly amplified sequences. This indicates that the ampli-
fied sequences represent functional mitochondrial COI
sequences.

Overall, 85-100% sequence similarity was recovered
during the BLAST search in the NCBI database. The NJ
tree-based identification via the BOLD showed the cluster-
ing of COI sequences of the newly collected Nigerian but-
terfly species with other similar species in the database (see
Figures S1, supporting information). This allowed for the
unambiguous species-level identification of these species.
However, some individuals collected in the present study
could not be unambiguously placed on a species-level using
morphology and DNA barcodes. These individuals were
tentatively conferred (cf.) to species or referred to genus,
pending further taxonomic identification. Table S1 shows
the information of the newly amplified COI sequences,
including the GenBank accession numbers.

The BIN analysis included 82 BIN clusters that were con-
gruent with other barcode data in the BOLD (Table 1). At
the species level, the BINs were concordant with morphol-
ogy-based identification. Among these BINs, 55 (67.10%)
were indicated as singleton which implies that the BIN only
refers to one species (Table 1). Also, we observed that 27
(32.90%) BIN clusters were assigned to two or more spe-
cies (Table 1). Even in this case, we found the species name
assigned to our specimens to be included among the names
assigned to the BIN. Howbeit, the discrepancies in the spe-
cies name assigned to BIN evidenced the need for taxonomic
reassessment of some butterfly species. The BIN analyses
revealed that the average intra-specific distance of the BIN
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NN (%) MxD_NN (%)

AvD_NN

Nearest Member

Taxonomy

neighbor

AvD (%) MxD (%) DNN (%) BIN of the nearest

N BIN

Species Name

Table 1 (continued)
Genus

Family

@ Springer

Riodinidae

N/A

N/A

N/A N/A N/A

N/A

N/A

1

Semomesia sp.

Semomesia

Species with asterisk (*) represent individuals recorded for the first time in Nigeria; BIN number with asterisk (*) represent BIN assigned to two or more species, and BIN with asterisk (*)

refers to BIN with only one species

for each species ranged between 0.00 and 1.75%, with the
maximum intra-specific distance ranging between 0.00 and
4.81%, and the mean genetic distance to the nearest neighbor
ranging between 1.05 and 9.95% (Table 1). Analyses showed
that the average genetic distance of nearest neighbor for each
species ranged between 0.00 and 1.43%, with a maximum
genetic distance ranging between 0.00 and 3.34%.

For a complete inference of the COI genetic similarities,
we combined our newly acquired dataset with other COI
sequences of Nigerian butterflies from the BOLD. Taken
together, our dataset for the phylogenetic analyses included
a total of 807 individuals consisting of 163 species to 57
genera of six families, viz., Hesperiidae (n=16 species),
Lycaenidae (n=12 species), Nymphalidae (n= 110 species),
Papilionidae (n= 10 species), Pieridae (n= 14 species) and
Riodinidae (n=1 species) (see Table S1 and 2, supporting
information).

Approximately 625 bp of COI sequence was aligned after
trimming the ambiguous bases. The nucleotide diversity of
the entire dataset was 0.13015. A total of 274 polymorphic
sites and 511 conserved sites were recorded. Parsimony
informative sites with two, three, and four variants were
116, 73, and 74. The complete data set was into 304 hap-
lotypes with a diversity of 0.9764. Table 2 shows detailed
information on the sequence compositions. Overall, the
highest GC% (31.60%) was recorded in the family Pieridae
(Table 2).

Mean genetic divergence analysis

The mean K2P genetic divergences increased with the taxo-
nomic level (Table 3). Intraspecific divergences ranged from
0.0 to 5.92% with a mean of 0.45%, while conspecific diver-
gences ranged from 1.70 to 15.96% with a mean of 5.97%.
The distances within families ranged from 9.58 to 15.68%,
with a mean of 12.39%. The minimum mean K2P conge-
neric divergence (1.70%, SE + 0.44) was almost four-fold
higher than the average conspecific (0.45%, SE +0.15) diver-
gence. Two species had intraspecific divergences of > 3.00%;
Bicyclus vulgaris vulgaris (3.10%, SE+0.77) and Colotis
evagore (3.72%, SE +0.77). Other species had low COI
intraspecific genetic distances of <3.00%.

Estimation of COI genetic similarities

The NIJ tree, representing both new and previously published
COI gene datasets, clustered individuals of the same spe-
cies with high bootstrap values (Fig. 1 and Figure S2). In
our current study, most morphologically described species
were well-differentiated and formed separate COI clusters
supported by high bootstrap values (Fig. 1). The ML (Figure
S3) and BI (Figure S4) analyses of the haplotypes of the
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Table 2 Nucleotide composition, overall and family-wise GC content and GC at codon position 1, 2 and 3

S/no Nucleotide All Species (%) Family-wise Nucleotide composition (%)
Hesperiidae Lycaenidae Nymphalidae Papilionidae Pieridae Riodinidae

1 G 14.7 14.4 14.6 14.8 144 14.7 14.1

2 C 16.9 16.9 15.2 17.2 15.7 16.9 14.6

3 A 30.1 29.4 323 30.0 30.3 29.7 33

4 T 38.2 39.3 37.8 38.0 39.6 38.7 38.4

5 GC 31.6 31.3 29.8 32 30.1 31.6 28.7

6 GCl1 41.6 422 382 42.1 40.5 419 38.8

7 GC2 424 425 423 42.3 42.5 43 432

8 GC3 10.9 9.1 9.2 11.7 7.38 9.88 39

G guanine, C cytosine, A adenine, T thymine

Table 3 Percentage K2P sequence divergence at the COI barcode
region among the 97 butterfly species with>2 specimens, among the
26 genera with two or more species and among the five families with
two or more genera [Min=Minimum K2P distance (%), Max =Maxi-
mum K2P distance (%), SE=Standard Error of the Mean K2P dis-
tance(%)]

Taxonomic level Number Min (%) Mean (%) Max (%) SE (%)

of taxa
Within species 97 0.00 0.45 5.92 0.15
Within genus 26 1.70 5.97 15.96 0.94
Within family 5 9.58 12.39 15.68 1.2

complete COI sequence dataset created monophyletic groups
consisting of 163 species.

Species delimitation

For the species delineation using TaxonDNA, we only
included species with two or more COI sequences. When
a 2% threshold was applied, all the morphospecies were
delineated. With a few exceptions, the OTUs formed by the
ABGD, bPTP, and GMYC agreed with the species’ clusters
recovered in the tree-based identification (Fig. 2).

For the ABGD, the resulting OTUs were largely similar
to the JC69 and K2P methods (Figures S5-7 of the support-
ing information). In contrast, the simple distance method
differs in its result (Figure S5 of the supporting informa-
tion). The JC69 and K2P produced six partitions with mul-
tiple prior maximal distances of three each for the recur-
sive and initial partitions, which delimited the total dataset
into 150 (P=0.001000, 0.001668, and 0.002783) and 149
(P=0.004642, 0.007743, and 0.012915) putative species,
respectively (see Table S3, supporting information). The
simple distance method produced lesser partitions (n=15)
with one and multiple prior maximal distances of four,
which delimited the entire dataset into 148 (Initial partition;
P=0.004642 and 0.007743) and 149 (recursive partition;

P=0.001000, 0.001668, and 0.002783) known species,
respectively (see Table S3, supporting information). The
ABGD tool with prior maximal distance (P=0.001000,
0.001668, 0.002783, 0.004642, and 0.007743) delimited
the species according to the morphological identification
and largely in accordance with the other tree-based analyses
(see Table S3, supporting information).

Our tree-based species delimitation method (bPTP and
GMYQC) produced congruent OTUs. The bPTP analysis was
performed with 200,000 MCMC sampling recommended
when the number of species is more than 50. The analysis
showed an acceptance rate of 0.15, with merges of 50,016,
splits of 49,984, and 161-182 estimated number of spe-
cies with a mean value of 170.51 (see Table S4 and Figure
S8, supporting information). The GMYC model generated
62 ML clusters, 159 ML entities with a confidence inter-
val between 60 and 62 (see Table S5, supporting informa-
tion). The number of identified species were higher for the
bPTP and GMYC; however, only marginal differences were
observed among these species’ delimitation methods. The
numbers of species delimited by bPTP (161-182 putative
species) and GMYC (156-164 putative species) analyses
were similar to those recovered by the ABGD (i.e., 148—-150
putative species with > 1.00% inter-specific divergence).

Discussion

Our study presents the first DNA barcode analysis of the
butterflies from Nigeria, incorporating both the newly gen-
erated and previously published mitochondrial COI gene
sequences. Compared to the rates of some other insect
groups, the overall success rate of DNA sequencing and
barcode generation of 95.10% in our current study is high.
Specifically, the overall success rate of our current study was
high compared to 63% in beetles [74], 83% in neuropterans
[75], and 93.50% in butterflies from southern South Amer-
ica [76]. Our DNA barcoding success rate, however, was

@ Springer
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Fig.1 The collapsed Neighbor-
joining tree of the 807 individu-
als of butterflies from Nigeria.
The tree has been collapsed to
show the 163 taxa presented in
this work and their names. The
NJ tree was estimated on the
basis of Kimura 2-parameter.
Red branches indicate taxa for
which sequences were generated
for the first time from Nigeria.
Black branches indicate taxa
for which sequences have been
generated by previous studies.
Numbers above branches cor-
respond to bootstrap support
based on 1000 pseudoreplicates.
The primary outgroup taxon
was specified as Carposina
sasakii (KM547875)
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(Maximum likelihood (ML) tree
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showing relationships based on
the 304 unique COI haplotypes
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cates. The numbers on the right
represent the taxa predicted by
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lower when compared to the 100% success rates recorded
by Yang et al. [77] and Marin et al. [78] in Satyrine but-
terflies. While specimens that failed to amplify could have
been re-sequenced with an additional primer set, due to the
cost and because at least one COI sequence was amplified
for each morphospecies, we did not attempt to re-amplify
failed sequences. Nevertheless, the sequences generated in
our current study are generally essential. The COI sequences
of butterflies from Nigeria are typically scarce in the global
database. Until this study, less than 200 COI sequences of
Nigerian butterflies were found on the BOLD and GenBank
databases. With the 699 sequences presented in this study,
we increased the data available of an additional ~12.00%.
The newly generated sequences are relevant for the molecu-
lar characterization of Nigerian butterfly species and further
molecular ecology studies.

One of the main objectives of this study is to explore the
suitability of DNA barcodes to identify Nigerian butterflies.
Applying the DNA barcoding approach, 90.20% of the newly
collected morphospecies from CRNP were assigned to a
species-level identification. Some of these newly recorded
species in Nigeria constitute threats to some economically
important trees. For instance, the larva of A. tjoane. rube-
scens feeds on Acacia (including A. abyssinica, A. polya-
cantha campylacantha, and A. sieberiana var. woodii), Pel-
tophorum africanum, and Brachystegia species. More new
records are likely to be present among the 16 taxa from
CRNP that could not be identified to species-level. Previous
studies [79-81] have shown that the identification of insects
based on morphology alone could be challenging. This is
particularly true for some morphologically cryptic insect
pests. In these circumstances, our study, in accordance with
previous studies [20, 82-86], indicated that DNA barcoding
offers a fast and reliable means of identifying organisms.
However, incorporating DNA barcodes with morphological
and ecological characters will aid the rapid and authentic
classification of Nigerian butterflies.

Another goal of the present study is to establish the first
curated DNA barcode reference library for butterflies in
Nigeria using the newly collected and previously published
data. Combining recently assembled sequences with others
in the global database, our research contributes to creating a
DNA barcode reference library for Nigerian butterflies with
more than 600 DNA barcodes. Our results broadly support
those of previous studies by Hebert et al. [20], Yang et al.
[77], Lavinia et al. [76], Marin et al. [78] and Ashfaq et al.
[87, 88], suggesting that DNA barcoding should be univer-
sally applicable for rapid identification and delineation of
butterfly species. According to the sequence threshold of
10X of Hebert et al. [20], the mean intraspecific mt COI
variation is an approximate criterion for species identifica-
tion. Based on the sequence threshold of 10X, the intraspe-
cific nucleotide divergence percentage is expected to be less

than 3%, and that of interspecies should be more than 3% for
accurate species designation. Further, the previous study by
Carew et al. [89] has shown the maximum intraspecific vari-
ation of COI sequences ranging from 3 to 3.9% enabled spe-
cies identification. In our present study, the minimum mean
K2P con-generic divergence was four-times higher than the
mean con-specific divergence. The COI sequences analyzed
in our study exhibited high interspecies variability based on
nucleotide sequences. According to 10X rule, the observed
intraspecific divergence was higher to discriminate between
the individuals, suggesting distinctive species delineation.

The average COI intraspecific genetic divergence of
0.45% observed in our present study is higher than previous
studies on butterflies (0.17% in [23]; 0.26% in [40]; 0.2%
in [88]; 0.8% in [77]). This may be attributed to extensive
sampling in our current study compared to other previous
studies. The DNA barcodes generated in our study revealed
high intraspecific divergence within some species, which
deserve to be studied in more detail. Specifically, our study
shows that B. vulgaris vulgaris and C. evagore had COI
intraspecific divergences of >3%, possibly indicating the
presence of cryptic diversity. These species have a wide
distribution range across several geographic barriers (e.g.,
a mountain, Cameroon Volcanic Active Line, etc.), with
previously described ecological heterogeneity and morpho-
logical plasticity. For instance, B. vulgaris is widely distrib-
uted throughout the forest (including pre-forest and riparian
forest), dense savanna, the edges of farmland, woodland,
and marshy areas of tropical east and west Africa [90]. On
the other hand, C. evagore is widely observed in the dry
parts of tropical Africa, northern Africa, southern Spain,
and southwest Arabia [90]. These results reinforce the need
for detailed phylogeographic studies investigating processes
governing the diversification of these species. The present
data with only the barcode data from Nigeria did not enable
us to test this hypothesis. More extensive genetic sampling
throughout the full range may reveal genetic differences
apparent in its range and examine the possible correlation
of the genetic variation with geographic distance and bar-
riers. It is obvious that the establishment of DNA barcode
reference libraries will allow not only the accurate species-
identification but also aid in answering molecular ecology
questions regarding the patterns of diversification across the
continent.

The tree-based identification using NJ, BI, and ML
methods showed that all species were unambiguously dis-
tinguishable from all other species, by the formation of
distinct, non-overlapping COI clusters. This is particularly
true for the newly barcoded specimens. The results of dif-
ferent species delimitation methods (TaxonDNA, ABGD,
GMYC, and bPTP) allowed comparison to observe any
discrepancies. Cluster analysis using TaxonDNA revealed
that most of the morphospecies with 2 or more barcodes
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were correctly identified. Comparing the species delinea-
tion methods, our study showed that the concordance with
the numbers of species delimited by bPTP, GMYC analyses,
ABGD and the tree-based identification using NJ, BI, and
ML methods. Nevertheless, discrepancies were observed in
some cases (Fig. 2). For instance, individuals designated as
C. hesiodotus nigeriensis by the bPTP (bootstrap support
of 0.95) clustered with Cymothoe hesiodotus nigeriensis,
C.hypatha hypatha and C. hypatha okomu in the ABGD
analyses (Fig. 2). Our K2P genetic divergence revealed low
genetic divergence of 2.5% between C. hesiodotus nigerien-
sis and C. hypatha hypatha, and 2.0% genetic divergence
between C. hesiodotus nigeriensis and C. hypatha okomu.
A shallow K2P genetic divergence of 1.3% was observed
between C. hypatha hypatha and C. hypatha okomu. Such
a case, as mentioned, was also observed between Charaxes
galleyanus, Charaxes cedreatis cedreatis versus Charaxes
viola viola; Cymothoe weymeri versus Cymothoe herminia,
and Charaxes jasius versus Charaxes legeri. We conclude
that these species groups might represent complexes of spe-
cies or even a case of misidentification. Therefore, studies
are required to confirm the taxonomic status of these species.
Such studies will include extensive sample collection and
analyses involving multiple genetic markers, morphological
characters, and ecological traits.

It is worth noting that the public reference libraries, such
as BOLD, are not yet adequately filled with COI sequences of
African butterfly species. For the biodiversity and bioassess-
ment studies of African butterflies to take advantage of the
benefits that DNA barcoding offers, inventories and taxonomic
studies of butterflies should incorporate its DNA barcodes. If
such studies could use combined molecular and morphological
approaches to identify all the butterfly species in the region,
gaps in the reference library can be filled, genetic variations
examined, and eco-morphological characteristics evaluated.

Conclusion

Our study confirmed the use of DNA barcoding as a suc-
cessful and reliable tool to identify Nigerian butterflies.
A high degree of mitochondrial intraspecific divergence
within some species may indicate cryptic diversification that
requires further study. Given the threats facing butterflies
in the forest ecosystems in Africa, there is an urgent need
for comprehensive biodiversity inventory and documenta-
tion using a rapid and reliable taxonomic tool. Our study
concludes that establishing a reliable COI barcode reference
library would assist entomologists, geneticists, researchers,
students, biodiversity managers, and policymakers in the
biodiversity studies and implementation of conservation
plans for Nigerian butterflies. Finally, our study advocates
the need for integration of molecular, morphological, and
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ecological datasets in the studies on the diversity and tax-
onomy of butterflies from Nigeria.
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