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Abstract

The mitochondrial cytochrome ¢ oxidase subunit I (COI) gene is widely acknowledged as a reliable molecular marker for
phylogenetic research and species identification. This study investigated the molecular phylogenetics of eight butterfly species
belonging to the family Nymphalidae: Danaus chrysippus, Danaus genutia, Hypolimnas bolina, Hypolimnas misippus,
Junonia lemonias, Junonia orithya, Melanitis leda, and Phalanta phalantha. The nucleotide composition showed strong AT
bias (70.32%) compatible with mitochondrial DNA characteristics of Lepidoptera. Pairwise genetic distance analysis showed
lowest divergence between Junonia lemonias and Junonia orithya (0.0074) and the highest between Melanitis leda and
Phalanta phalantha (0.1903). The mean intra-generic distance (0.050) was significantly lower than the mean inter-generic
distance. The transition/transversion bias (R = 0.82) indicated conserved mitochondrial evolution in insects. The Neighbour
Joining phylogenetic tree showed clear genus-level clustering with strong bootstrap support. These results confirmed the
effectiveness of the COI gene as a reliable DNA barcode. It is useful for species identification and phylogenetic analysis in
Nymphalidae butterflies.
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Introduction shown that COI based barcoding provides high accuracy in
Butterflies of the family Nymphalidae represent one of the species identification (Zhou et al., 2009) ['"l. The present
largest and most diverse groups within the order study aimed to assess the molecular phylogenetics of eight
Lepidoptera. 1t comprises over 6,000 species distributed Nymphalidae butterfly species using COI gene sequences
across all major biogeographical regions (Wahlberg et al., retrieved from NCBI. The objectives of the study were to
2009) [, They serve as ecological significant organisms. analyse nucleotide composition and substitution patterns to
They act as pollinators and bioindicators. The accurate evaluate intra and inter generic genetic distances to test the
species identification within this family is fundamental for barcode gap and to reconstruct a phylogenetic tree using the
biodiversity assessments, conservation planning and Neighbour Joining method. The study provides insights into
evolutionary studies. Traditional taxonomic approaches the usefulness of COI based barcoding for species
based on morphological characters are important. However, identification in Indian Nymphalidae and adds to the

these can be limited by phenotypic plasticity, sexual growing global barcode database.
dimorphism and convergent evolution (Hebert et al., 2003a)

4. DNA barcoding is a molecular technique that uses Materials and Methods

mitochondrial cytochrome ¢ oxidase subunit I (COI) gene. Sequence Retrieval and Alignment

This technique has emerged as a powerful tool for species This study assembled DNA barcode sequences for eight
identification and phylogenetic inference (Hebert er al., butterfly species of family Nymphalidae. The mitochondrial

2003a, 2003b) * 51 The standard 648 bp barcode region of DNA barcode sequences were retrieved from the National

the COI gene offers several advantages. It evolves rapidly Center for Biotechnology Information (NCBI) database.

enough to distinguish closely related species while also BLAST was used to identify and download authenticated

retaining conserved regions for universal primer design cytochrome ¢ oxidase subunit I (COI) gene sequences for
[3] i
(Folmer et al., 1994) ™%, The COI gene has been widely used each species. The selected species were Danaus chrysippus,

yme sp ymng Y Junonia lemonias, Junonia orithya, Melanitis leda and

relationships (Ward et al., 2005; Meier et al., 2006) [0 151, o
The concept of a barcode gap refers to the difference Phalanta phalantha. The sequences were selected within the
650-750 base pair range. It is done to ensure consistency

between intraspecific and interspecific genetic variation. It s ) i
forms the theoretical basis of DNA barcoding for species with the standard DNA barcode region for Lepidoptera. The

identification (Hebert et al, 2003b; Ratnasingham & sequences were then used for subsequent alignment and
Hebert, 2007) 5 '], When interspecific distances are greater molecular analyses. All retrieved COI sequences were
than intraspecific distances the COI gene acts as a reliable aligned using the CLUSTALW algorithm implemented in
diagnostic marker. Previous studies on Lepidoptera have MEGA12 (Kumar et al., 2024) 1.
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Genetic and Phylogenetic Analysis

The nucleotide composition was calculated using MEGA12
for each species. Pairwise genetic distances were estimated
using the Maximum Composite Likelihood (MCL) model
(Tamura et al., 2004) !4 with pairwise deletion applied for
handling missing data. The transition/transversion bias (R)
was estimated using the Kimura 2-parameter (K2P) model
(Kimura, 1980) . The phylogenetic relationships among
eight Nymphalidae species were reconstructed using
Neighbour Joining (NJ) method (Saitou & Nei, 1987) ['?! in
MEGAI12. The reliability of internal branches was assessed
using bootstrap analysis with 1,000 replicates. The final
dataset comprised 724 nucleotide positions after pairwise
deletion of ambiguous sites.

Results

Nucleotide Composition of COI Gene Sequences

The nucleotide composition of the COI gene was analysed
in eight Nymphalidae butterfly species. The average
nucleotide percentages were 39.13% for Thymine (T)
31.19% for Adenine (A) 15.36% for Cytosine (C) and
14.32% for Guanine (G) (Table 1). The total AT content
was 70.32% while the GC content was 29.68%. At the
species level Thymine content ranged from 37.07%
(Hypolimnas bolina) to 40.18% (Melanitis leda). Adenine
from 29.11% (Phalanta phalantha) to 32.90% (Hypolimnas
misippus). Cytosine ranged from 14.08% (Hypolimnas
misippus) to 16.59% (Phalanta phalantha) and Guanine

ranged from 13.53% (Hypolimnas misippus) to 15.12%
(Junonia orithya).

Table 1: Percentage nucleotide composition of COI gene
sequences in eight Nymphalidae butterfly species

Species name T(U) C A G
Danaus chrysippus 39.12 | 15.22 | 31.51 | 14.16
Danaus genutia 39.77 | 16.08 | 29.68 | 14.47
Hypolimnas bolina 37.07 | 16.09 | 33.05 | 14.20
Hypolimnas misippus 39.49 | 14.08 | 32.90 | 13.53
Junonia lemonias 38.34 | 15.81 | 30.83 | 15.02
Junonia orithya 39.07 | 14.37 | 31.44 | 15.12
Melanitis leda 40.18 | 16.29 | 29.38 | 14.16
Phalanta phalantha 39.44 | 16.59 | 29.11 | 14.87
Average 39.13 | 15.36 | 31.19 | 14.32

Pairwise Genetic Distance Analysis

The standard error estimates are shown above the diagonal
while the genetic distance values are shown below the
diagonal (Table 2). The lowest genetic distance was
observed between Junonia lemonias and Junonia orithya
with a value of 0.0074. The genetic distance between
Hypolimnas bolina and Hypolimnas misippus was 0.0641
while the distance between Danaus chrysippus and Danaus
genutia was 0.0775. The highest genetic distance was
recorded between Melanitis leda and Phalanta phalantha
with a value of 0.1903. The inter - generic genetic distances
ranged from 0.0788 to 0.1903 while the intra - generic
genetic distances ranged from 0.0074 to 0.0775.

Table 2: Pairwise genetic distances (below diagonal) and standard errors (above diagonal) based on COI gene sequences

D. chrysippus | D. genutia | H. bolina | H. misippus | J. lemonias | J. orithya | M. leda | P. phalantha

D. chrysippus - 0.0116 0.0176 0.0163 0.0170 0.0159 0.0168 0.0180
D. genutia 0.0775 - 0.0179 0.0166 0.0166 0.0155 0.0170 0.0186
H. bolina 0.1528 0.1645 - 0.0107 0.0146 0.0140 0.0195 0.0197
H. misippus 0.1370 0.1494 0.0641 - 0.0139 0.0119 0.0172 0.0184
J. lemonias 0.1359 0.1352 0.1036 0.0955 - 0.0074 0.0196 0.0183
J. orithya 0.1312 0.1372 0.0991 0.0788 0.0074 - 0.0176 0.0177
M. leda 0.1535 0.1559 0.1794 0.1551 0.1689 0.1503 - 0.0196

P. phalantha 0.1579 0.1731 0.1801 0.1600 0.1593 0.1572 0.1903 -

Genetic Divergence Within and Between Genera

The mean intra-generic genetic distance across the three
genera represented in this study was 0.050 whereas the
mean inter-generic distance was 0.151 (Table 2). The higher
inter-generic divergence relative to intra-generic divergence
indicates a distinct barcode gap among the studied taxa.

Substitution Pattern Analysis

Analysis of the substitution pattern showed transitions
(purine—purine or pyrimidine—pyrimidine substitutions)
were more frequent than transversions in the COI gene
sequences. The transition/transversion bias value of R =
0.82. The maximum log likelihood estimated for the
maximum likelihood (ML) computation was —3,596.948,
based on 724 positions in the final aligned dataset.

Phylogenetic Analysis Using the Neighbour Joining
Method

The Neighbour Joining phylogenetic tree base on COI gene
sequences showed clear genus level clustering among the
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eight Nymphalidae species (Fig. 1). Three major clades

were identified and each corresponded to a recognised

genus.

1.  Danaus chrysippus and Danaus genutia formed a well-
supported clade, reflecting their shared genus-level
classification and moderate genetic distance (0.0775).

2. Hypolimnas bolina and Hypolimnas misippus clustered
together with strong bootstrap support, consistent with
their relatively low intra-generic distance (0.0641).

3. Junonia lemonias and Junonia orithya formed the most

closely related pair (distance = 0.0074), appearing as
sister taxa within a distinct clade.

Melanitis leda and Phalanta phalantha appeared as
separate, more divergent lineages, consistent with their high
inter-generic  distances. The topology of the tree
corroborated the expected subfamily-level relationships
within Nymphalidae, with Danainae (Danaus spp.),
Nymphalinae (Hypolimnas, Junonia), Satyrinae (Melanitis)
and Heliconiinae (Phalanta) grouping accordingly.
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Fig 1: Neighbour Joining phylogenetic tree of eight Nymphalidae
species based on COI gene sequences

Discussion

The present study used the mitochondrial COI gene as a
molecular marker to evaluate phylogenetic relationships and
genetic diversity among eight Nymphalidae butterfly
species. The results obtained were generally consistent with
previous studies on DNA barcoding and molecular
phylogenetics in Lepidoptera.

The high AT bias (70.32%) observed in the COI gene is a
common feature of insect mitochondrial DNA (Simon ef al.,
1994) U3, Such AT richness has been associated with
mutational pressure, strand asymmetry during replication
and codon usage bias (Avise, 2000) [ The nucleotide
composition pattern of T > A > C > G reported is also
similar to patterns reported from other Nymphalidae studies.
This reflected and indicated the conserved nature of the COI
gene in Lepidoptera (Brower, 1994) 121,

The pairwise genetic distances showed clear differences
between intra-generic and inter-generic comparisons. The
lowest genetic distance observed between Junonia lemonias
and Junonia orithya (0.0074). This low divergence may
indicate recent evolutionary separation between the two
species. The genetic distance between Danaus chrysippus
and Danaus genutia (0.0775) and between Hypolimnas
bolina and Hypolimnas misippus (0.0641) are moderate and
consistent with congeneric species that have undergone
sufficient divergence for distinct morphological recognition
but retain molecular evidence of shared ancestry. The
highest divergence was observed between Melanitis leda
and Phalanta phalantha (0.1903) reflecting substantial
evolutionary differentiation between these genera.

The distinct barcode gap observed in the present study
supports the effectiveness of the mitochondrial COI gene as
a reliable marker for species-level identification within
Nymphalidae. The mean inter-generic distance (0.151) was
approximately 3.0 times higher than the mean intra-generic
distance  (0.050). It showed substantial genetic
differentiation among genera. It is a clear barcode gap
which is considered essential for accurate molecular
identification and taxonomic discrimination (Hebert et al.,
2003b; Ratnasingham & Hebert, 2007) > ', The divergence
pattern observed is consistent with previous studies on
Lepidoptera where intraspecific divergence generally
remains below 2% whereas interspecific divergence exceeds
3% (Hebert et al., 2003b) [5]. Similar barcode gaps reported
in other Lepidopteran studies further confirm the reliability
and broad applicability of COI-based DNA barcoding for

insect identification (Zhou et al., 2009; Meier et al., 2006)
[10, 17]
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The transition/transversion bias (R = 0.82) observed in the
present study is consistent with the typical evolutionary
pattern of mitochondrial genes in insects. Transitions are
generally more common because they are biochemically
more probable and less likely to produce drastic structural
changes in DNA sequences. Such substitutions are often
favoured during the early stages of evolutionary divergence
whereas transversions tend to accumulate over longer
evolutionary periods (Martin & Wang, 2011) Pl The
moderate R value obtained in this study indicated different
levels of evolutionary divergence among the analysed taxa.
Closely related species were observed within Junonia to
more distantly related genera such as Melanitis and
Phalanta. The observed substitution pattern also suggested
that mutational saturation had minimal effect on the dataset.
This supports the reliability of COI sequences for
phylogenetic analysis and species identification.

The Neighbour Joining phylogenetic tree clearly resolved
genus-level groupings. High bootstrap values supported
these clusters. The results showed that COI sequences
contain sufficient phylogenetic signal. They successfully
recovered the expected taxonomic relationships. The
clustering of Danaus species within Danainae, Hypolimnas
and Junonia within Nymphalinae, Melanitis within
Satyrinae, and Phalanta within Heliconiinae is broadly
consistent with established subfamily classifications
(Lamas, 2004; Wahlberg et al., 2009) & 161 The positions of
Melanitis leda and Phalanta phalantha as more divergent
lineages in phylogenetic tree. This is expected given the
high inter-generic distances observed between these taxa
and other species in the dataset.

Overall, this study confirms that the mitochondrial COI
gene is a reliable and effective marker for molecular
phylogenetic analysis of Indian Nymphalidae butterflies.
The findings contribute to the baseline genetic data for eight
ecologically important species and support the ongoing
development of a comprehensive DNA barcode library for
South Asian Lepidoptera.

Conclusion

This study demonstrated the effectiveness of the
mitochondrial COI gene for molecular phylogenetic analysis
of eight Nymphalidae butterfly species. The pronounced AT
bias (70.32%) and transition/transversion bias (R = 0.82)
observed were consistent with established patterns of
mitochondrial evolution in Lepidoptera. A clear barcode
gap was identified with mean intra-generic distance (0.050)
substantially lower than mean inter-generic distance (0.151),
validating COI as a robust molecular marker for species
discrimination in Nymphalidae. The Neighbour Joining
phylogenetic tree successfully resolved genus-level
clustering with all congeneric species pairs forming distinct,
well-supported clades. The highest inter-generic divergence
between Melanitis leda and Phalanta phalantha (0.1903)
and the lowest intra-generic divergence between Junonia
lemonias and Junonia orithya (0.0074) highlight the varying
degrees of evolutionary differentiation within this family.
These results provide valuable baseline data for the
molecular taxonomy of Indian Nymphalidae. The study also
demonstrates the usefulness of COI-based DNA barcoding
as a complementary tool for butterfly species identification
and biodiversity monitoring in South Asia.
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