


Decoding Lepidopteran Biodiversity through DNA Barcodes


Abstract:
Lepidoptera, as one of the diverse insect orders, play a very critical role in ecological and economic perspectives, yet it remains taxonomically challenging due to morphological convergence, cryptic diversity, and incomplete classification frameworks. Over the last two decades, DNA barcoding, primarily targeting the mitochondrial COI gene, has revolutionised species identification and biodiversity assessment. This mini-review summarises certain key advances in Lepidoptera barcoding across four thematic areas: large-scale biodiversity surveys; pest species diagnostics; cryptic species discovery; and future conservation planning. Case studies from tropical forests, island ecosystems, and high-altitude plateau ecozones have illustrated the precision and practical value of this method. However, gaps persist, including uneven representation in global databases, taxonomic instability in certain groups, and methodological inconsistencies across the whole taxonomic spectrum. We have discussed integrative approaches towards merging DNA barcoding with morphological, genomic, and ecological data, and outlined priorities for expanding coverage, improving accuracy, and embedding molecular identification into conservation policy. By harbouring both its achievements and limitations, this review has positioned “DNA barcoding” as a milestone technology for Lepidoptera systematics and applied biodiversity management in various important ecozones of Earth.
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1. Introduction:	
The order Lepidoptera, as the second-largest order of the Insecta, consists of approximately 160,000 known species of moths and butterflies. With 46 superfamilies and 126 families, the vast diversity and widespread distribution make it one of the most taxonomically challenging taxa across the entire kingdom. Their ecological significance spans pollination (Macgregor et al. 2015; Kawahara et al. 2019), herbivory (Narango et al. 2020), and serving as prey for higher trophic levels, while their economic roles range from silk production (Sivaprasad 2018; Fathima & Rajalakshmi, 2020) to acting as pests of agriculture and forestry (Tay et al., 2013; Yadav et al. 2022; Panwar et al. 2025). Morphology-based taxonomy, although foundational, but is limited by high species diversity, cryptic morphology, and convergent traits, leaving many of the taxa in Lepidoptera unresolved or misclassified (Hebert et al., 2003; Burns et al., 2008; Mutanen et al., 2010; Lukhtanov et al. 2016; Espeland et al., 2018). 
 	In this regard, DNA Barcoding has proven to be one of the transformative techniques for the DNA-based Taxonomic classification system, which relies on short, standardised genetic markers (primarily mitochondrial COI, COII, and Cyt b, etc.) (Hebert et al., 2003; Hajibabaei et al., 2007). A special reference library system of Barcodes (BOLD- Barcode of Life Database), helps with the rapid and accurate species identification, discovery of the cryptic lineages and hence gives a refined understanding of the species distribution (Ratnasingham & Hebert, 2007; Burns et al., 2008). Hence, it is increasingly applied to conservation biology, pest management, and monitoring the ecological impacts of climate change. This review expands on regional studies, case-specific applications, and methodological strengths and weaknesses to demonstrate the breadth of its utility. This review addresses the central question: “How DNA barcoding has reshaped Lepidopteran taxonomy and conservation science, and what strategic steps can ensure its continued relevance in the genomic era?” We have focused on thematic synthesis rather than exhaustive listing, drawing cross-regional comparisons to illustrate patterns, successes, and ongoing challenges.
2. Methods:
The principle of DNA barcoding lies in sequencing a short, standardized genetic fragment that can distinguish between species. In Lepidoptera, the COI gene is the most widely used marker, followed by Cyt b and NAD genes. The BOLD platform has facilitated the creation of Barcode Index Numbers (BINs), which serve as proxies for species-level clusters. This approach helps overcome limitations of morphology, especially for juvenile stages, sexually dimorphic species, and cryptic taxa (Herbert et al. 2004; Dasmahapatra and Mallet 2006; Herbert et al. 2010; Lukhtanov et al. 2016). 
Analytically, barcoding workflows begin with producing high-quality COI sequences, followed by trimming and alignment, generally performed using standard bioinformatics tools. Species-level patterns are then assessed through pairwise genetic distance calculations—commonly using the Kimura 2-parameter (K2P) model—as well as clustering and tree-based methods such as neighbour-joining or maximum-likelihood phylogenies. Distance-based algorithms such as ABGD, BIN assignments in BOLD, and tree-based species delimitation methods (PTP, bPTP) further support the delineation of Molecular Operational Taxonomic Units (MOTUs). Species boundaries are evaluated by identifying barcode gaps, diagnosing monophyly, and matching sequences to validated reference libraries, enabling reproducible and scalable biodiversity assessments (Liu et al., 2019).
Early studies confirmed that over 95% of Lepidoptera species could be accurately identified using COI barcodes. For example, Hajibabaei et al. (2006) showed that not only did the barcode clustering match the morphological classifications in nearly all cases, but also revealed multiple undescribed lineages hidden within single morphospecies. Such findings underscore the role of barcoding in expanding our understanding of species richness. Increasingly, barcoding is being paired with ecological and environmental DNA (eDNA) methods, enabling high-throughput biodiversity surveys (Brandon et al. 2015). 
3.Results & Discussion
Recent Advances in Lepidoptera DNA Barcoding
	We have differentiated the global DNA Barcoding studies into multiple categories. 
3.1 Large-Scale Biodiversity Surveys
Large-scale barcoding initiatives have been instrumental in documenting Lepidoptera diversity in both temperate and tropical systems. In Costa Rica’s Area de Conservación Guanacaste (ACG), barcoding of over 500 species from Hesperiidae, Sphingidae, and Saturniidae achieved 97.9% species resolution, revealing cryptic taxa associated with microhabitat specialization (Hajibabaei et al. 2006). Similarly, based on analyses of 4,435 bp of mitochondrial and nuclear DNA sequences from 179 taxa (130 genera and eight outgroups) in Madagascar, Linares et al. (2011) demonstrated that divergence patterns in Heteropsis butterflies were strongly influenced by forest fragmentation, where the isolated fragments harbouring genetically distinct populations despite morphological similarity, which also enabled estimates of clade origins and diversification timelines.
High-altitude systems provide a contrasting context. Jin et al. (2013) barcoded 328 COI sequences (~615 bp) from 68 species and 45 genera of noctuid moths on the Qinghai-Tibetan Plateau, showing strong congruence between barcode and morphology-based diversity estimates. These barcode data revealed clear east-west differences, with eastern communities harbouring higher species diversity than those in the west. Moreover, the diversity of species was significantly correlated with precipitation in the driest month, driest quarter, and coldest quarter, highlighting the role of water availability during stressful seasons. These patterns, less evident from morphology-based surveys alone, underscore how barcoding can expose ecological filtering along environmental gradients and strengthen links between taxonomy and community ecology.
Another study developed a comprehensive DNA barcode reference library for 417 butterfly species of Argentina, which represents around 35% of the national fauna. The barcode gap was evident in nearly all species, enabling >95% correct identification success across different criteria. Clustering analyses suggested that actual species diversity may be 3-9% higher than currently recognised, revealing instances of cryptic diversity along with deep intraspecific divergences among species. Geographic structuring of genetic variation was also observed, particularly within the Atlantic Forest of Misiones and between eco-regions, pointing towards the historical isolation and potential speciation events, previously unassured by taxonomists. This research also documented three new national butterfly records (Eurema agave, Mithras Hannelore, Melanis hillapana). Overall, the work confirmed DNA barcoding as a powerful tool for species identification, biodiversity assessment, and conservation planning in South America (Lavinia et al. 2017).
In island ecosystems, where endemism is high and morphological variation is often misleading, barcoding has corrected longstanding misidentifications and expanded faunal records. For example, in Malta, DNA barcoding on the Maltese island lepidopterans has revealed the first national record of the clearwing moth Tinthia tineiformis (Mifsud et al., 2019), and a broader survey subsequently demonstrated that the lepidoptera fauna, which was once thought to comprise fewer than 150 species, included at least four additional unrecorded species: Apatema baixerasi, Bostra dipectinialis, Oiketicoides lutea, and Phereoeca praecox (Vella et al., 2022).
In 2021, Murillo-Ramos et al. compiled a comprehensive DNA barcode checklist of Colombian geometrid moths, generating valuable taxonomic and distributional insights. Over four years, specimens from 26 localities were categorised into putative species based on morphology and assigned to Barcode Index Numbers (BINs). Using COI, wingless (wnt), and EF-1α markers, they successfully sequenced 284 of 386 specimens, representing four of the eight geometrid subfamilies in Colombia. Nearly half of the sequences belonged to Ennominae, while a significant proportion of Sterrhinae and Larentiinae barcodes remained unidentified at the species level, underscoring the need for taxonomic revision in South America. Phylogenetic analyses confirmed monophyly in genera such as Synchlora, Iridopsis, Glena, and Physocleora, whereas genera like Idaea, Scopula, Nephodia, Isochromodes, and Macaria showed para- or polyphyly. In the context of stored grain insect pests, these insights support the use of mt-COI barcoding as both a rapid diagnostic method and a complementary approach to classical taxonomy, ensuring accurate identification of economically important species.
Across different diverse landscapes, large-scale surveys reveal that DNA barcoding not only delineates species with high accuracy but also captures genetic structuring linked to environmental and geographic variables, offering a dual taxonomic-ecological lens. Hence, we can assume that DNA barcoding not only resolves taxonomy but also links species diversity to evolutionary and ecological processes.
3.2 Pest Identification and Food Security
DNA barcoding has provided a powerful framework for detecting and managing invasive Lepidoptera, as demonstrated in studies on the gypsy moth (Lymantria dispar). Asian gypsy moth lineages are of particular concern because females are capable of sustained flight and exhibit a broader host range than their European counterparts, greatly increasing invasion potential (Keena et al. 2008). Using a 658 bp fragment of the COI gene in combination with restriction site markers (NlaIII and BamHI), Chen et al. (2016) analysed populations from nine Chinese localities. Their study has uncovered nine previously unknown haplotypes, one of which was dominant across 55% of individuals from China, Far Eastern Russia, and Japan. Barcode divergence between Asian and European gypsy moths was three times higher than within each lineage, providing a robust molecular basis for distinguishing invasive lineages. Bayesian and network analyses through Barcodes also further revealed affinities between Chinese and Siberian populations, pointing towards either cryptic sub-speciation or past human-mediated dispersal. Notably, these two Chinese populations harboured both Asian and European haplotypes, complicating identification at ports of entry. From a barcoding perspective, these findings demonstrate how molecular diagnostics not only enable rapid and accurate detection of invasive species but also help in revealing the hidden genetic structure that directly informs quarantine strategies and risk assessments in agriculture. 
Agricultural systems have also benefited substantially from DNA barcoding in pest management. Sugarcane stem borers such as Chilo, Scirpophaga, and Sesamia comprise cryptic species complexes that are difficult to distinguish morphologically, but COI-based barcoding and molecular diagnostics have improved species delimitation and rapid identification (Lee et al., 2019; Wang et al., 2017). Barcoding has resolved these complexes by enabling precise targeting in integrated pest management programs. 
Another complementary example comes from stored grain pests, which are economically significant invaders disseminated through trade. Upasna and Mohankumar (2022) used a 650 bp COI fragment to barcode 13 species from storage facilities in India, including Tribolium castaneum, Sitophilus oryzae, Corcyra cephalonica, and Phthorimaea operculella. Their analyses confirmed species identities with >97% similarity to reference databases, revealed strong AT bias (>60%) consistent with insect mt.DNA, and demonstrated clear barcode gaps between most species (mean interspecific K2P >18% vs. intraspecific <0.6%). Notably, closely related species pairs such as T. castaneum vs. T. confusum and S. oryzae vs. S. zeamais showed reduced interspecific divergence (<2%), requiring SNP-based or multilocus approaches for resolution.
Pest diagnostics has demonstrated the DNA barcoding’s operational utility, its capacity for rapid, accurate, easy and cost-effective identifications, which effectively reduce economic losses, enabling early interventions, and hence, strengthens biosecurity infrastructures.
3.3 Cryptic Species Discovery
Cryptic species, those indistinguishable morphologically but genetically distinct, are prevalent in Lepidoptera, particularly in micro-lepidopteran lineages. In Colombia, barcoding of Geometridae revealed numerous cases where single morphospecies contained multiple Molecular Operational Taxonomic Units (MOTUs), suggesting hidden diversity (Hausmann et al., 2020). DNA barcoding of Korean Curved-horned moths of Gelechioidea revealed 152, 156, and 213 MOTUs using ABGD, PTP, and bPTP, respectively, with 2.5% proposed as an effective threshold for delimitation. Cryptic diversity was detected in Neoblastobasis biceratala, Evippe albidoesella, and Promalactis atriplagata, while Promalactis odaiensis showed high intraspecific variability, which is very likely linked to geographic isolation and ecological differences of the species, previously not reported in the population by taxonomists. Mito-nuclear discordance was also observed in Autosticha and Chorivalva, and several genera (e.g., Parastenolechia, Parachronistis) appeared paraphyletic, indicating unresolved taxonomy between morphology and DNA barcoding, which might be due to incomplete lineage sorting, introgression, or intraspecific variability (Kim et al. 2020). 
The genus Pangora provides a recent example of how DNA barcoding, when integrated with morphology, can refine species boundaries in Lepidoptera. Adarsh et al. (2024) described P. keralaensis sp. nov., where COI barcodes and diagnostic traits such as a smooth white median forewing band and a uniquely elongated uncus (the tip of the central pillar) in the male genitalia jointly established its distinctiveness from congeners. The study also confirmed the synonymy of P. rubelliana with P. matherana through congruence between barcode data and overlapping genitalia features, while questioning the placement of P. coorgensis, which not only differed in abdominal banding but also clustered closer to Nannoarctia in COI analyses. Moreover, this work generated the first barcode dataset for the genus, strengthening the reference library for South Asian Arctiini moths. By exposing both cryptic diversity and taxonomic misplacements, the Pangora study highlights the dual role of barcoding in discovery and systematic clarification.
The taxonomy of Agrioglypta has long been uncertain, particularly that of A. itysalis, which shows considerable morphological variation in Japan. Sasaki (2004) separated Japanese A. itysalis into two taxa based on wing patterns and male genitalia, later identifying the smaller population as a distinct species, which is now described as A. fulguralis sp. Nov (Rosfiansyah et al. 2021). The study suggests that A. fulguralis differs from A. itysalis in size, wing colouration, and especially the hindwing markings, where two connected stripes form a lightning-shaped mark, unlike in A. itysalis. The key morphological genital differences included the sclerotisation of the male eighth tergite and sternite, i.e. A. itysalis shows a Y-shaped tergite strip and U-shaped sternite with straight arms, whereas A. fulguralis has a broader tergite with shorter arms and a sternite with curved posterior arms. Additional distinctions were noted in the eighth abdominal segment, hair pencils, and female genital structures. But the DNA barcoding confirmed that A. fulguralis is genetically distinct from A. itysalis (5.6% distance in Japan), though closer to populations that belong to Yunnan (4.1%). Moreover, A. itysalis from Java showed 5.4-6.8% divergence, suggesting it may represent an undescribed species, highlighting the need for further taxonomic revision in this group. This study verified the identification of a new species, previously unconfirmed by taxonomists, through the application of DNA barcoding techniques.
Another notable example of cryptic structure and polyphyly within butterflies is demonstrated in the Delphic Apollo complex analysed by Lukhtanov et al. (2016). Their COI-based phylogeny revealed that the traditionally recognized species Parnassius staudingeri was deeply polyphyletic, splitting into five unlinked lineages that failed to form a single monophyletic group, despite long-standing treatment as one species (e.g., P. staudingeri hunza, P. staudingeri kohibaba, P. staudingeri jacobsoni, P. staudingeri darvasicus–inaccessibilis, and P. staudingeri difficilis–hissaricus)
These findings, which extend beyond taxonomic housekeeping, suggest that cryptic diversity can influence ecological networks, host-plant associations, and conservation priorities. For example, misidentifying multiple cryptic species as one can mask the decline of rarer lineages, leading to under-protection. Barcoding-driven cryptic species discovery is reshaping our perception of Lepidopteran diversity, with downstream consequences for ecology, conservation, and applied entomology together.
3.4 Conservation Applications
DNA barcoding’s conservation relevance is most evident when data informs management decisions. In India’s Western Ghats, barcoding of Nymphalidae butterflies confirmed distinct interspecific gaps, validating their use as bioindicators in habitat monitoring programs (Gaikwad et al., 2012). The study used ~650 bp COI sequences, where Neighbour-Joining trees successfully resolved all morphologically identified species. However, Gaikwad et al. also observed nine instances of deep intraspecific divergence when comparing with conspecifics from other geographic areas, suggesting cryptic diversity or strong population structuring. 
In the first case study report in the Eastern Himalayas, barcoding of the Geometridae moths generated 44 sequences, yielding 31 OTUs across 24 singletons and seven BINs. Among these, 20 of the species were confirmed through both morphology and molecular data, while 13 specimens remained at the genus or subfamily level. Several species (e.g. Cleora propulsaria, Darisa lampasaria, Hypomecis lioptilaria, H. costaria, Lophophelma vigens, L. erionoma, Problepsis albidior, Antipercnia belluaria, and Pelagodes bellula) were newly represented in global databases. High intra- and inter-generic divergences, as well as cryptic diversity, were evident through barcodes in the genera such as Cleora, Racotis, Hypomecis, Lophophelma, and Pelagodes. Notably, P. bellula was recorded for the first time from northeast India, expanding its known range westward. Bayesian analyses further revealed paraphyly in several Ennominae lineages, underscoring the need for broader taxon sampling and integrative approaches towards species-rich zones (Kumar et al., 2019). 
The case of Antheraea mylitta in Odisha is particularly illustrative. The barcoding through secondary barcoding marker (Cyt b) revealed the polyphyly and population clustering among the ecoraces of A. mylitta, in Odisha challenging traditional classifications based on morphological and geographical traits only (Ray et al., 2024). This revelation has direct implications for Tasar silk industry breeding programs, emphasising the need to conserve genetically distinct wild ecoraces rather than collapsing them into broad management units.
Conservation applications underscore that barcoding’s greatest impact arises when molecular insights are translated into policy and management frameworks.


Table 1: Summary of Key Regional Case Studies in Lepidoptera DNA Barcoding
	Region
	Taxa Studied
	Sample Size
	Main Findings
	Conservation Relevance

	Costa Rica (ACG)
(Hebert et al., 2006)

	Hesperiidae, Sphingidae, Saturniidae
	
521 species
	97.9% resolution
Habitat-linked cryptic diversity
	Guides habitat-specific conservation planning

	Madagascar
(Linares et al., 2011)
	Heteropsis butterflies
	~70-80 species of Heteropsis on Madagascar

	Divergence patterns linked to forest fragmentation
	Prioritizes fragmented habitats for protection

	Qinghai-Tibetan Plateau
(Jin et al., 2013)
	Noctuidae
	68 species from the family Noctuidae
	High congruence with morphology
 Environmental diversity correlations
	Informs high-altitude biodiversity monitoring

	Malta
(Mifsud et al., 2019)
	Mixed Lepidoptera
	146 species 
	Correction of misidentifications with 4 new species records
	Improves regional biodiversity inventories

	India – Western Ghats
(Gaikwad et al., 2012)
	Nymphalidae
	
40 species
	Clear barcoding gaps and geographic structuring
	Supports species-level conservation measures

	India – Eastern Himalaya
(Kumar et al., 2019)
	Geometridae
	
44 specimens
	13 new species barcodes; cryptic genera resolved
	Expands barcode library for regional fauna

	Odisha, India
(Ray et al., 2024)
	Antheraea mylitta ecoraces
	5 ecoraces of A. mylitta found in Odisha)
	Polyphyly detected; implications for silk industry
	Informs breeding and genetic conservation

	Colombia
(Hausmann et al., 2020)
	
Geometridae
	
284 specimens
	High cryptic diversity; incomplete species-level IDs
	Highlights need for taxonomic revision

	Korea
(Kim et al., 2020)
	Gelechioidea
	Multiple species from 
Autostichidae, Blastobasidae, Coleophoridae, Cosmopterigidae, Depressariidae, Gelechiidae, Lecithoceridae, Oecophoridae, Stathmopodidae and Xyloryctidae
	MOTUs exceed morphospecies; cryptic diversity
	Improves pest and biodiversity assessments



Although DNA barcoding has revolutionized the confirmation of species identities and accelerated taxonomic research, several limitations continue to challenge its global effectiveness. Geographic and taxonomic biases persist, with tropical regions—particularly the Neotropics-remaining severely underrepresented in public databases like BOLD. Microlepidoptera, in particular, remain chronically under-sampled (Pentinsaari et al., 2020; Mutanen et al., 2016; López-Vaamonde et al., 2019). Additionally, BIN sharing and taxonomic instability occur in closely related or recently radiated taxa, where multiple species may share a single Barcode Index Number (Mutanen et al., 2016). Compounding this, inflated intraspecific divergence arising from strong geographic structuring can lead to artificial taxonomic splits (Bergsten et al., 2012). Methodological inconsistencies-such as variations in primer sets, sequencing workflows, and analytical pipelines-further complicate cross-study comparisons and limit the reproducibility of barcoding results (Strutzenberger et al., 2024).
In response to these challenges, the field is increasingly adopting integrative and multigoal approaches. Multi-locus strategies that combine COI with nuclear markers such as EF-1α are improving species resolution, especially in taxonomically complex groups (Talavera et al., 2022; Bourke et al., 2013). Genomic tools-including genome skimming, RAD-seq, and whole mitogenome sequencing-are providing deeper phylogenetic clarity and resolving long-standing issues such as BIN sharing (Gonzalez et al., 2019). At the ecological scale, environmental DNA (eDNA) and metabarcoding have transformed biodiversity assessments by enabling efficient community-level surveys in both terrestrial and aquatic ecosystems (Taberlet et al., 2012). Moreover, the integration of barcoding data with ecological niche modelling is enhancing predictions of species distributions under climate change, informing proactive conservation strategies (Peterson et al., 1999).
Looking ahead, the future of DNA barcoding lies in expanding and refining global biodiversity coverage. Priority areas include expanding barcode libraries for understudied taxa and regions through targeted field expeditions, and building robust regional barcode databases to support local conservation planning. Standardizing laboratory and analytical protocols will be critical for improving reproducibility and harmonizing global datasets. There is also a growing emphasis on embedding DNA barcoding within biodiversity policy frameworks so that genetic data can directly inform protected area designations, species recovery plans, and ecosystem management. Finally, long-term biodiversity monitoring will benefit from integrating barcoding into national surveys and citizen science programs, ensuring sustained and widespread participation in documenting global biological diversity.
7. Conclusion
DNA barcoding has transitioned from a supplementary taxonomic tool to a central pillar of Lepidoptera biodiversity science. Its ability to combine high-resolution species delimitation with operational speed and scalability makes it indispensable in research, pest control, and conservation. The next phase will require addressing coverage gaps, refining analytical methods, and fully embedding molecular identification into environmental governance structures.
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