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Molecular identification of forensically significant coffin flies (Diptera: Phoridae) from Eastern India using COI barcodes
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ABSTRACT

	Coffin flies (Diptera: Phoridae) are crucial to forensic studies because they can inhabit coffins or be found on buried corpses, thus aiding in determining the postmortem interval (PMI) and body relocation in criminal cases. But phorid flies are hard to identify because they are small, have cryptic appearances, and lack the proper taxonomic expertise to quickly identify both adult and larval forms. Thus, entomologists tend to concentrate increasingly on alternative methods to expedite the identification process and circumvent this problem. A short mitochondrial cytochrome oxidase I (COI) gene fragment is a potent marker for accurate molecular identification and robust phylogenetic analysis. Three phorid fly species, belonging to the genera Megaselia and Puliciphora, were collected in the current study to evaluate the effectiveness of the COI gene in identifying them. Seven sequences representing three species were generated and uploaded to GenBank and BOLD. COI barcodes successfully differentiated between species, with Kimura-2-Parameter (K2P) intraspecific and interspecific genetic divergences ranging from 0% to 1% and 14.5% to 34.1%, respectively. NJ (Neighbour-Joining), ML (Maximum-Likelihood), and BA (Bayesian Analysis) methods demonstrated strong reciprocal monophyly and accurate species differentiation. This study provides the first COI barcodes of M. rufipes and P. borinquenensis from India.  The present study demonstrates the reliability of COI barcoding as a molecular method for identifying phorid species. Forensic entomological evidence would be improved by the inclusion of regional COI sequences in reference libraries, such as GenBank and BOLD, thus serving as essential forensic markers for criminal investigations and wildlife poaching cases.
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1. INTRODUCTION

Phoridae, commonly known as scuttle, humpback, or coffin flies, form one of the largest families in Dipter [1]. With about 3,000 species and roughly 245 known taxa, they are generally found throughout the world and can be compared to other insects as these flies exhibit a wider range of larval habitat diversity and can exploit a diverse array of environmental and biological niches [2, 3]. Over 1,400 species in the cosmopolitan genus Megaselia within the Phoridae family exhibit a broad range of ecobiological traits, including diet. According to numerous reports, the larvae of particular Megaselia species can parasitize people, causing myiasis [1, 4, 5, 6], or otherwise endanger human health by acting as pathogen vectors [3]. They are also reported to be predators of various pests [7, 8]. Blowflies (Diptera: Calliphoridae) can be employed as indicators of the shortest amount of time since death because they are typically the earliest and most prevalent colonizers [9]. But there have been a number of documented instances when small flies, such as the scuttle flies (Phoridae), were present and even took over the carcass's fauna [10,11]. 
A practical method for determining the post-mortem interval (PMI) is to estimate the time of colonization (TOC) by insect species. This is especially true if colonization happens shortly after death, as this can provide information for evaluating the postmortem interval (PMI) of the decomposed cadavers [12, 13]. Development rates particular to a species can be used to determine TOC [14, 15]. Therefore, it is necessary to identify the specimens at the species level. This is typically accomplished by analyzing visually distinctive characteristics; however, the absence of these characteristics in juvenile samples and closely related taxa may make identification more difficult [16].
DNA barcoding is another technique for recognizing small, larval stages and those of closely similar taxa. The mitochondrial DNA sequences of unknown specimens are compared with reference sequences that are known to be present [16]. The DNA barcoding method has been applied to different species of forensically and medically significant phorid species, which has successfully helped in molecular identification worldwide [1, 9, 17, 16]. In India, there have been very few studies on the DNA barcoding of phorid species, and they have been limited to only Megaselia scalaris [8, 18].
West Bengal is a state in eastern India bounded to the south by the Bay of Bengal and to the north by the Himalayas. The region's geoclimatic zones are distributed as follows: the Gangetic plain's flatlands, which include Howrah, Hooghly, and Kolkata; the mountainous (hilly) regions, including Darjeeling, Kalimpong, and Jalpaiguri; the semi-desert or arid zones, including Bankura, Birbhum, and portions of Murshidabad; and the marine coastal belt area, which including the Sagar Islands, South 24 Paraganas, and eastern Midnapore [19]. The diversity of these scuttle flies differs considerably across such diverse geo-climatic zones.
No previous DNA barcoding research has been conducted on the identification of phorid fly species in this geographically diverse region of Eastern India. The goal of the current integrative research is to determine whether the COI barcoding region can accurately and quickly identify phorid fly species from this part of India that are important for forensic and medical purposes. Additionally, this study will make their COI gene database available to GenBank and BOLD from this region of the nation. 
2. material and methods

2.1 Sample collection and identification
Phorid fly specimens were collected using sweep nets and bait traps designed according to [20] from four different geo-climatic regions of West Bengal. Semi-buried, putrefied goat meat and chicken livers were used as bait under the bait traps. The fly samples were preserved at -20 °C after being collected in 70% high-grade ethanol and kept for further lab research. Some specimens were dried, pinned, and kept for morphological identification at the National Zoological Collection (NZC), Zoological Surveys of India (HQ), Kolkata. Specimens were identified using stereomicroscopy and standard taxonomic keys [21] Disney, 2012; [22]. For taking photographs of the fly samples, a Leica stereo-iso microscope M205A with a Leica DFC 500 camera and Leica Application Suite LAS v3.6 software was utilized. Based on Systema Dipterorum v6.0, valid names for the species were provided [23]. The geographical map for this study was created using QGIS Geographic Information System v3.40, following the input of coordinates for the collection sites using a Garmin GPS device (Fig. 1).
Fig. 1 Map representing the collection localities of scuttle fly species from different geo-climatic regions of West Bengal, India.
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2.2 DNA isolation, Polymerase Chain Reaction (PCR), and DNA Sequencing
The QIAmp DNA extraction kit (QIAGEN, Germany) was used to obtain DNA from one or two legs of the flies as the legs are rich in tissue cells [24]. The manufacturer's instructions were followed to conclude the process. Using a Qubit Fluorometer (Life Technologies, USA), the obtained DNA was measured and then kept at -20°C for further study. A ~700 bp COI fragment was amplified using primers LCO-1490 and HCO-2198 [25, 30]. PCR was performed following the protocols of [26]. For verification of amplicon size, the amplified PCR products were visualized on a SYBR@safe dyed 1% agarose gel and photographed on an Invitrogen-safe gel imager. After that, the PCR products were purified using the QIAquick Gel Extraction Kit (Qiagen, Germany). 15 ng of the purified products were sequenced bidirectionally on the ABI thermal cycler and ABI 3730 capillary Genetic analyzer at the Zoological Survey of India [27, 28].
2.3 Sequence analysis, Sequence deposition, and dataset formation 
Further analysis was conducted using publicly accessible COI sequences of other similar phorid fly species obtained from the NCBI GenBank database. 17 scuttle fly COI sequences, spanning 5 species across 2 genera, were examined, and 7 of those 17 sequences were produced for this study. The other 10 COI sequences were from different parts of the world, and the out-group Lipoptena cervi (MN370847, Italy), a Hippoboscidae [1], was acquired from NCBI, GenBank. MEGAX software was used for the analysis of forward and reverse chromatograms. Sequences were edited by trimming both ends to remove any ambiguous bases and low-quality regions [29]. Each sample's forward and reverse sequences were then carefully annotated (assembling contigs) [30]. All our sequences were matched to identical reported sequences in the NCBI database using the BLAST (Basic Local Alignment Search Tool) (https://blast.ncbi.nlm.nih.gov) algorithm [31] and the identification search engine in BOLD (Barcode of Life Data System). Following that, our sequences were uploaded to the NCBI GenBank database (https://submit.ncbi.nlm.nih.gov/) and the BOLD systems (https://boldsystems.org), which generated unique accession numbers and BOLD Process IDs. Using their instructions, the sequences of phorid flies in the BOLD systems were uploaded under the project name "SCUTTLE FLIES FROM EASTERN INDIA." After that, a dataset utilizing 17 sequences (including out-group) was created in the MEGAX software. The ClustalW algorithm tool in the MEGAX software was then used to align the dataset [29]. The dataset was made to be 607 base pairs long to avoid incongruent results [32].
2.4 Genetic divergence and cluster analysis
Genetic distances were calculated using the Kimura-2-Parameter (K2P) model in MEGAX. The JModelTest v2.1.10 [33] in the CIPRES server [34] found the best-fit nucleotide substitution model concerning the lowest Akaike Information Criterion (AIC) score of -2705.320 [30]. The best-fit nucleotide substitution model determined was the General time reversible model across lineages, along with invariable sites (GTR+I) (NST=6). Neighbour-Joining (NJ), Maximum Likelihood (ML), and Bayesian Analysis (BA) were performed to depict the divergence between the phorid species. MEGAX software was used to construct the NJ tree, where a bootstrap consensus tree was inferred from 1000 replicates. The ML-tree was created in IQ-TREE on XSEDE (2.1.2v) [35, 36] in the CIPRES server. The BA tree was constructed in Mr. Bayes v3.2.7_0 with nst=6 for the GTR+I model and metropolis-coupled Markov Chain Monte Carlo (MCMC), which was run for 1,000,000 generations with 25% burn-in and trees saved every 100 generations [37]. The iTOL v6 online software (https://itol.embl.de/) was used for tree construction and visualization from the produced files [38]. The DnaSP v5.10 software was utilized to evaluate the number of haplotypes and haplotype diversity [39].
2.5 Species delimitation analyses
Furthermore, Poisson Tree Procedures (PTP) [40], Generalized Mixed Yule Coalescent (GMYC) [41], and Assemble Species by Automatic Partitioning (ASAP) [42] were used to assess species delimitation. The application of multiple delimitation methods is necessary due to the complexity of species boundaries. The utilisation of diverse methodologies mitigates individual biases, fortifies conclusions, and establishes a more dependable foundation for both taxonomy and phylogenetic reconstruction. An online version of the ASAP technique was used (https://bioinfo.mnhn.fr/abi/public/asap/). In ASAP, the Kimura (K80) ts/tv parameter was employed for analysis. The PTP web server (https://species.h-its.org/ptp/) was used to perform the PTP technique. An online server version (https://species.h-its.org/gmyc/) was used to conduct the GMYC analysis with multiple threshold parameters. The number of molecular operational taxonomic units (MOTUs) was ascertained using the three delimitation techniques. Each approach yielded a putative group of MOTUs. The generated MOTUs were categorized into the two following groups to confirm their congruence: 1) match (a MOTU was found using both methods) and 2) no match (no MOTU was found using either method) [24].
3. RESULTS AND DISCUSSION
121 phorid specimens comprising two genera and three phorid species were gathered from the four geo-climatic regions in West Bengal. 3 specimens of M. scalaris, 2 specimens of M. rufipes, and 2 specimens of P. borinquenensis were barcoded. A total of 7 sequences of 3 species and 2 genera were generated from the collected specimens (Table 1). The three fly species found were Megaselia scalaris, Megaselia rufipes, and Puliciphora borinquenensis (Fig. 2). Megaselia scalaris was found in abundance, mainly in coastal areas, arid regions, and the Gangetic plains. Megaselia rufipes was the second most abundant species, following Megaselia scalaris, and was found in arid and hilly areas. Puliciphora borinquenensis was less abundant and mainly found in the Gangetic plains.
Table 1. A list of the species that were utilized in the DNA-barcode analyses. Collected phorid samples from West Bengal, including their voucher number and locality.
	Name of the species
	Voucher Number
	Locality
	Coordinates
	Accession Number
	Sequences accessed from the NCBI GenBank and BOLD database

	Megaselia (Megaselia) scalaris (Loew, 1866)
	P1
	New Alipore, Kolkata
	22.509 N, 88.334 E
	PP463905
	MT396272 (South Korea),
KX832636 (China)

	Megaselia (Megaselia) scalaris (Loew, 1866)
	P2
	Sapkhali, Sagar Islands
	21.862 N, 88.129 E
	PP464118
	

	Megaselia (Megaselia) scalaris (Loew, 1866)
	P3
	Ruhia, Murshidabad
	24.153 N, 88.373 E
	PP466320
	

	Megaselia (Megaselia) rufipes (Meigen, 1804)
	P4
	Sukna Forest, Darjeeling
	26.807 N, 88.338 E

	PV339594
	MT472135 (Italy), GU075405 (England)

	Megaselia (Megaselia) rufipes (Meigen, 1804)
	P5
	Ruhia, Murshidabad
	24.153 N, 88.373 E
	PV339620
	

	Puliciphora borinquenensis Wheeler, 1906
	P8
	New Alipore, Kolkata
	22.509 N, 88.334 E
	PP355142
	OK560161 (China)

	Puliciphora borinquenensis Wheeler, 1906
	P9
	Sapkhali, Sagar Islands
	21.862 N, 88.129 E
	PP355151
	

	Megaselia (Megaselia) ruficornis (Meigen, 1830)
	n/a
	n/a
	n/a
	n/a
	OR931566 (Germany), OR931865 (Germany)

	Puliciphora sylvatica Brues, 1909
	n/a
	n/a
	n/a
	n/a
	BOLD: ABV1358 (1)
BOLD: ABV1358 (2)


(n/a- Not applicable)
The aligned dataset included 607 base pairs from the COI gene of 3 species of phorid flies belonging to the 2 genera, namely Megaselia and Puliciphora, which are significant from a forensic and medical standpoint. The present study showed that the cytochrome oxidase I gene sequences have 195 conserved sites, 133 variable or polymorphic sites, 10 variable singleton sites, and 123 parsimony informative sites, excluding insertions, deletions, and other gap areas.
DNA barcoding was implemented to identify the 3 species across two phorid fly genera, which corroborated morphological identifications. The three fly species were validated with their morphological identifications in accordance with the nucleotide BLAST results in GenBank, with sequence matches ranging from 99.8% to 100% (Table 2). Similarly, utilizing the BOLD system's identification engine produced identical outcomes. The sequences in its database showed the highest similarity and identification percentage (99.81%–100%) with those of our corresponding species sequences (Table 3). M. rufipes and P. borinquenensis were barcoded for the first time in India.
Table 2. Identification of 3 phorid species through the NCBI BLASTN search tool. 
	Voucher Number
	Maximum Identification
	BLASTN in GenBank

	
	
	Accession Number
	Total Score
	Query Coverage
	E-value
	Identity

	P_1
	M. scalaris
	KX832637
	1210
	100%
	0.0
	100%

	P_2
	M. scalaris
	MF868932
	1072
	100%
	0.0
	100%

	P_3
	M. scalaris
	KR921632
	1210
	100%
	0.0
	99.8%

	P_4
	M. rufipes
	MT472135
	1112
	100%
	0.0
	100%

	P_5
	M. rufipes
	GU075405
	1005
	100%
	0.0
	100%

	P_8
	P. borinquenensis
	OK560161
	1192
	100%
	0.0
	100%

	P_9
	P. borinquenensis
	OK560161
	1192
	100%
	0.0
	100%



Table 3. Identification of 3 phorid fly species through the BOLD identification engine.
	Species name
	BINs
	Results of identification (n)
	Best identified species
	Identity percentage in the BOLD system
	Closest BIN number match

	M. scalaris
	BOLD:AAG3322
	Correct (3)
	M. scalaris
	100%
	BOLD:AAG3322 (M. scalaris)

	M. rufipes
	BOLD:ADP3479
	Correct (2)
	M. rufipes
	99.81%-100%
	BOLD:ADP3479 (M. rufipes)

	P. borinquenensis
	BOLD:ADC2519
	Correct (2)
	P. borinquenensis
	100%
	BOLD:ADC2519 (P. borinquenensis)



In all species, intraspecific genetic divergence values ranged between 0.00% to 1.00%, which were found to be < 2% [43] (Table 4). M. scalaris and P. borinquenensis showed the intraspecific divergence value of 1%, while M. rufipes, M. ruficornis, and P. sylvatica showed 0% intraspecific divergences. 14.5% to 34.1% range of interspecific divergences was observed among species (Table 4). The maximum interspecific genetic divergence was observed between M. scalaris and P. sylvatica (34.1%). The least interspecific genetic divergences were observed between M. ruficornis and M. rufipes (14.5%). All the remaining species exhibited high interspecific divergence values of greater than 2%.
Table 4. Intraspecific and interspecific genetic divergence values of phorid flies.
	Species
	Intra-Specific Distance
	1
	2
	3
	4
	5

	1. M. scalaris
	1
	
	
	
	
	

	2. M. rufipes
	0.0
	14.9
	
	
	
	

	3. M. ruficornis
	0.0
	15.7
	14.5
	
	
	

	4. P. borinquenensis
	1
	27.9
	25.8
	30.8
	
	

	5. P. sylvatica
	0.0
	34.1
	33.1
	30.6
	32.3
	



Neighbour-Joining (NJ) (Fig. 2), Maximum Likelihood (ML) (Fig. 3), and Bayesian (BA) analyses (Fig. 4) showed the reciprocal monophyly of the morphologically studied scuttle fly species, with significant branch support for all methods. The Neighbour Joining (NJ) tree, Maximum-Likelihood (ML), and Bayesian (BA) tree effectively distinguished the five scuttle fly species based on monophyletic separation, and all the methods showed congruence. No paraphyly was observed among the species. At the species level, the moderate to high bootstrap values (62%–100%) and posterior probabilities (0.7-1) in deep branches suggested support for monophyly in both methods. All COI sequences from this study clustered with the respective fly species previously examined from other parts of the world, with strong bootstrap support values (100%) in most branches of the NJ tree. Both genera, Megaselia and Puliciphora, were appropriately differentiated as observed in all three phylogenetic analyses. ML and BA trees yielded similar results, producing well-resolved trees with strong bootstrap and posterior probability support for most branches, thereby recovering the monophyly of all species. Furthermore, haplotype analysis revealed that all phorid fly specimens, including those obtained from GenBank and our own, comprised 8 distinct haplotypes, indicating a high range of haplotype diversity (Hd) (Table 5). COI gene revealed that M. scalaris, M. rufipes, and M. ruficornis had the highest number of haplotypes (2). M. ruficornis had the highest haplotype diversity values of 1.00.
Table 5. Haplotype number and haplotype diversity of phorid flies.
	Name of specimens
	Number of sequences
	Average number of differences (K)
	Number of haplotypes
	Haplotype Diversity (Hd)
	Nucleotide Diversity (Pi)
	Number of segregating sites (S)

	M. scalaris
	5
	1.6
	2
	0.411
	0.004
	4

	M. rufipes
	4
	0.667
	2
	0.667
	0.002
	1

	M. ruficornis
	2
	1
	2
	1
	0.003
	1

	P. borinquenensis
	3
	0.00
	1
	0.00
	0.00
	0

	P. sylvatica
	2
	0.00
	1
	0.00
	0.00
	0



The three delimitation methods, ASAP, PTP, and GMYC, used for species identification and delimitation, yielded similar results, producing 5 MOTUs each (excluding the outgroup) (Fig. 2). MOTUs without a match were not identified. Out of the 10 "best" partitions determined by the ASAP analysis, the sixth partition ranked first, selected with an ASAP score of 1.5. ASAP analysis formed 5 MOTUs, which were congruent with PTP analysis, which also produced 5 MOTUs. Although GMYC also produced 5 MOTUs but the MOTUs were different. M. scalaris, M. rufipes, M. ruficornis, P. borinquenensis, and P. sylvatica were properly delimited as separate putative species in ASAP and PTP analysis, whereas M. scalaris and M. ruficornis (one MOTU) and P. borinquenensis and P. sylvatica (one MOTU) were grouped in GMYC analysis. M. rufipes produced three separate MOTUs in GMYC analysis. The discrepancies in the GMYC analysis may be due to interspecific hybridization, gene paralogy, sequence quality control (NUMTs/ stop codons), imprecise lineage sorting, and other factors, which led to improper monophyly among the species groups [45]. Also, GMYC sometimes oversplits or undersplits lineages on threshold methods. Hence, other delimitation procedures have been incorporated as well.
The results of this DNA barcoding study provide important insights into the distribution and diversity of forensically and medically significant phorid fly species across West Bengal's four distinct geoclimatic zones. The discovery of these forensically significant phorid species underscores the diverse biological niches and preferred habitats of these flies, which are shaped by a range of environmental factors. Megaselia scalaris was found to be the most abundant phorid species in three geoclimatic zones, namely the coastal area, arid region, and Gangetic plains. Megaselia rufipes was second in abundance to Megaselia scalaris and was restricted to arid and hilly areas. Puliciphora borinquenensis was less abundant and mainly found in the Gangetic plains.
The accuracy of recognizing these scuttle fly species has improved due to the molecular identification of 99.8%–100 % similarity matches from the NCBI and BOLD databases [24]. DNA-based species identification methods must be able to differentiate between intraspecific and interspecific variations [43]. For any recently diverged species, the interspecific and intraspecific genetic divergence should be at least 2% to guarantee the validity of the gene used for species-level identification [43, 44]. There was no overlap between interspecific and intraspecific genetic distances in our study, which is comparable with the results worldwide [9, 16, 17]. This indicated that our three species were identified correctly. Substantial barcode gaps between the two genera (Megaselia and Puliciphora) indicated that they differed due to sufficient COI genetic divergences, thus confirming accurate molecular identification. NJ, ML, and BI analyses restore the reciprocal monophyly of the COI sequences generated from the previously morphologically studied species, with significant branch support for all methods. No paraphyly was observed in all the topological techniques [9]. All branches showed strong monophyly, and the Megaselia and Puliciphora genera were distinctly separated [9].
Identifying and distinguishing the significant phorid flies is crucial for determining and controlling their impacts in epidemiology, medicine, and forensics. These results suggest an integrative approach for the rapid and accurate identification of these forensically important phorid flies in this region of India. It will help forensic experts in the PMI estimation of forensic investigations involving both criminal and animal poaching cases. Additionally, it will help entomologists determine the causative agents of myiasis and other health hazards affecting both humans and animals. The COI gene shows promise as a molecular identification tool for phorid flies, particularly for immature larvae or specimens with damage. This method circumvents the limitations of traditional taxonomy for phorid species, enabling the identification of species complexes, including cryptic and visually identical species. This method helps identify species complexes, including cryptic and physically similar species, and gets around the drawbacks of traditional taxonomy for phorid species.
Fig. 2 Neighbour-joining (NJ) tree of 3 Phoridae species with high bootstrap support values and three species delimitation methods, namely- Assemble Species by Automatic Partitioning (ASAP), Poisson Tree Processes (PTP), and Generalized Mixed Yule Coalescent (GMYC). Images of the collected scuttle fly species used in barcode analyses are as follows: A. Megaselia (Megaselia) scalaris (Loew, 1866), B. Megaselia (Megaselia) rufipes (Meigen, 1804), and C. Puliciphora borinquenensis Wheeler, 1906.
[image: ]
Fig. 3 The figure depicts the ML Tree with an outgroup of Hippoboscidae. The branch lengths represent the bootstrap values in the ML Tree.
[image: ]
Fig. 4 The figure depicts the BA Tree with an outgroup of Hippoboscidae. The branches show the posterior probability values.
[image: ]
4. Conclusion


Since these scuttle flies may be vectors of several deadly disease-causing infections, their precise identification is crucial and will significantly impact medical and epidemiological research not only in West Bengal but across India. Various studies have been conducted in northern, central, and southern India involving only Megaselia scalaris, except in eastern India. This study is an innovative approach in Eastern India, covering four geo-climatic zones in West Bengal. Our research includes the first-time observation of barcodes for M. rufipes and P. borinquenensis in India. Future research should consist of more significant phorid species, as well as broader geographic sampling across India and denser sampling within Megaselia. to determine comprehensive and robust evolutionary relationships within the Phoridae family.

[bookmark: _Hlk202259943]Disclaimer (Artificial intelligence)
Option 1: 
Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 
Option 2: 
Author(s) hereby declare that generative AI technologies such as Large Language Models, etc. have been used during the writing or editing of manuscripts. This explanation will include the name, version, model, and source of the generative AI technology and as well as all input prompts provided to the generative AI technology
Details of the AI usage are given below:
1.
2.
3.


References

1. Giangaspero A, Barlaam A, Pane S, Marchili MR, Onetti Muda A, Putignani L, et al.  Accidental nasal Myiasis caused by Megaselia rufipes (Diptera: Phoridae) in a child. J Med Entomol. 2021;58(1):121–4. https://doi.org/10.1093/jme/tjaa184 
2. Disney RHL. Scuttle flies: Diptera: Phoridae: genus Megaselia. University Museum of Zoology, Downing St., Cambridge CB2 3EJ, UK; 1989;10(8):p 155.
3. Disney H.  Scuttle flies: the Phoridae. Springer Science & Business Media; 2012.
4. Zumpt F.  Myiasis in man and animals in the old world: a textbook for physicians, veterinarians and zoologists. Myiasis in man and animals in the Old World: a textbook for physicians, veterinarians and zoologists. 1965.
5. Hall MJR, Smith KGV.  Diptera causing myiasis in man. In: Lane RP, Crosskey RW, editors. Medical Insects and Arachnids. Dordrecht: Springer Netherlands; 1993. p. 429–69.
6. Disney RHL.  Natural History of the Scuttle Fly, Megaselia scalaris. Annu Rev Entomol. 2008;53(1):39–60. https://doi.org/10.1146/annurev.ento.53.103106.093415.
7. Harrison RD, Gardner WA.  Parasitism of the pecan weevil (Coleoptera: Curculionidae) by Megascelia scalaris (Diptera: Phoridae). 1991.
8. Ka AJ, Ghoshb SM, Jacobc S, MK A.  Megaselia Scalaris (Loew)(Diptera: Phoridae)-A New Pupal Parasitoid Of The Invasive Banana skipper Erionota Torus Evans From India Confirmed By COI Gene Barcoding. J Adv Zoo. 2024; 45(6):181-190
9. Boehme P, Amendt J, Disney RHL, Zehner R.  Molecular identification of carrion-breeding scuttle flies (Diptera: Phoridae) using COI barcodes. Int J Legal Med. 2010;124(6):577–81. https://doi.org/10.1007/s00414-010-0429-5
10. Dewaele P, Leclercq M, Disney RHL.  Entomologie et médecine légale: les Phorides (Diptères) sur cadavres humains: observation inédite. J Méd Lég Droit Méd. 2000;43(7–8):569–72.
11. Sharif S, Qamar A.  Insect faunal succession on buried goat carcass in Aligarh Region of Uttar Pradesh, India, with implications in forensic entomology. Egyptian Journal of Forensic Sciences. 2021;11(1):1–8.
12. Byrd JH, Castner JL.  Forensic entomology the utility of arthropods in legal investigations. Boca Raton: CRC Press; 2001.
13. Tomberlin JK, Benbow ME.  Forensic entomology: international dimensions and frontiers. CRC press; 2015.
14. Joseph I, Mathew DG, Sathyan P, Vargheese G.  The use of insects in forensic investigations: An overview on the scope of forensic entomology. J. Forensic Dent. Sci. 2011;3(2):89–91. https://doi.org/10.4103/0975-1475.92154
15. Tomberlin JK, Mohr R, Benbow ME, Tarone AM, VanLaerhoven S.  A Roadmap for Bridging Basic and Applied Research in Forensic Entomology. Annu Rev Entomol. 2011;56(1):401–21. https://doi.org/10.1146/annurev-ento-051710-103143.
16. Kwiatkowski SC, Sanford MR, Donley M, Welch K, Kahn R.  Simplified COI barcoding of blow, flesh, and scuttle flies encountered in medicolegal investigations. Forensic Sci Med Pathol. 2023;20(2):412–22. https://doi.org/10.1007/s12024-023-00653-y.
17. Chimeno C, Schmidt S, Hamid H, Narakusumo RP, Peggie D, Balke M, et al.  DNA barcoding data release for the Phoridae (Insecta, Diptera) of the Halimun-Salak National Park (Java, Indonesia). Biodivers Data J. 2023;11:e104942.
18. Pallavi J, Snehal H, Kolipakala RS, Salazar D, Hanbar M, Chiramel LB, et al.  A complete morphological characterization of all life stages of the phorid fly Megaselia scalaris. Sci Rep. 2023;13(1):22933. https://doi.org/10.1038/s41598-023-50200-6 
19. Maity A, Naskar A, Hazra S, Sengupta J, Parui P, Homechaudhuri S, et al.  New distributional records of Tabanidae (Insecta: Diptera) from different geo-climatic regions of West Bengal, India. J Entomol Zool Stud. 2016;4:1291–1298.
20. Roy P, Dasgupta B.  Seasonal occurrence of muscid, Calliphorid and Sarcophagid flies in Siliguri, West Bengal, with a note on the identity of Musca Domestica L. Orient. Insects. 1975;9(3):351–74. https://doi.org/10.1080/00305316.1975.10434505
21. Disney RHL.  Biology and Taxonomy of Old World Puliciphora (Diptera: Phoridae) with Descriptions of Nine New Species. Orient. Insects.1988;22(1):267–86. https://doi.org/10.1080/00305316.1988.11835492.
22. Namaki-Khameneh R, Khaghaninia S, L. Disney RH, Maleki-Ravasan N.  The scuttle flies (Diptera: Phoridae) of Iran with the description of Mahabadphora aesthesphora as a new genus and species. PLoS One. 2021;16(10):e0257899.
23. Evenhuis NL, Pape T.  Systema Dipterorum, Version (5.0). 2024. http://www.diptera.org/ (accessed February 15, 2024).
24. Thipphet K, Horpaopan S, Jaturas N, Thanchomnang T, Moophayak K, Chaiwong T, et al.  Molecular identification and genetic variation of forensically important fly species (Order: Diptera) in Thailand using DNA barcoding. Acta Trop. 2024;258:107366. https://doi.org/10.1016/j.actatropica.2024.107366
25. Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R.  DNA primers for amplification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates. Mol Mar Biol Biotechnol. 1994;3(5):294–299.
26. Kar O, Ghosh D, Mukherjee A, Mukherjee K, Pramanik D, Sarkar S, et al.  DNA barcoding for identification of forensically important synanthropic flesh flies (Diptera: Sarcophagidae) from Eastern India. Orient. Insects. 2024;58(4):658–78. https://doi.org/10.1080/00305316.2024.2356682.
27. Banerjee D, Kumar V, Maity A, Ghosh B, Tyagi K, Singha D, et al.  Identification through DNA barcoding of Tabanidae (Diptera) vectors of surra disease in India. Acta Trop. 2015;150:52–8. https://doi.org/10.1016/j.actatropica.2015.06.023
28. Tyagi K, Kumar V, Singha D, Chandra K, Laskar BA, Kundu S, et al.  DNA Barcoding studies on Thrips in India: Cryptic species and Species complexes. Sci. Rep. 2017;7(1):1–14. https://doi.org/10.1038/s41598-017-05112-7
29. Kumar S, Stecher G, Li M, Knyaz C, Tamura K.  MEGA X: Molecular Evolutionary Genetics Analysis across Computing Platforms. Mol. Biol. Evol. 2018;35. https://doi.org/10.1093/molbev/msy096.
30. Ghosh D, Kar O, Pramanik D, Mukherjee A, Sarkar S, Mukherjee K, et al.  Molecular identification and characterization of Muscid flies (Diptera: Muscidae) of medico-veterinary importance from the Gangetic plains of Eastern India. Int. J. Trop. Insect Sci. 2022;42:3759-3769. https://doi.org/10.1007/s42690-022-00900-9
31. Johnson M, Zaretskaya I, Raytselis Y, Merezhuk Y, McGinnis S, Madden TL.  NCBI BLAST: a better web interface. Nucleic Acids Res.\ 2008;36(suppl_2):W5–W9. https://doi.org/10.1093/nar/gkn201
32. Kundu S, Chandra K, Tyagi K, Pakrashi A, Kumar V.  DNA barcoding of freshwater fishes from Brahmaputra River in Eastern Himalaya biodiversity hotspot. mtDNA Part B 2019;4(2):2411–2419. https://doi.org/10.1080/23802359.2019.1637290.
33. Darriba D, Taboada GL, Doallo R, Posada D.  jModelTest 2: more models, new heuristics and parallel computing. Nat. Met. 2012;9(8):772–772.
[bookmark: _Hlk203665304]34. Miller MA, Pfeiffer W, Schwartz T.  The CIPRES science gateway: enabling high-impact science for phylogenetics researchers with limited resources. Proceedings of the 1st Conference of the Extreme Science and Engineering Discovery Environment: Bridging from the extreme to the campus and beyond. 2012. p. 1–8. https://doi.org/10.1145/2335755.233583
[bookmark: _Hlk203665818]35. Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ.  IQ-TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol Biol Evol. 2015;32(1):268–74. https://doi.org/10.1093/molbev/msu300
36. Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, Von Haeseler A, et al.  IQ-TREE 2: new models and efficient methods for phylogenetic inference in the genomic era. Mol. Bio. Evo.. 2020;37(5):1530–4.
[bookmark: _Hlk203666292]37. Ronquist F, Teslenko M, Van Der Mark P, Ayres DL, Darling A, Höhna S, et al.  MrBayes 3.2: efficient Bayesian phylogenetic inference and model choice across a large model space. Syst Biol. 2012;61(3):539–42. https://doi.org/10.1093/sysbio/sys029
[bookmark: _Hlk203665171]38. Letunic I, Bork P.  Interactive Tree of Life (iTOL) v6: recent updates to the phylogenetic tree display and annotation tool. Nucleic Acids Res. 2024;52(W1):W78–82. https://doi.org/10.1093/nar/gkae268
[bookmark: _Hlk203666433]39. Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-Onsins SE, et al.  DnaSP 6: DNA sequence polymorphism analysis of large data sets. Mol Biol Evol. 2017;34(12):3299–302. https://doi.org/10.1093/molbev/msx248
40. Zhang J, Kapli P, Pavlidis P, Stamatakis A.  A general species delimitation method with applications to phylogenetic placements. Bioinform. 2013;29(22):2869–2876. https://doi.org/10.1093/bioinformatics/btt499
41. Pons J, Barraclough TG, Gomez-Zurita J, Cardoso A, Duran DP, Hazell S, et al.  Sequence-based species delimitation for the DNA taxonomy of undescribed insects. Sys Bio. 2006;55(4):595–609.
42. Puillandre N, Brouillet S, Achaz G.  ASAP: assemble species by automatic partitioning. Mol Ecol Resour.. 2021;21(2):609–20. https://doi.org/10.1111/1755-0998.13281.
43. Hebert PD, Ratnasingham S, De Waard JR.  Barcoding animal life: cytochrome c oxidase subunit 1 divergences among closely related species. Proc R Soc B. 2003;270(suppl_1):S96–99. https://doi.org/10.1098/rsbl.2003.0025
[bookmark: _Hlk203666784]44. Wells JD, Sperling FA.  DNA-based identification of forensically important Chrysomyinae (Diptera: Calliphoridae). Forensic Sci Int. 2001;120(1–2):110–115. https://doi.org/10.1016/S0379-0738(01)00414-5
45. Mukherjee A, Kar O, Mukherjee K, Mukherjee B, Naskar A, Banerjee D. Molecular Identification of Onchocerciasis Vectors (Diptera: Simuliidae) from the Central Himalayan Landscape of India: A DNA Barcode Approach. VBZ. 2025 Apr 1;25(4):258-68. https://doi.org/10.1089/vbz.2024.0123

image1.tiff
@
~=
o

C lectlon S





image2.tiff
KX832636 Megaselia scalaris China

mmm  ASAP
mm PTP
= GMYC




image3.jpeg
63

90

53

100

84

100

100

100

100

79

PV362311_Puliciphora_borinquenensis_WB_P8

OK560161_Puliciphora_borinquenensis_China

PV362313_Puliciphora_borinquenensis_WB_P9

BOLD_ABV1358_Puliciphora_sylvatica_Canada_1

BOLD_ABV1358_Puliciphora_sylvatica_Canada_2

PV339594_Megaselia_rufipes WB_P4

MT472135_Megaselia_rufipes_Italy

PV339620_Megaselia_rufipes WB_P5

GU075405_Megaselia_rufipes_England

OR931865_Megaselia_ruficornis_Germany

OR931566_Megaselia_ruficornis_Germany

PP464118 Megaselia_scalaris_ WB_P2

PP466320_Megaselia_scalaris_ WB_P3

KX832636_Megaselia_scalaris_China

PP463905_Megaselia_scalaris_ WB_P1

MT396272_Megaselia_scalaris_South_Korea

MN370847_Lipoptena_cervi_Italy




image4.tiff
MN370847 Lipoptena cervi Italy

BOLD ABV1358 Puliciphora sylvatica Canada 1
BOLD ABV1358 Puliciphora sylvatica Canada 2
PV362313 Puliciphora borenquinensis WB P9
‘0K560161 Puliciphora berinquenensis China
PV362311 Puliciphora borenquinensis WB P8
MT472135 Megaselia rufipes Italy

PV339594 Megaselia rufipes WB P4.

PV339620 Megaselia rufipes WB P5

GU075405 Megaselia rufipes England
OR931865 Megaselia ruficornis Germany
ORY931566 Megaselia ruficornis Germany
PP463905 Megaselia scalaris WB P1

PP464118 Megaselia scalaris WB P2

PP466320 Megaselia scalaris WB P3

KX832636 Megaselia scalaris China:

MT396272 Megaselia scalaris South Korea

Genera
m Puliciphora
D Megaselia

N

—

070860927,

TSATOTIHGT

N

[ oemTas





