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Abstract. Nguyen TN, Tran TBN, Tran HN. 2023. Genetic diversity of black soldier flies in Vietnam based on DNA COI sequence. 

Biodiversitas 24: 6727-6732. The Black Soldier Fly (BSF), Hermetia illucens (Linnaeus, 1758), is found in temperate and tropical 

regions of the world. In recent years, BSF has been cultivated as fodder in some areas of Vietnam. The genetic diversity of BSF in 

Vietnam has not yet been assessed. This study aimed to investigate the nucleotide diversity in COI sequences of BSF in Vietnam. We 

examined the COI nucleotide sequences of 22 BSFs using flies or larval tissue samples for DNA extraction and subsequent sequencing. 

Our analysis showed that the nucleotide composition of BSF consisted of 25.36% A, 36.04% T, 21.25% C, and 17.35% G, with a 

significant prevalence of A+T nucleotides of 61.40% compared to 38.60% for G+C nucleotides. Among 22 individual BSFs samples 

collected from ten provinces and cities, spanning seven agro-ecological regions in Vietnam, we identified 9 different haplotypes, which 

were distributed in five clades but mainly clustered in two main clades: E and F. Clade E, prominently represented by branch E, showed 

a higher abundance in Asia, while Clade F has been identified in Europe, Uganda, South Korea, Oceania and North America. Our results 

highlight the relatively high genetic diversity of the Vietnamese BSF population. In addition, the COI nucleotide sequences of these 

Vietnamese BSF samples were similar to those of Asian and Australian countries, showing significant similarities to the Palearctic and 

Oriental regions. These results provide valuable insights to inform BSF breeding and development in Vietnam. 
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INTRODUCTION 

Black Soldier Fly (BSF), Hermetia illucens (Linnaeus, 

1758), are large flies, as adult individuals can reach 

8mm~16mm in length depends on the type of diet (Gobbi 

and Rojo 2013). BSF reaches maturity with a lifespan 

ranging from 12 to 17 days. They do not consume anything 

other than water, avoid approaching humans, do not bite or 

sting, and do not transmit diseases (Shaphan 2019). Essential 

factors for their environment include access to water and 

nutrients. Adult BSF individuals lay eggs in locations near 

water sources and food, ensuring a suitable environment 

for the hatching and development of the larvae with an 

adequate food supply. The BSF is known to live in the 

natural habitat characterized by a temperature range of 25-

32°C and humidity levels between 70-80% (Tomberlin et al. 

2009; Holmes et al. 2012). BSF’s larvae are very efficient 

at breaking down a wide range of decaying organic matter, 

including manure, food waste, agricultural by-products, 

organic leachate, and plant and animal remains (Tomberlin 

and van Huis 2020). BSF larvae can be reared on most 

organic materials and can be used as a source of animal feed, 

and its use in agriculture and waste management is of 

increasing interest worldwide (Spranghers et al. 2017; 

Biasato et al. 2019; Heuel et al. 2021).  

It has been reported that BSF probably originated in 

Mexico, then spread to the north and south America over 

the last thousand years (Guilliet et al. 2022), however the 

earliest specimen has been found in the southern United 

States by the 18th century (Marshall et al. 2015; Khamis et 

al. 2020; Guilliet et al. 2022). Today, the species is cultivated 

internationally and found in tropical and subtropical 

regions (Marshall et al. 2015; Rhode et al. 2020; Ståhls et 

al. 2020). There have been records of BSF breeding in 

tropical Africa, such as South Africa in 1915 and 

Madagascar in 1930, or near northern territories like Malta 

in 1926 and Spain, Italy, and France in the 1960s. In Asia, 

the first record was in Malaysia in 1940, but in China, the 

BSF was not raised until 1960. It was recorded in Australia 

and neighboring countries in the 1940s (Marshall et al. 

2015). The marketing of BSF larvae and adults on a global 

scale, as well as the mixing of BSF genetic resources, made 

the identification of the original genetic source and its 

development challenging (Rhode et al. 2020; Ståhls et al. 

2020; Guilliet et al. 2022). 

Therefore, to date, research has mostly focused on 

nutritional claims (Van Huis 2013; Spranghers et al. 2017; 

Biasato et al. 2019; Schiavone et al. 2019; Hoc et al. 2020; 

Heuel et al. 2021) or the functional role of the gut microbiota 

in the bioconversion performance of BSF (Khamis et al. 

2020; Eke et al. 2023). It is also reported that BSF has 
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found applications in waste management (Surendra et al. 

2020) and environmental management tools (Lalander et al. 

2015; Gold et al. 2018; Giannetto et al. 2020). Fewer 

studies have been conducted using molecular markers to 

examine BSF's genetic diversity. Therefore, there is a need 

to determine the genetic lineage and genomic variation of 

BSF collected locally. In particular, BSF is receiving 

increasing attention because it is a species with high 

economic value and global distribution (Rhode et al. 2020). 

Although BSF is still considered a biological species, it has 

very high intraspecific variability and contains many 

different types and genetic groups (Ståhls et al. 2020; Guilliet 

et al. 2022). A genealogical origin and traceability study 

using the entire mitochondrial genome nucleotide sequence 

of 60 strains worldwide showed that BSF has an origin of 

about 2.8 million years, starting from the Isthmus region of 

Panama (O'Dea et al. 2016) and North America about 2 

million years, from there it spread globally (Guilliet et al. 

2022). Up to 52 haplotypes were found, including 10 major 

haplotypes, indicating that BSF has a very high and 

complex genetic diversity in forming a global genetic 

network (Khamis et al. 2020; Ståhls et al. 2020; Guilliet et 

al. 2022). 

DNA barcoding is a method of species identification 

involving the sequencing of a short fragment of the 

mitochondrial COI gene. The COI barcode region is 

relatively conserved at the intraspecific level and sufficiently 

variable to detect genetic divergence gaps that delineate 

interspecific boundaries helping to differentiate between 

divergent phylogenetic lineages within conventionally 

recognised morphospecies. Animal DNA barcoding 

focuses primarily on the mitochondrial COI gene, as COI 

often varies from population to higher taxonomic level 

(Hebert et al. 2003). Sequencing the 5'-mitochondrial COI 

gene has become the most widely used approach 

(http://www.boldsystems.org/). COI sequence data provide 

accurate estimates of species richness using either pre-set 

thresholds (cluster) or inference from the pre-set dataset 

(Hendrich et al. 2010). For BSF, the sequencing of the COI 

gene has been some research used to assess genetic 

diversity and phylogenetic analyses (Park et al. 2017; Qi et 

al. 2017; Khamis et al. 2020; Ståhls et al. 2020; Ferdousi et 

al. 2021; Guilliet et al. 2022). So far, registered in the Gene 

Bank (GenBank), there is only one nucleotide sequence of 

the COI gene in a standard sample (voucher) collected from 

the BSF cultured in Vietnam and identified as belonging to 

the Oriental group (Ståhls et al. 2020). Therefore, the 

objective of this study was to evaluate the genetic diversity 

of the BSF collected in Vietnam, supply breeders with 

information, and inform managers about the diversity of 

BSF. 

MATERIALS AND METHODS 

Sampling 

We have selected BSF from 10 provinces and cities 

namely Son La, Hai Duong, Hai Phong, Phu Tho, Da Nang, 

Quang Nam, Can Tho, Dak Lak, Dong Nai, and Ho Chi 

Minh. These 10 locations are selected based on their 

representativeness to the seven agro-ecological regions in 

Vietnam. Detailed information on samples and GenBank 

accession numbers is presented in Table 1. 

Samples of BSF were collected in the natural environment 

at seven agro-ecological regions of Vietnam, including 

Northwestern region (Son La), Northeastern region (Phu 

Tho), Red River Delta region (Hai Phong, Hai Duong), 

South Central region (Da Nang, Quang Nam), Central 

Highlands region (Dak Lak), Southeastern region (Dong 

Nai, Ho Chi Minh City), Southwestern region (Can Tho). 

BSF sampling covered seven ecological regions in Vietnam 

to ensure a comprehensive assessment of genetic diversity. 

Each region is characterized by distinct climatic and soil 

conditions. For detecting more genetic variations, we tried 

to ensure the gene pool be adequately sampled is possible. 

The samples were collected in October 2011 (autumn) and 

July 2012 (summer), because the temperature and humidity 

in autumn and summer in Vietnam is closest to the natural 

habitat of BSF. Regardless of the climat, BSF populations 

remained relatively low in the natural environment. Adult 

BSFs were trapped using nets and collected in mesh 

insects. During transportation to the laboratory, adult BSFs 

were preserved in 96% alcohol at 4°C. They were then 

stored at -20°C before DNA extraction for molecular 

characterization. 

The origin of all COI sequences used in our study is 

summarized in Table 2. 

 

 
 

Table 1. Sample information 

 

Sample code Sampling site 
GenBank accession 

numbers assigned 

Hill-SL-VN Son La Province, 

Northern Vietnam 

OP164686 

Hill-HD-VN Hai Duong Province, 

Northern Vietnam 

OP164687 

Hill-PT1-VN 

Hill-PT2-VN 

Phu Tho Province, 

Northern Vietnam 

OR646558 

OR646559 

Hill-HP1-VN 

Hill-HP1-VN 

Hai Phong City, Northern 

Vietnam 

OR646551 

OR646552 

Hill-DNN-VN 

Hill-DNN2-VN 

Hill-DNN3-VN 

Hill-DNN4-VN 

Da Nang City, Central 

Vietnam 

OP164688 

OR646555 

OR646556 

OR646557 

Hill-QN1-VN 

Hill-QN2-VN 

Hill-QN3-VN 

Quang Nam Province, 

Central Vietnam 

OP164689 

OP164690 

OP164691 

Hill-DL-VN 

Hill-DL2-VN 

Hill-DL3-VN 

Dak Lak Province, 

Central Vietnam 

OP164692 

OR646553 

OR646554 

Hill-DN1-VN 

Hill-DN2-VN 

Dong Nai Province, 

Southern Vietnam 

OP164693 

OP164694 

Hill-HCM1-VN 

Hill-HCM2-VN 

Ho Chi Minh City, 

Southern Vietnam 

OR646549 

OR646550 

Hill-CT1-VN 

Hill-CT2-VN 

Can Tho Province, 

Southern Vietnam 

OP164696 

OP164697 
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Table 2. Reference samples 

 

Haplotype Country of collection Accession number References 

Palaearctic Voucher/ United States KC192965 GenBank 

Oriental 2 Voucher/Singapore MT186669 Ståhls et al. 2020 

East Palaearctic Voucher/United States MT181122 Ståhls et al. 2020 

Palaearctic Voucher/Poland MT178512 Ståhls et al. 2020 

East Palaearcti Voucher/China MT178511 Ståhls et al. 2020 

Palaearctic Uganda MT520680 Khamis et al. 2020 

East Palaearctic United States MT520672 Khamis et al. 2020 

Neotropical Nigeria MT520662 Khamis et al. 2020 

East Palaearcti South Africa MT181122 Khamis et al. 2020 

East Palaearctic Kenya MT483940 Khamis et al. 2020 

East Palaearctic Australia MT483921 Khamis et al. 2020 

Oriental 1 Voucher/Malaysia MT178479 Ståhls et al. 2020 

Neotropical Voucher/Peru MT178472 Ståhls et al. 2020 

Neotropical Voucher/Bolivia MT178476 Ståhls et al. 2020 

Neotropical Voucher/Kenya MT483929 Ståhls et al. 2020 

Oriental 2 Voucher/United States LR792226. Ståhls et al. 2020 

Oriental 2 Voucher/Thailand MT178506 Ståhls et al. 2020 

A Voucher/Vietnam MT178480 Ståhls et al. 2020 

Palaearctic Switzerland LR792262 GenBank 

Palaearctic South Korea FJ794401 GenBank 

Oriental 2 Australia LR792254 GenBank 

H Paraguay LR792241 GenBank 

H Brazil LR792236 GenBank 

H Bolivia LR778193 GenBank 

A Zambia LR778156 GenBank 

A Bolivia LR778195 GenBank 

A Madagascar LR778154 GenBank 

E Bhutan LR778159 GenBank 

E Australia HM399363 GenBank 

D Mexico  LR778208 GenBank 

F Switzerland LR792262 GenBank 

F Switzerland LR812715          GenBank 

C Kenya LR792260 GenBank 

 

 

Genomic DNA extraction 

BSF samples were collected from North, Central, and 

South Vietnam and 10 provinces and cities described above. 

The number of samples, sample locations, and GenBank 

accession numbers are shown in Table 1. The origin of all 

COI barcodes obtained from GenBank (ncbi.nih.gov) and 

used for analysis in our study is summarized in Table 2. 

Genomic DNA was extracted from 22 samples from 10 

provinces and cities in Vietnam. Ethanol-preserved BSF 

were used for DNA extraction with the Thermo Scientific 

GeneJET Genomic DNA Purification Kit. The quantity and 

quality of genomic DNA were checked with a UV 

spectrophotometer and agarose gel electrophoresis. DNA 

samples were stored at -20°C until analysis. 

PCR amplification and sequencing 

The primer sequences used for COI amplification were 

as follows: HILC1 F: 5'TTTCAACAAATCATAAAGATA 

TTGG 3' HILC1 R: 5' AGATATAAACTTCTGGGTGTCC 

3'. This primer pair was designed based on the insect COI-

barcoded primer pair LCO1490/HC02198 (Folmer et al. 

1994). PCR was performed in a 50 µL reaction containing 

25 µL PCR master mix (Thermo Scientific), 10 pM 

primers, 100 ng genomic DNA, and 1.5 µL DMSO. The 

reaction mixture was placed in a DNA thermal cycler. In 

PCR amplification, an initial denaturation at 94°C for one 

minute was followed by 35 cycles of denaturation at 94°C 

for one minute, annealing at 48°C for one minute, extension at 

72°C one minute, and a further extension of 72°C for seven 

minutes. PCR products were purified for DNA sequencing 

using a GeneJET PCR Purification Kit (Thermo Scientific). 

Purified PCR products were used for sequencing with ABI 

(3100 Genetic Analyzer, Applied Biosystems). 

Phylogenetic analysis of COI sequences 

The analysis was performed using the following methods. 

Nucleotide sequences were identified using the Basic Local 

Alignment Search Tool (BLAST) (Altschul et al. 1990). 

Multiple nucleotide alignments were performed using BioEdit 

(Hall 1999). Diversity parameters, including nucleotide 

diversity haplotypes, the number of polymorphic sites, the 

number of haplotypes, and haplotype diversity of all 

sequences, were estimated using DnaSP v.6 software 

(Rozas et al. 2017). A Neighbor-Joining (NJ) phylogenetic 

tree with a bootstrap value of 1,000 replicates was 

performed using MEGA version X (Tamura et al. 2021). 

The phylogenetic tree analysis was constructed based on 

Ståhls et al. (2020) and Guilliet et al. (2022) classifications 

with the COI reference sequences listed in Table 2 of the 

GenBank database. closely related species was inferred 

using the Maximum Likelihood method by MEGA X 

(Kumar et al. 2018). 
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RESULTS AND DISCUSSION 

Polymorphic site and haplotype of COI 

Moreover, 22 COI sequences with a total length of 658 

bp were submitted to GenBank (accession numbers are 

listed in Table 1). A comparison of the 22 nucleotide 

sequences of the COI gene in BSF revealed that there were 

39 sites of nucleotide diversity, including 35 parsimony-

informative sites, three single variable sites (Figure 2), and 

one parsimony-informative site (Figure 2). The nucleotide 

composition of all haplotypes was 25.36% A, 36.04% T, 

21.25% C, 17.35% G, 61.40% A+T, and 38.60% G+C. Our 

results are consistent with a study conducted across 600 

BSF personnel from 39 countries (Ståhls et al. 2020). Their 

study looked at a sequence of 658 nucleotides and found 

that A+T was 61.7%, while C+G comprised 38.3%. The 

A+T haplotype was significantly more common than the 

G+C haplotype. This result is consistent with another study 

(Wirth et al. 1999), which showed that most insect COI gene 

sequences are A- and T-rich. The study used BFS references 

in clade B (FJ794367.1) to compare BSF nucleotide 

sequences collected in Vietnam, as clade B is mostly found 

in Asia (Guilliet et al. 2022). Nucleotide variations between 

the BSF COI sequences and the representative sequence 

(FJ794367.1) are shown in Figure 2. The results show that 

the average percentage of polymorphic sites was 5.93% 

(39/658). Furthermore, for 39 sequence variations, all these 

nucleotide substitutions were identified. 

The results of using DnaSP software to determine the 

haplotype on 658 nucleotides of 22 COI sequences of BSF 

revealed that the 22 nucleotide COI sequences from black 

soldier flies were classified into 9 distinct haplotypes. 

Among these, haplotype 1 comprised 8 samples, while 

haplotypes 2 and 7 each contained 3 samples. Haplotypes 5 

and 2 were each represented by 2 samples, whereas 

haplotypes 4, 6, 8, and 9 consisted of only one sequence 

each. The difference in nucleotide sequence between the 

haplotypes of the BSF is shown in Figure 1. The Haplotype 

diversity index (Hd) of the mitochondrial COI region of the 

BSF samples collected in Vietnam had relatively high 

genetic diversity (Hd: 0.858). 

Phylogenetic trees were constructed using Maximum 

Likelihood methods and were constructed using 22 COI 

sequences along with 33 reference sequences that 

corresponded to the main clades defined by previous 

studies (Khamis et al. 2020; Ståhls et al. 2020; Guilliet et 

al. 2022) (Figure 2). 

Figure 2 shows that 11 BSF samples classified as clade 

F were collected from different provinces, including Da 

Nang, Phu Tho, Dak Lak, Can Tho, Quang Nam, Son La, 

Hai Duong, and Hai Phong. These specimens belong to the 

following ecological regions: Northwestern region (Son 

La), Northeastern region (Phu Tho), Red River Delta 

region (Hai Phong, Hai Duong), South Central region (Da 

Nang, Quang Nam), Central Highlands region (Dak Lak), 

Southwestern region (Can Tho) which is similar to BSF 

found in Europe, Uganda, and South Korea. Furthermore, 

another 6 samples belong to the clade E collected from Hai 

Phong, Da Nang, and Quang Nam also frequently observed 

in Asia and Australia. Additionally, three samples were 

assigned to clade A collected from Ho Chi Minh, Dak Lak, 

and Dong Nai. One BSF sample from Phu Tho Province 

was classified as clade C (Figure 2).  

Clade A and C were the most common and were found 

on all continents except South America, where clade C was 

absent. Clade A is the most common haplotype of wild 

BSF in France and Europe. Only one specimen collected 

from Ho Chi Minh City was classified as clade B, 

identified in BSF from Europe and Asia (Guilliet et al. 

2022). The distribution of genetic diversity of BSF samples 

collected in Vietnam is spread across most ecological 

regions (each has different climatic conditions, weather 

conditions, and agricultural practices). Even within the 

same region, there is great genetic diversity. This is shown 

in the same sample collection in Hai Phong, Dong Nai, and 

Quang Nam provinces where the sample population 

belongs to both clades F and E. Or more specifically, the 

sample population collected in Dong Nai but is distributed 

in branches F, E, A. This may indicate that the ecological 

conditions of Vietnam do not greatly affect the genetic 

diversity of BSF; the genetic closeness of BSF collected in 

Vietnam compared to Europe, Uganda, and South Korea is 

more reasonable. This genetic diversity implies the 

possibility of foreign BSF species entering Vietnam 

through global trading. 

 

 

0 0 0 0 0 0 0 1 1 2 2 2 2 3 3 3 3 3 3 4 4 4 4 4 4 4 5 5 5 5 5 5 5 6 6 6 6 6 6

0 2 3 4 5 7 8 6 6 0 0 6 9 1 1 6 7 7 8 0 3 3 5 6 9 9 1 1 2 3 5 6 6 2 2 3 3 3 4

1 2 4 0 8 9 2 3 6 5 8 3 5 3 6 4 0 3 5 6 3 6 1 6 0 6 7 8 6 8 3 2 5 5 8 1 4 7 9

FJ794367.1 class 1B T A T G T T T A G C A T C C A T T A C C G T A A T A A A A C T T G A A A T C A

Haplotype 1 (1) T A T G T T T A G C A T C C A T T A C C G T A A T A A A A C T T G A A A T C A

Haplotype 2 (8) T . . A . C C T A . G C A T G C A . . T . . T . C . G G . T C C A G . T C . .

Haplotype 3 (2) A . . A . C C T A . G C A T G C A . . T . . T . C . G G . T C C A G . T C . .

Haplotype 4 (3) . . C A C G C T A A G C A T . C A . . T . . T . C . G G . T . C A . G T C A G

Haplotype 5 (1) . . . A . A C T A . G C A T G C A . . T . . T . C . G G . T C C A G . T C . .

Haplotype 6 (2) . . C A C A C T A A G C A T . C A . . T . . T . C . G G . T . C A . G T C A G

Haplotype 7 (3) A G . A C . C T A . G C A T . C A G T T A C T . . G G G G T . . A G . T C . .

Haplotype 8 (1) A . C A C . C T A A G C A T . C A . . T . . T . C . G G . T . C A . G T C A G

Haplotype 9 (1) . . . . . . . . . . . . . . . . . . . . . . . G . . . G . . . . A . . . . . .  
 

Figure 1. Nucleotide polymorphisms were observed in the COI of the BSF Vietnamese (658 bp). The first column signifies the 

identification number of samples and references BSF. Vertically oriented numbers indicate the variable site's position. Dots (.) indicate 

identity with the reference sequence (GenBank accession number FJ794367.1), while different base letters denote substitutions 
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Figure 2. The phylogenetic relationship between the Hermetia illucens samples collected from different locations of Vietnam and other 

GenBank accessions of closely related species was inferred using the Maximum Likelihood method by MEGA X (Kumar et al. 2018) 

 

 

Our study showed considerable genetic diversity in the 

COI sequence of Hermetia illucens. This finding is 

consistent with a previous study (Ståhls et al. 2020; Kaya et 

al. 2021). These results allow us to capture a significant 

part of the diversity of the Vietnamese BSF. This 

information is valuable for both growers and livestock 

regulators, facilitating more efficient BSF agriculture. In 

addition, population genetics studies can play a key role in 

ongoing efforts to identify insect lineages with improved 

decomposition properties. This is significant in terms of 

being the scientific and genetic basis for selecting and 

creating BSF varieties to serve in future agricultural 

production. 

ACKNOWLEDGEMENTS 

The authors wish to extend their sincere gratitude to the 

individuals who contributed to the data collection process. 

All authors declare that they have no conflicts of interest.   

REFERENCES 

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local 

alignment search tool. J Mol Biol 215 (3): 403-410. DOI: 

10.1016/S0022-2836(05)80360-2. 
Biasato I, Renna M, Gai F, Dabbou S, Meneguz M, Perona G, Martinez S, 

Lajusticia ACB, Bergagna S, Sardi L, Capucchio MT, Bressan E, 

Dama A, Schiavone A, Gasco L. 2019. Partially defatted black soldier 
fly larva meal inclusion in piglet diets: Effects on the growth 

performance, nutrient digestibility, blood profile, gut morphology and 

histological features. J Anim Sci Biotechnol 10 (1): 12. DOI: 
10.1186/s40104-019-0325-x. 

Eke M, Tougeron K, Hamidovic A, Tinkeu LSN, Hance T, Renoz F. 

2023. Deciphering the functional diversity of the gut microbiota of 
the black soldier fly (Hermetia illucens): Recent advances and future 

challenges. Anim Microbiome 5: 40. DOI: 10.1186/s42523-023-00261-9. 

Ferdousi L, Sultana N, Helal MA, Momtaz NS. 2021. Molecular 
identification and life cycle of Black Soldier fly (Hermetia illucens) 

in laboratory. Bangladesh J Zool 48 (2): 429-440. DOI: 
10.3329/bjz.v48i2.52381. 

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R. 1994. DNA Primers 

for Amplification of Mitochondrial Cytochrome c Oxidase Subunit I 
from Diverse Metazoan Invertebrates. Mol Mar Biol Biotechnol 35: 

294-99. 



 B IODIVERSITAS 24 (12): 6727-6732, December 2023 

 

6732 

Giannetto A, Oliva S, Lanes CFC, de Araújo Pedron F, Savastano D, 

Baviera C, Parrino V, Lo Paro G, Spanò NC, Cappello T, Maisano M, 

Mauceri A, Fasulo S. 2020. Hermetia illucens (Diptera: 
Stratiomydae) larvae and prepupae: Biomass production, fatty acid 

profile and expression of key genes involved in lipid metabolism. J 

Biotechnol 307: 44-54. DOI: 10.1016/j.jbiotec.2019.10.015. 
Gobbi P, Martínez-Sánchez A, Rojo S. 2013. The effects of larval diet on 

adult life. Eur J Entomol 110 (3): 461-468. DOI: 

10.14411/eje.2013.061. 
Gold M, Tomberlin JK, Diener S, Zurbrügg C, Mathys A. 2018. 

Decomposition of biowaste macronutrients, microbes, and chemicals 

in black soldier fly larval treatment: A review. Waste Manag 82: 302-
318. DOI: 10.1016/j.wasman.2018.10.022. 

Guilliet J, Baudouin G, Pollet N, Filée J. 2022. What complete 

mitochondrial genomes tell us about the evolutionary history of the 
black soldier fly, Hermetia illucens. BMC Ecol Evol 22 (1): 72. DOI: 

10.1186/s12862-022-02025-6. 

Hall TA. 1999. BioEdit: A user-friendly biological sequences alignment 
editor and analysis program for Window 95/98/NT. Nucleic Acids 

Symp Ser 41 (2): 95-98. DOI: 10.14601/phytopathol_mediterr-

14998u1.29. 
Hebert PDN, Ratnasingham S, deWaard JR. 2003. Barcoding animal life: 

cytochrome c oxidase subunit 1 divergences among closely related 

species. Proc Biol Sci 270 (Suppl 1): S96-S99. DOI: 
10.1098/rsbl.2003.0025. 

Hendrich L, Pons J, Ribera I, Balke M. 2010. Mitochondrial Cox1 

sequence data reliably uncover patterns of insect diversity but suffer 
from high lineage-Idiosyncratic error rates. PLoS One 5 (12): e14448. 

DOI: 10.1371/journal.pone.0014448. 

Heuel M, Sandrock C, Leiber F, Mathys A, Gold M, Zurbrügg C, Gangnat 
IDM, Kreuzer M, Terranova M. 2021. Black soldier fly larvae meal 

and fat can completely replace soybean cake and oil in diets for laying 

hens. Poult Sci 100 (4): 101034. DOI: 10.1016/j.psj.2021.101034. 
Hoc B, Genva M, Fauconnier M-L, Lognay G, Francis F, Caparros 

Megido R. 2020. About lipid metabolism in Hermetia illucens (L. 

1758): On the origin of fatty acids in prepupae. Sci Rep 10 (1): 11916. 

DOI: 10.1038/s41598-020-68784-8. 

Holmes LA, Vanlaerhoven SL, Tomberlin JK. 2012. Relative humidity 
effects on the life history of Hermetia illucens (Diptera: Stratiomyidae). 

Environ Entomol 41 (4): 971-978. DOI: 10.1603/en12054. 

Kaya C, Generalovic TN, Ståhls G et al. 2021. Global population genetic 
structure and demographic trajectories of the black soldier fly, Hermetia 

illucens. BMC Biol 19 (1): 94. DOI: 10.1186/s12915-021-01029-

w.Khamis FM, Ombura FLO, Akutse KS, Subramanian S, Mohamed 
SA, Fiaboe KKM, Saijuntha W, Van Loon JJA, Dicke M, Dubois T, 

Ekesi S, Tanga CM. 2020. Insights in the global genetics and gut 

microbiome of Black Soldier Fly, Hermetia illucens: Implications for 
animal feed safety control. Front Microbiol 11: 1538. DOI: 

10.3389/fmicb.2020.01538. 

Kumar P, Arvindhan N, Pradeep DU. 2018. Analysis of Cell Viability by 
the Lactate Dehydrogenase Assay. Cold Spring Harb Protoc 2018: 

465-68. DOI: 10.1101/pdb.prot095497. 

Lalander CH, Fidjeland J, Diener S, Eriksson S, Vinnerås B. 2015. High 
waste-to-biomass conversion and efficient Salmonella spp. reduction 

using black soldier fly for waste recycling. Agron Sustain Dev 35 (1): 

261-271. DOI: 10.1007/s13593-014-0235-4. 
Marshall SA, Woodley NE, Hauser M. 2015. The historical spread of the 

Black soldier Fly, Hermetia illucens (L.) (Diptera, Stratiomyidae, 

Hermetiinae), and its establishment in Canada. J Entomol Soc Ont 

146: 51-54. 

O'Dea A, Lessios HA, Coates AG et al. 2016. Formation of the Isthmus of 
Panama. Sci Adv 2 (8): e1600883. DOI: 10.1126/sciadv.160088. 

Park S, Choi H, Choi J, Jeong G. 2017. Population structure of the exotic 

Black Soldier Fly, Hermetia illucens (Diptera: Stratiomyidae) in 
Korea. Korean J Environ Ecol 31: 520-528. DOI: 

10.13047/kjee.2017.31.6.520. 

Qi Y, Xu J, Tian X, Bai Y, Gu X. 2017. The complete mitochondrial 
genome of Hermetia illucens (Diptera: Stratiomyidae). Mitochondrial 

DNA B Resour 2: 189-190. DOI: 10.1080/23802359.2017.1307708. 

Rhode C, Badenhorst R, Hull KL, Greenwood MP, Bester-van der Merwe 
AE, Andere AA, Picard CJ, Richards C. 2020. Genetic and phenotypic 

consequences of early domestication in black soldier flies (Hermetia 

illucens). Anim Genet 51 (5): 752-762. DOI: 10.1111/age.12961. 
Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Librado P, 

Ramos-Onsins S, Sánchez-Gracia A. 2017. DnaSP 6: DNA sequence 

polymorphism analysis of large data sets. Mol Biol Evol 34 (12): 
3299-3302. DOI: 10.1093/molbev/msx248. 

Schiavone A, Dabbou S, Petracci M, Zampiga M, Sirri F, Biasato I, Gai F, 

Gasco L. 2019. Black soldier fly defatted meal as a dietary protein 
source for broiler chickens: Effects on carcass traits, breast meat 

quality and safety. Anim Intl J Anim Biosci 13 (10): 2397-2405. DOI: 

10.1017/S1751731119000685. 
Shaphan Y, Chia. 2019. Black Soldier Fly Larvae as a Sustainable Animal 

Feed Ingredient in Kenya. Wageningen University & Research, 

Nairobi. 
Spranghers T, Ottoboni M, Klootwijk C, Ovyn A, Deboosere S, De 

Meulenaer B, Michiels J, Eeckhout M, De Clercq P, De Smet S. 2017. 

Nutritional composition of black soldier fly (Hermetia illucens) 
prepupae reared on different organic waste substrates. J Sci Food 

Agric 97 (8): 2594-2600. DOI: 10.1002/jsfa.8081. 

Ståhls G, Meier R, Sandrock C, Hauser M, Šašić Zorić L, Laiho E, Aracil 
A, Doderović J, Badenhorst R, Unadirekkul P, Mohd Adom NAB, 

Wein L, Richards C, Tomberlin JK, Rojo S, Veselić S, Parviainen T. 

2020. The puzzling mitochondrial phylogeography of the black 

soldier fly (Hermetia illucens), the commercially most important 

insect protein species. BMC Evol Biol 20 (1): 60. DOI: 
10.1186/s12862-020-01627-2. 

Surendra KC, Tomberlin JK, van Huis A, Cammack JA, Heckmann L-HL, 

Khanal SK. 2020. Rethinking organic wastes bioconversion: 
Evaluating the potential of the black soldier fly (Hermetia illucens 

(L.)) (Diptera: Stratiomyidae) (BSF). Waste Manag 117: 58-80. DOI: 

10.1016/j.wasman.2020.07.050. 
Tamura K, Stecher G,  Kumar S. 2021. MEGA11: Molecular Evolutionary 

Genetics Analysis Version 11. Mol Biol Evol 38 (7): 3022-3027. 

DOI: 10.1093/molbev/msab120. 
Tomberlin JK, Adler PH, Myers HM. 2009. Development of the Black 

Soldier Fly (Diptera: Stratiomyidae) in relation to temperature. 

Environ Entomol 38 (3): 930-934. DOI: 10.1603/022.038.0347. 
Tomberlin JK, van Huis A. 2020. Black soldier fly from pest to 'crown 

jewel' of the insects as feed industry: An historical perspective. J 

Insects Food Feed 6 (1): 1-4. DOI: 10.3920/jiff2020.0003. 
Van Huis A. 2013. Edible insects: Future prospects for food and feed 

security (FAO forestry paper). FAO, Rome. 

Wirth T, Le Guellec R, Veuille M. 1999. Directional substitution and 
evolution of nucleotide content in the cytochrome oxidase II gene in 

earwigs (dermapteran insects). Mol Biol Evol 16 (12): 1645-1653. 

DOI: 10.1093/oxfordjournals.molbev.a026078. 

  


