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With 4 figures

Abstract: Numerous studies have accumulatively discovered mitochondrial genome (mtDNA) diversity in the natural 
populations of the same species, and some of the mtDNA variations may be selected by the host’s environment. However, 
it remains unclear about the molecular mechanisms by which this long-term coexistence of mtDNA variations in the same 
species affects the metabolism and evolution of the host. By comparing two mitochondrial genomes of cultured population 
of Hermetia illucens, our study reveals that the mtDNAs of both strains (Ref-strain and Sub-strain) have great structural 
divergences, and mitochondria of the Sub-strain may be functionally defective, which is consistent with the observed lower 
body weights and higher oxidative stress levels in the midgut of Sub-strain. Moreover, the differentially expressed genes 
and differential metabolites between the midguts of both strains were related to the mitochondrial functions including oxi-
dative stress, antioxidant and electron transport chain. Interesting, the midgut microbial compositions differed significantly 
in both strains. Additionally, 25 of 310 the potentially positively selected genes were related to mitochondrial function. 
Combination of these multidimensional investigations of both strains helped to reveal how the host insects adapt to mtDNA 
variations through cyto-nuclear interactions. This study can provide new evidence for understanding the nuclear response 
to the mitochondria dysfunction in insects, and its role in differentiation of the natural populations and even in the process 
of speciation.

Keywords: black soldier fly; mitochondrial dysfunction; nuclear responses; metabolism; intestinal flora

1	 Introduction

Mitochondria are essential organelles in eukaryotic cells, 
primarily producing ATP for energy supply through oxida-
tive phosphorylation, and participating in various cellu-
lar functions. The function of eukaryotic cells requires the 
intimate interaction between the mitochondrial genome 
(mtDNA) and the nuclear genome. However, animal mtDNA 
is circular and contains only 37 genes (including 13 protein-
coding genes), so the functional proteins in mitochondria are 
co-encoded by both the mitochondrial and nuclear genomes. 
Additionally, the production of ATP can generate reactive 
oxygen species (ROS) (Brand 2010), which can act as sig-
naling molecules in regulating intracellular biological pro-
cesses (Santabárbara-Ruiz et al. 2019) and can even play an 
important role in immunity of the insect intestine (Bai et al. 
2021).

Since all mtDNA-encoded protein genes are the subunits 
of the electron transport chain, the accumulation of deleteri-

ous mutations in mtDNA will affect mitochondrial oxidative 
phosphorylation function (Wallace 2010). However, nuclear 
genome can evolve to compensate for the effects of deleteri-
ous mutations in mtDNA, so the nuclear genome and mtDNA 
can co-evolve (Gershoni et al. 2014). Recently, some stud-
ies constructed conplastic strains by introducing different 
mtDNA types into hosts of the same nuclear genetic back-
ground to explore the impacts of mtDNA variations on hosts’ 
gene expression and metabolism (Latorre-Pellicer et  al. 
2016; Healy & Burton 2020), which are essentially studies 
of host metabolic responses under nuclear-mitochondrial 
incompatibility. However, it still remains unclear how long-
term coexisting mitochondrial variations in the same species, 
under the influence of natural selection, affect metabolism 
and evolution of the host. In fact, many studies have recently 
identified mtDNA diversity in the natural populations of the 
same species (Li et al. 2022). Among these mtDNA varia-
tions, some functional mutations can facilitate hosts’ adapta-
tions to new environments (Wallace 2016). For example in 
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natural populations of Drosophila melanogaster, the mtDNA 
variations may reflect adaptations to climatic environments 
(Lajbner et  al. 2018), and in small brown planthoppers, 
Laodelphax striatellus, the emergence of two mitochondrial 
haplotypes is correlated with the different temperatures (Sun 
et al. 2019).

The black soldier fly (BSF), Hermetia illucens L. (Diptera: 
Stratiomyidae), is a globally distributed and economically 
important insect (Kaya et  al. 2021). The bioconversion of 
organic waste by BSF larvae (BSFL) is considered one of 
the most promising technologies, and the economic value  
of BSFL is largely depend on their digestion and absorption 
of food in which the intestinal microbiota plays an important 
role, and related applied research has rapidly expanded in 
recent years (IJdema et al. 2022). Moreover, recent phyloge-
netic studies have revealed that global mtDNAs of BSF can 
be divided into two haplogroups, which diverged over two 
million years ago (Guilliet et al. 2022). Hence, the BSF is a 
good model for studying the effects of mtDNA variations on 
metabolism and evolution of host.

Here, from the same cultured population, we isolated 
two strains of BSF with the mtDNAs belonging to each 
of the two phylogenetic haplogroups. First, we compara-
bly studied the evolution of both mitochondrial genomes. 
Then, we compared the physiological characterizations, the 
metabolism and microbiota in the midguts of both strains of 
BSFL. Finally, based on analyses of the gene expression and 
molecular evolution between both strains, we explored how 
the host adapted to mtDNA variations in nuclear genome. 
Understanding these mechanisms can provide new evidence 
for the molecular mechanism of host adaptation, which in 
turn will help understand the role of mtDNA variations in 
the differentiation and even speciation of natural populations 
of insects.

2	 Material and methods

2.1	 Breeding of black soldier flies
The BSF population was initially collected from the wild 
in Guangxi, China, and then reared on a large scale (mil-
lions in population) at Jiangsu Difei Biotechnology Co., Ltd. 
Taken from this population, about 50 g eggs were randomly 
selected and reared (fed with wheat diet; 27 ± 1 ℃; relative 
humidity of 60 ± 1%; 12:12 L:D photoperiod) in the labora-
tory for four generations. Two strains, Ref-strain and Sub-
strain, were then isolated using two mitochondrial molecular 
markers, cox1 and cob (primers see Table S1), and the 
founder flies were setted as F0 generation. Both strains (each 
containing five pairs of founder flies) were reared separately 
for nine generations. A schematic of the two BSFL strain iso-
lated processes is shown in Fig. S1A.

When the eggs of the 10th generation (F10 generation) 
hatched and reared on the wheat diet for five days (more than 
2000 larvae), 60 larvae were randomly picked and placed in a 

plastic box with 100 g wheat diet and 200 mL distilled water 
(for each strain, 3 replicates from 3 different larval boxes 
were set). The same food (20 g of wheat diet and 20 ml of 
distilled water) was added to each box at 17:00 every day for 
the next nine days. On the 15th day, the washed and surface-
sterilized larvae were dissected in sterile phosphate buffered 
saline (PBS) to isolate the midguts, which were immediately 
frozen in liquid nitrogen and then stored at −80 ℃. A sche-
matic processing of the two BSFL strain processes is shown 
in Fig. S1B.

The BSF strain with the mtDNA marker sequences of 
cox1 and cob identical to the published mtDNA sequences 
of BSF (accession ID: NC_035232.1) was named as Ref-
strain (Ref means reference) and the other strain was named 
as Sub-strain (Sub represents subpar, which implied that 
the body weights of this strain were subpar compared to the 
Ref-strain).

2.2	� Sequencing and analysis of mitochondrial 
genomes

For each BSF strain, one male adult was selected to extract 
total DNA with EasyPure® Genomic DNA Kit (TransGen, 
Beijing, China), and build sequencing library with NEB 
Next® Ultra™ DNA Library Prep Kit (NEB, USA). 250 bp 
paired-end sequencing was carried out on a NovaSeq 6000. 
After quality control and filtering by FastQC and fastp, 
clean data was used to assemble the mitochondrial genome 
using Getorganelle. Assembled mtDNA was annotated using 
MITOS and manually corrected for protein-coding genes 
(PCGs) and tRNAs. Meanwhile, the published 57 BSF mtD-
NAs (Guilliet et al. 2022) were downloaded. Subsequently, 
12 PCGs (except ND5 which was provided partial sequence 
in the 57  BSF mtDNAs) and both rRNAs were extracted 
from the mtDNA and later aligned with MAFFT (v. 7.313, 
data type selected “codon”, align strategy selected “auto” 
and codon table selected “5”). These alignments were con-
catenated using PhyloSuite and ModelFinder was used to 
find the best model. Then Bayesian inference and maximum-
likelihood trees were constructed. Due to one bp of insertion 
in nad1 gene, the protein tertiary structures for ND1 of both 
BSF strains were predicted using RoseTTAFold (Baek et al. 
2021), followed by alignment of the tertiary structures using 
Pymol 2.5.2.

2.3	� Physiological characterization of both  
BSF strains

Thoracic tissues of adult BSF of both strains were taken and 
homogenized, and Complex  I activity was measured using 
Mitochondrial Respiratory Chain Complex Ⅰ Activity Assay 
Kit (Abbkine, Wuhan, China), according to the manufactur-
er’s instructions (4 replicates for each strain). The concen-
tration of ROS in the intestine was measured as described 
previously (Wang et  al. 2022), and the malondialdehyde 
(MDA) concentration in the intestine was measured using a 
Malondialdehyde assay kit (TBA method) (Nanjing Jiancheng 
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Bioengineering Institute, China), with more detailed informa-
tion available in the supplementary methods. The weight of 
each BSFL individual was measured before midgut dissec-
tion (a total of 45 individuals were averagely and randomly 
selected from the 3 boxes of larvae per strain). The larvae 
were selected from the food, washed with water, dried with 
paper tissue, and accurately measured using an analytical 
balance (CP224C; OHAUS, USA), retaining four decimal 
places. Statistical tests for all the above measurement data 
were performed in Minitab 19. The data was tested whether 
conformed to a normal distribution, and the independent sam-
ples t-test was used for normally distributed data.

2.4	� Measurements and analyses of metabolites 
in the BSFL midguts

The metabolites of BSFL midguts were extracted with an 
extraction buffer (6 individuals per strain). We used the LC/
MS system for metabolomics analysis. The metabolite iden-
tification was performed based on the Progenesis QI software 
online METLIN database and a self-built library, and at the 
same time, theoretical fragment identification and mass devi-
ation were within 100 ppm. The identified metabolites were 
searched in the KEGG, HMDB, and lipidmaps databases for 
classification and pathway information. Based on the group-
ing information, the fold-change and p-value (T-test) were 
calculated for each metabolite. The R language package 
Ropls was used to perform orthogonal partial least-squares 
discrimination analysis (OPLS-DA) modeling. The metabo-
lites with VIP  >  1, p-value  <  0.05 and |fold change| (FC) 
≥ 1.5 or FC ≤ 0.67 were identified as differential metabolites.

2.5	� Microbiota sequencing and analyses of the 
BSFL midguts

Total genomic DNA was extracted from the midgut of 
BSFL per individual using the TGuide S96 Magnetic Soil 
/Stool DNA Kit (DP812, TIANGEN®) (a total of 21 indi-
viduals were randomly selected from 3 boxes of larvae per 
strain). After quality control, the clean data was merged and 
denoised in QIIME2 v2020.6. Then, according to the SILVA 
release 138 (Quast et al. 2012) classifier, feature abundance 
was normalized using the relative abundance of each sample. 
α- and β-diversity was calculated.

2.6	� RNA-seq and bioinformatics analyses of 
BSFL midguts

Total RNA was isolated from the midgut of BSFL individu-
als according to the instructions of TansZol Up Plus RNA 
Kit (TransGen, Beijing, China). 12 samples (6 sample rep-
licates per strain) were used to extracted the total RNA. For 
each sample, the sequencing library was constructed (Berry 
Genomics, Beijing, China) and 250 bp paired-end sequenc-
ing was carried out on a NovaSeq 6000.

The gene expression levels were estimated by calculating 
the value of transcripts per kilobase of exon model per mil-
lion mapped reads (TPM). The differentially expressed genes 

were selected with a |fold change| > 2 and p-value < 0.05. 
KEGG enrichment was performed in R with clusterProfiler 
package, and the pathways with p-value < 0.05 were selected 
as significantly enriched pathways. Before GO enrichment, 
the eggNOG v5.0 was used to assigned GO terms to each 
DEGs. GO enrichment was performed in TBtools, and we 
used corrected p-value < 0.05 to filter out the significantly 
enriched terms.

2.7	 Quantitative real-time PCR (qPCR)
To validate whether the regulation of genes were the same 
as that detected by RNA-seq, and whether the differences in 
the relative expression of genes were significant, the genes 
related to fatty acid β-oxidation and mitochondrial encoded 
genes were quantified with qPCR. By using total RNA from 
the same samples of RNA-seq, and after total RNA reverse 
transcribed into cDNAs, three-step qPCR was performed on 
a CFX96 system. Actin-5C (LOC119646467) was used as a 
reference gene for normalization (Gao et al. 2019) and the 
Ref-strain was set as the control group. The fold changes 
were calculated as 2^(-ΔΔCq). The primers for qPCR are 
provided in Table S2.

2.8	� Whole genome resequencing and 
bioinformatics analysis of F0 generation

The thoracic tissues of F0 generation adults were collected, 
and total DNA was extracted using DNeasy Blood & Tissue 
Kits (Qiagen, Germany). Six biological replicates were set 
for each strain, with each replicate containing one individual. 
The paired-end sequencing libraries were sequenced on the 
DNBSEQ platform (BGI, Shenzhen, China), with a data vol-
ume of 30 Gb for each sample. The quality control of raw 
data was performed by fastp to obtain the clean data, and  
the clean data was mapped to the BSF reference genome 
(GCF_905115235.1) with BWA-MEM.

Potential PCR duplicates were marked and SNP call-
ing were performed following the Genome Analysis Toolkit 
standard process to filter out SNPs, then SNPs of more than 
three within 10 bp or near Indel within 5 bp were removed 
to avoid false positives. To obtain high-quality SNPs, 
additional filtering was performed using vcftools V0.1.16 
(--min-meanDP 12 --minDP 12 --max-meanDP 30 --maxDP 
3  --max-missing 0.85) and PLINK (--maf 0.05  --geno 
0.1 --mind 0.1). After obtaining the high-quality SNPs, we 
used gcta to analyze PAC and PLINK to generate distance, 
and then Neighbor Joining (NJ) tree based on the p-distance 
was constructed in MEGA X. Population structure analysis 
was performed using Admixture. Nucleotide diversity (θπ) 
and fixation index (Fst) was calculated using vcftools within 
100kb windows with a step size of 5 kb across the genome. 
The region with top 5% Fst & top 5% Pi ratio (θπRef-strain/
θπSub-strain) was considered to be the putatively selected 
region of Sub-strain, and all genes within the selected region 
were considered as the potentially positively selected genes 
(PPSGs). The eggNOG v5.0 was used to assigned GO terms 
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to each PPSGs, then GO enrichment of PPSGs was per-
formed in TBtools, and KEGG enrichment was done in R 
using the clusterProfiler package, with organism= ’his’ being 
set. For GO and KEGG enrichment, corrected p-value < 0.05 
was considered as the significantly enriched term or path-
way. The mitochondrial targeting sequence (MTS) of PPSGs 
was predicted by MitoFates.

3	 Results

3.1	� mtDNA divergences analyses of both  
BSF strains

In laboratory-fed population, two mtDNAs (Ref-mtDNA and 
Sub-mtDNA) of BSF were identified with an average nucleo-
tide distance of 3.62%. There were two main differences in the 
structure of both mitochondrial genomes, with Sub-mtDNA 
having a 15 bp deletion between tRNA-Gln and tRNA-Met, 
and an insertion of one bp at mt.11670. The one bp insertion 
falls in nad1 gene, leading to a frame-shift that results in the 
extension of 29 bp which shaped an overlap with the cob gene 
(Fig. S2A). In the phylogenetic tree with other published BSF 
mtDNAs, Ref-mtDNA and Sub-mtDNA belonged to each of 
the two main clades of BSF (Fig. S2B). Further alignment of 
the tertiary structures of the ND1 protein revealed a longer 
α-helix at the C-terminal (Fig. S2C), which might affect the 
assembly of mitochondrial complex I, and thereby affecting 
primary function of electron transport to produce ATP.

3.2	� Differentiations of oxidative stress levels 
and metabolites between the midguts of 
both BSFL strains

To further explore whether the mtDNA variations between 
both strains lead to divergences in oxidative stress levels and 
mitochondrial functions, the activity of mitochondrial com-
plex I and the oxidative stress levels were measured in the 
larval midguts of both strains that had been reared separately 
for ten generations. The activity of mitochondrial complex 
I was significantly lower in Sub-strain (p-value  =  0.0195; 
Fig. 1A), which was consistent with the results in previous 
section that the assembly of complex I may be affected in 
Sub-strain. Additionally, the levels of both ROS concentra-
tions (p-value = 0.011; Fig. 1B) and MDA (p-value < 0.01; 
Fig.  1C) were significantly higher in the Sub-strain, with 
MDA reflecting the degree of damage to the intestine by 
lipid oxidation. Moreover, at the equal feeding periods, the 
Sub-strain individuals were significantly lighter than those 
of the Ref-strain (p-value < 0.001; Fig. 1D).

Of the detected 5817 metabolites, there were remark-
able differences between both BSFL strains (Fig. 1E). The 
results of OPLS-DA and permutation tests showed that the 
model was stable and reliable (R2Y = 0.992, Q2Y = 0.904; 
Fig. S3A), and not over-fitted (Fig. 1F). We identified 1462 
differentially expressed metabolites, with 947 up-regulated 
and 515 down-regulated in Sub-strain (Fig.  1G). Among 

the differentially expressed metabolites, the most relatively 
abundant metabolites were carboxylic acids and derivatives, 
followed by fatty acyls and prenol lipids (Fig. 1H). KEGG 
enrichment analyses of the differential metabolites detected 
that lipid metabolism (sphingolipid, α-linolenic acid, and 
arachidonic acid metabolism) and retinol metabolism were 
enriched in the Sub-strain, whereas amino acid metabolism 
(histidine and β-alanine), pyrimidine metabolism, propano-
ate metabolism, and nicotinate and nicotinamide metabolism 
were enriched in the Ref-strain (Fig. 1I–J).

By classifying the differential metabolites, we found 
that oxidative stress-related (arachidonate, 12(S)-HETE, 
13-HODE, and 13-oxo-ODE) and antioxidant-related 
(Vitamin A, delta-tocotrienol, glutathione peroxide, 
α-linolenic acid and ergothioneine) metabolites significantly 
increased in the Sub-strain (Fig. 2); NAD metabolism-related 
metabolites (NADPH, deamino-NAD+, and nicotinamide 
ribotide) (Fig. S3B–D), and the respiratory substrates of 
mitochondrial complex I (NADH) and complex II (succinic 
acid), together with NAD+, were also significantly reduced 
in the Sub-strain; while butanoic acid produced by bacteria 
was notably increased in the Sub-strain (Fig. 2). In addition, 
a substantial of acylcarnitines (Fig. S3E) and CoQ10 (Fig. 2) 
also differed significantly between both BSFL strains, further 
indicating differences in their fatty acid β-oxidation pathway. 
Interestingly, the metaboltics of short-fatty acid and antibi-
otic were significantly increased in the Sub-strain (Fig. 2).

3.3	� Composition of midgut microbiota differed 
between both BSFL strains

We compared the bacterial diversity in the midguts between 
both BSFL strains, and found that the α-diversity indices of 
the midgut microbiota were significantly higher in the Sub-
strain (Fig. 3A–D), and the midgut microbiota of both BSFL 
strains distinctly separated according to Principal component 
analyses (PCA) analyses (Fig. 3E–F). Two strains shared a 
low number of amplicon sequence variants (ASVs), whereas 
each strain had a large number of unique ASVs, with the Sub-
strain having a greater number of unique ASVs (Fig. 3G). 
Among the four major phyla of bacteria (Proteobacteria, 
Firmicutes, Bacteroidetes, and Actinobacteria) contained in 
both strains, compared to the Ref-strain, the Sub-strain dis-
played an increase in Bacteroidetes and Actinobacteria while 
a decrease in Proteobacteria and Firmicutes (Fig. 3H). At the 
genus level, the Ref-strain had higher relative abundance of 
Providencia (10.41% in Ref-strain and 1.78% in Sub-strain), 
Bacillus (1.05% in Ref-strain and 0.33% in Sub-strain) and 
an unidentified genus of Rhizobiaceae (22.97% in Ref-strain 
and 2.4% in Sub-strain), while the Sub-strain had a higher rel-
ative abundance of Paenochrobactrum (9.78% in Ref-strain 
and 17.65% in Sub-strain), Alcaligenes (1.16% in Ref-strain 
and 12.53% in Sub-strain), Ochrobactrum (1.98% in Ref-
strain and 9.68% in Sub-strain), Sphingobacterium (0.73% 
in Ref-strain and 5.51% in Sub-strain) and Dysgonomonas 
(1.66% in Ref-strain and 5.22% in Sub-strain) (Fig. 3I).
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3.4	� Gene expression patterns indicated altered 
mitochondrial metabolism in Sub-strain of 
BSFL

Based on RNA sequencing data of larval midguts, the results 
of PCA revealed that both strains significantly differentiated 
along the PC1 (Fig. 4A), indicating that the midguts had sig-
nificantly different gene expression profiles. Totally, there 
were 319 genes down-regulated and 545 genes up-regulated  

in the Sub-strain (Fig. 4B). Interestingly, 11 of the 13 protein-
coding genes in mtDNA were significantly down-regulated 
in the Sub-strain. For KEGG enrichment, the down-regu-
lated genes were significantly enriched in oxidative phos-
phorylation and mismatch repair (Fig. 4C), and up-regulated 
genes were significantly enriched in fatty acid degradation, 
glutathione metabolism and some other pathways involved 
in metabolism (Fig. 4D–E). For GO enrichment, the down-

Fig. 1.  Physiological characteristics and midgut metabolome of the two BSFL strains. (A) Complex I activity (n = 4 individuals/strain); 
(B) ROS concentration of midgut (n = 4 individuals/strain); (C) MDA concentration of midgut (n = 4 individuals/strain); (D) Weight of 
larvae (n = 45 individuals/strain); (E) PCA analysis (n = 6 sample/strain); (F) the permutation test for OPLS-DA; (G) volcano plot of 
differential metabolites, with “up” indicating up-regulated in Sub-strain; (H) classification of differential metabolites; (I–J) the KEGG 
functional enrichment of differential metabolites (I: Sub-strain enrichment and J: Ref-strain enrichment). *** represents p < 0.001,  
** represents p < 0.01, * represents p < 0.05 (independent-sample t test).
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Fig. 2.  Histogram of relative abundance of interested differential metabolites. (n = 6 individuals/strain); *** represents p < 0.001,  
** represents p < 0.01, and * represents p < 0.05 (independent-sample t test / Mann-Whitney U test).
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regulated genes were significantly enriched in ribosome 
biogenesis, complex and NADH dehydrogenase (quinone) 
activity (Table S3), and the up-regulated genes were sig-
nificantly enriched in many pathways, including glutathione 
transferase activity, fatty acid and glutathione metabolic pro-
cess (Table S4).

Additionally, the expression of mitochondria-encoded 
genes and key nuclear genes in the pathway of fatty acid 
β-oxidation were examined by qPCR. The results confirmed 
that the relative expressions of mitochondria-encoded genes 
in complex I were significantly down-regulated in the Sub-
strain, consistent with results in RNA-seq analyses (Fig. 4F). 
The nuclear genes of fatty acid β-oxidation pathway were 
also significantly up-regulated in the Sub-strain, as detected 

by RNA-seq (Fig. 4F), indicating greater activity of fatty acid 
β-oxidation in the mitochondria of the Sub-strain, except for 
CPT1, excluded from RNA-Seq DEGs for its low log2fold 
change (0.889).

3.5	� Selection of nuclear genome of the  
Sub-strain BSF in F0 generation

Considering the functional cooperation of the nuclear and 
mitochondrial genomes, the mtDNA variation in the Sub-
strain BSF may have selective pressure on the evolution 
of its nuclear genome. To accurately detect the footprint of 
selection on the nuclear genome of the Sub-strain, we mea-
sured genome-wide variations, and obtained 1,008,371 high 
quality single nucleotide polymorphisms (SNPs) between 

Fig. 3.  Comparison of midgut microbiota between the two BSFL strains (n = 21 individuals/strain). (A–D) Four α-diversity indices  
(A: ACE index, B: chao1 index, C: Shannon index, D: Simpson index); (E–F) β-diversity analyses (E: unweighted Unifrace, F: Bray-
Curtis distance); (G) Venn analysis of ASVs; (H & I) microbial composition (H: phylum level, I: genus level). *** represents p < 0.001, 
** represents p < 0.01, and * represents p < 0.05 (independent-sample t test).
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Fig. 4.  RNA-seq analysis and qPCR validation of candidate genes between the midgut of two BSFL strains. (A) PCA analysis (n = 6 
individuals/strain); (B) Volcano plot; (C-E) Significantly enriched KEGG pathways: (C) down-regulated genes; (D-E) up-regulated 
genes; (F) qPCR assays of mitochondria-encoded genes and fatty acid β-oxidation-related genes. ** represents p < 0.01, * represents 
p < 0.05 (independent-sample t test).
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both BSF strains in F0 generation. The neighbor-joining tree 
based on the SNPs supported separation of both BSF strains 
(Fig. S4), and PCA results also showed that both BSF strains 
could be distinguished along PC1 (Fig. S5A). The average 
Fst value between genomes of both strains was 0.26624, 
indicating great genetic differentiations between both strains, 
however results of the population structure analyses showed 
that both BSF strains still belonged to the same population 
(Fig. S5B).

Compared with Ref-strain, chromosomes of 2, 4 and 5 
were more differentiated on the nuclear genome of Sub-
strain (Fig. S5C). By combined analyzing Fst and Pi ratio 
values, a total of 23.15 MB of putatively selected regions 
were identified in the genome of Sub-strain (Fig. S5D), 
including 310 potentially positively selected genes (PPSGs). 
KEGG analyses of these PPSGs obtained no significantly 
enriched KEGG pathway (under corrected p-value < 0.05, 
Table S5). The results of GO enrichment showed that the 
Molecular Function (MF) mainly included ion transporter 
activity and glutathione transferase activity (Fig. S5E), 
the Cellular Component (CC) was only enriched in neuron 
projection membrane (Fig. S5E), and there was no remark-
able enriched item in Biological Process (BP) (Table S6). 
Interestingly, PPSGs were remarkably enriched in gluta-
thione transferase activity (GO term, MF), highly consis-
tent with GO enrichment results of the up-regulated genes 
detected by RNA seq.

In order to find out whether the 310 PPSGs were enriched 
or comprehended nuclear-encoded mitochondrial proteins 
even mitochondrial functions, we predicted Mitochondrial 
Targeting Sequences (MTSs) of the 310 PPSGs and found 
that 22 of them had MTSs (Table S7). Moreover, we screened 
the function of the 310 PPSGs based on literature and found 
that 25 of them were related to mitochondrial functions such 
as fatty acid β-oxidation, mitochondrial fission and fusion 
and electron transport chains (Table S8), with 14 proteins 
owning MTS of these 25 mito-function proteins. The above 
results imply that suggesting a certain extent of mitochon-
drial and nuclear genome co-evolution driven by the differ-
ent cyto-nuclear interaction of the two BSF strain.

4	 Discussion

In eukaryotes, the interaction between nuclear genome and 
mtDNA has attached wide interest and has been supported 
by evidence from multiple perspectives (Luo et  al. 2013; 
Desai et al. 2020). Compared with the laboratory-constructed 
model of nuclear-mitochondrial incompatibility, the species 
natively harboring various mtDNA haplotypes can reveal 
more clearly how mtDNA variations affect metabolism and 
adaptive evolution of the host, since these mtDNA haplotypes 
may be ancient adaptive mutations (Ludwig‐Słomczyńska 
& Rehm 2022). Here we focus on two mtDNA haplotypes 
that have co-existed stably for over two million years in BSF 

populations, to study the molecular mechanisms underlying 
the effects of mtDNA variations on the metabolism and evo-
lution of the host.

First, despite the significant differentiations of mtDNA 
and nuclear genomes, both BSF strains still belong to the 
same population. However, subsequent sequences analyses 
predict that mitochondria in the Sub-strain may have func-
tional defects in mitochondrial complex I, consistent with 
further investigation results of the physiological character-
izations, metabolism, microbiota of the larval midguts, and 
even natural selection on the nuclear genomes. Therefore, 
a hypothesis about the cyto-nuclear interaction occurs in 
the Sub-strain of BSF, the putative functional defects in the 
mitochondrial Complex I can cause increased consumption 
of alternative energy substances by host cells to meet energy 
requirements through electron transport pathway, leading 
to an increase in ROS levels, which in turn can affect host 
metabolism and evolution of the nuclear genome.

To test this hypothesis, we obtain multidimensional 
evidence (as illustrated in Fig. S6), which helps reveal the 
possible mechanism of how ROS levels are elevated within 
Sub-strain individuals. Since mitochondrial complex I 
serves as the main entrance for electrons into the electron 
transport chain (ETC) and is the main rate-limiting enzyme 
in the electron transport process (Sharma et al. 2009), and 
owing to its possible functional defects in the Sub-strain, 
the hosts can alternatively enhance the pathway of fatty 
acid β-oxidation for energy requirements, by significantly 
upregulating the expression of related genes such as CPT1, 
CPT2, and ACS. The β-oxidation of fatty acids can increase 
the FADH2/NADH ratio (F/N ratio) (Speijer 2016); the 
electrons of the increased FADH2 can thus be directly 
transferred to co-enzyme Q (CoQ) via an electron transfer 
flavoprotein, thereby bypassing complex I but producing 
more ROS (Aw et al. 2018). Thus, the Sub-strain BSFL can 
bypass the potentially constrained mitochondrial complex I 
by using long-chain fatty acids for fatty acid β-oxidation to 
meet energy requirements of the cell, which will result in the 
production of more ROS. It is interesting that due to the con-
sumption of long-chain fatty acids for fatty acid β-oxidation, 
the fat storage in the Sub-strain larvae will be reduced, which 
can explain why the BSFL individuals of Sub-strain exhibit 
lower weight than those of Ref-strain. As a holometabolous 
insect, majority energy required for the pupal development 
of BSF comes from the fat stored in the larval stage. This 
reduce of fat storage of the Sub-strain BSFL may have a 
negative impact on pupal development and consequently on 
adult eclosion. However, based on this metabolic flexibility 
(Aw et al. 2018), we predict that the Sub-strain of BSFL may 
have a higher fitness in the diet environment with higher fat 
content, reflecting the differentiation of feeding adaptation 
between the two strains. Therefore, further research on these 
mitochondrial metabolic pathways will help to explore how 
mtDNA variations affect the divergence and adaptation of 
natural populations in BSF.
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In addition, we reveal that while the composition of gut 
microbiota may be influenced by mtDNA variations through 
elevated levels of ROS, the gut microbes can also help the 
host maintain gut homeostasis. We detect that compared to 
the Ref-strain which has a healthier midgut microbiota with a 
higher relative abundance of some potential probiotic bacte-
ria of Bacillus and Providenca (Ao et al. 2021; Klüber et al. 
2022), the microbiota of Sub-strain may be disordered due to 
the higher abundance of inflammatory bacteria (for example 
Erysipelothrix (Eriksson et  al. 2010)). This midgut distur-
bances in Sub-strain larvae may be closely related to its ele-
vated ROS level. However, the bacteria such as Actinomyces 
that produce antibiotics (IJdema et al. 2022) to help elimi-
nate pathogenic bacteria has increased significantly in the 
Sub-strain; the content of butanoic acid produced by gut 
microbiota has also significantly increased, which plays an 
important role in maintaining gut homeostasis (Wang & Liu 
2022), suggesting that these gut microbes play an important 
role in assisting the host to maintain intestinal homeostasis.

A currently prevailing view is that co-existence of vari-
ous mtDNA haplotypes in a species is in response to differ-
ent environmental conditions in different localities (Lajbner 
et al. 2018). However, we screen two mtDNA haplotypes in 
the same breeding population, which is possibly due to the 
fact that both mtDNA haplotypes may be reserved genetic 
diversity for the host to adapt to different environments. In 
the history of environmental changes, if the environment at 
a certain stage was more suitable for a certain mtDNA hap-
lotype, the frequency of that haplotype would increase sig-
nificantly in the population (Lajbner et al. 2018), to improve 
the population’s fitness to the living environment. We find 
that under the same rearing conditions, the hosts contain-
ing different mitochondrial haplotypes exhibit very differ-
ent metabolic profiles, gene expression patterns and midgut 
microbiota, suggesting that the interaction of nuclear-mito-
chondrial genomes can help hosts with divergent mitochon-
drial haplotypes adapt to different environmental conditions 
by mainly relying on distinct metabolic pathways and gut 
microbiota. These differentiated mechanisms of nuclear-
mitochondrial interactions will affect the co-evolution of 
mitochondrial and nuclear genomes, which in turn will affect 
the differentiation of natural populations.
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Amplification and Sanger sequencing of mitochondrial markers of both BSF 
strains 
A 25 μL PCR mixture was used to amplify the cox1 and cob fragments, containing 2.5 
μL 10× TransTaq® HiFi buffer, 2 μl dNTP, 0.5 μL (10 μM) of both forward and reverse 
primers, 0.25 μL TransTaq DNA Polymerase High Fidelity (TransGen), 1 μL template, 
and 19.25 μL PCR water. A 3.5 μL of PCR products were used for electrophoresis on a 
1% agarose gel. 
 
The phylogenetic tree construction 
Based on the best partitions and models with the following settings: a random starting 
tree and two independent runs with four Markov chains for one million generations, the 
Bayesian inference (BI) tree was constructed. The first 25% of generations were 
discarded as burn-in, and the remaining samples were used to calculate the Bayesian 
posterior probability (BPP). IQ-TREE (iqtree -st DNA -alrt 1000 -bb 10000 -bcor 0.90 
-abayes -wbt -nt 48 -spp iq_tree.best_scheme.nex) (Nguyen et al. 2015) was used for 
maximum-likelihood (ML) analyses. The topology was rooted using the three species 
(Nasimyia megacephala, Tinda javana and Ptecticus aurifer). 
 
Physiological characterization of both BSFL strains 
Measurement of ROS. Briefly, the midgut of one BSFL individual (a total of 4 
individuals were randomly selected from 3 larval boxes per strain) was homogenized 
in 250 μL of ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, 1% NP40) and 
centrifuged at 15,300×g (4°C) for 20 min. The supernatant was then transferred to a 
new tube and centrifuged again under the same conditions described above. The 
supernatant protein concentration was quantified by the BCA method. 10 μL of 
supernatant was then pre-incubated in 100 μL PBS containing 10 μm DCFH-DA at 37℃ 
for 1h. The fluorescence intensity of the sample was calculated as the measured value 
minus the background fluorescence of 110 μL of PBS containing 10 μM DCFH-DA. 
Subsequently, the relative fluorescence intensity was normalized by the protein 
concentration. 
Measurement of MDA. Briefly, the intestines of one individual BSFL (a total of 4 
individuals were randomly selected from 3 larval boxes per strain) were homogenized 
in a 0.86% stroke-physiological saline solution and centrifuged at 2500 rpm (4°C) for 
10 min. The supernatant protein concentration was quantified using the BCA method. 
100 μL supernatant was used to measure the MDA according to the manufacturer’s 
instructions, with 80 min of heating at 95℃ in a water bath. 
 
Measurement and analysis of metabolites in the BSFL midgut 
The metabolites of one BSFL midgut were extracted with an extraction buffer 
containing 2-Chloro-L-phenylalanine (methanol: acetonitrile: water = 2:2:1, 2-Chloro-
L-phenylalanine concentration was 20 mg/L) (six replicates were set for each strain). 







The LC/MS system used for metabolomics analysis consisted of Waters Acquity I-Class 
PLUS ultra-high performance liquid tandem Waters Xevo G2-XS QTof high resolution 
mass spectrometer. The column used was purchased from Waters Acquity UPLC HSS 
T3 column (1.8um 2.1*100mm). The raw data collected using MassLynx V4.2 were 
processed by Progenesis QI software for peak extraction, peak alignment and other data 
processing operations. The metabolite identification was performed based on the 
Progenesis QI software online METLIN database and a self-built library, and at the 
same time, theoretical fragment identification and mass deviation were within 100 ppm. 
After normalizing the original peak area information with the total peak area, the 
follow-up analysis was performed. The R language package Ropls was used to perform 
OPLS-DA modeling, and permutation tests were performed 200 times to verify the 
reliability of the model. The VIP value of the model was calculated using multiple 
cross-validations. Enrichment analysis of the KEGG pathway for differential 
metabolites was performed using MetaboAnalyst 5.0 (Pang et al. 2021), the enrichment 
method was set to hypergeometric test, and Drosophila melanogaster was selected for 
the pathway library. The pathway with pathway impact > 0.1 and p-value < 0.05 were 
identified as significantly enrichment (independent sample t-tests / Mann-Whitney U 
test). 
 
Microbiota sequencing and analysis of the BSFL midgut 
The V3-V4 region of the bacterial 16S rDNA gene was amplified using primers 338F 
(5'- ACTCCTACGGGAGGCAGCA-3') and 806R (5'- 
GGACTACHVGGGTWTCTAAT-3') (Du et al. 2021). The size and quantity of the 
amplicon library were assessed on a Qsep-400 (BiOptic, Taiwan, China), and the 
qualified libraries were sequenced on a Novaseq 6000 platform (PE 250). The raw data 
were subjected to quality filtering, and primer sequences were removed using 
Trimmomatic 0.33 (Bolger et al. 2014) and Cutadapt 1.9.1 (Martin 2021). The clean 
data were merged and denoised in QIIME2 v2020.6 (Bolyen et al. 2019). The plastid 
and non-bacteria ASVs were removed in R. α-diversity and β-diversity were calculated 
using QIIME2. LEfSe (Segata et al. 2011) was used to identify biomarkers, and the 
functional potential of the bacterial community was predicted using the PICRUSt2 
v2.5.0 (Douglas et al. 2020). 
 
RNA-seq and bioinformatics analyses of BSFL midguts 
After quality control and filter by Trimmomitic, clean data was mapped to the reference 
genome (GCF_905115235.1) by Hisat2 (Kim et al. 2019) and using samtools (Danecek 
et al. 2021) to generate bam file. Quantitative analysis of gene expression was 
performed by featureCounts (Liao et al. 2013), then genes that CPM<1 were filtered in 
R script, and TPM (transcripts per kilobase of exon model per million mapped reads) 
was used to normalized the read counts. DESeq2 (Love et al. 2014) was used to generate 
the expression matrix. The Ref-strain was set as the reference group and Sub-strain as 
the experimental group. 
 
Quantitative real-time PCR of selected genes 







Total RNA was isolated from the midgut using the TransZol Up Plus RNA Kit (ER501-
01; TransGen, Beijing, China), and the quality of RNA was measured by Nano Drop 
2000. 1 ng total RNA was used to reverse transcribed into cDNA using TransScript® 
All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA 
Removal) (AT341-02, TransGen, Beijing, China). Three-step qPCR was performed on 
a CFX96 system (BioRad, USA) with PerfectStart® Green qPCR SuperMix (AQ601-
02, TransGen, Beijing, China). The qPCR reaction contained forward and reserve 
primers 0.4 μL respectively, cDNA 1 μL, 2 x PerfectStart QPCR SuperMix 10 μL and 
nuclease-free water 8.2 μL. The fold change was calculated as 2^(-ΔΔCq), then the 
figures were plotted in GraphPad Prism 8 and the p-value was carried out in Minitab 
19 using independent sample t-tests. 
 
Whole genome resequencing and bioinformatics analysis of F0 generation 
BWA-MEM (Li 2013) was used to mapping the clean data to the BSF reference genome 
(GCF_905115235.1), selected the mapped reads and removed secondary alignment by 
samtools (V1.3.1). Potential PCR duplicates were marked using “MarkDuplicates” 
command in the Genome Analysis Toolkit (GATK, McKenna et al. 2010) software 
(V4.1.1) and SNP calling were performed following the GATK standard process to 
obtain the VCF file. Using GATK with QUAL<30.0 | | QD<2.0 | | MQ<40.0 | | FS>60.0 
| | SOR>3.0 to filter out SNPs. 
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Figure S1 The schematic of establishment and experimental process of two BSF strains. (A) 
Establishment process of two BSF strains; (B) experimental process for the tenth generation of two 
BSF strains. 


 
 







Figure S2 Comparison of the mitochondrial genomes of the two BSF strains. (A) Diagram of 
sequence differences between both mitochondrial genomes (orange triangles indicate tRNAs, blue 
boxes indicate protein coding genes, pink squares indicate rRNAs, and purple square indicates D-
loop region); (B) Phylogenetic tree of BSF mitochondrial genomes (numbers at nodes indicate 
bootstrap /Bayesian posterior probability); (C) Alignment of the tertiary structures of the ND1 
proteins (sky blue for Sub-strain, yellow for Ref-strain, and red box showing the difference in 
structure). 


 







Figure S3 Midgut metabolome of both strains of BSFL. (A) OPLS-DA (n=6 samples/ group); 
(B-D) NAD+ metabolic pathway-related metabolites (B: Deamino-NAD+, C: NADPH, D: 
Nicotinamide ribotide; n=6); (E) heat map of the acylcarnitines in both BSFL strains (n=6). ** 
represents p < 0.01, * represents p < 0.05. 


 
  







Figure S4 Neighbor-joining tree of the two BSF strains based on the high-quality SNPs. 


 


 
 
  







Figure S5 Nuclear genomic variations between both BSF strains and signatures of selection in 
Sub-strain. (A) PCA based on high quality SNPs; (B) Population structure analysis; (C) Mahattan 
plot of Z-transformed fixation (ZFst) values; (D) Strong selected regions in the Sub-strain. The 
brown points are identified as selected regions; (E) GO enrichment analysis of potentially positively 
selected genes (PPSGs). 
 


 
 







Figure S6 Different metabolic processes in the midguts of both BSFL strains. The left panel 
displays normal function of mitochondrial complex I and intestinal homeostasis of Ref-strain, and 
the right panel displays the putative defected mitochondrial complex I (CI in grey), increased fatty 
acid β-oxidation, increased ROS, and disturbed intestinal homeostasis in Ref-strain. CI: Complex I; 
CII: Complex II; CIII: Complex III; CIV: Complex IV; CV: Complex V; CPT1: carnitine O-
palmitoyltransferase 1; CPT2: carnitine O-palmitoyltransferase 2; ACS: acyl-CoA synthetase; CoQ: 
coenzyme Q; ETF: Electron transfer flavoprotein. In the Sub-strain, the red arrows indicate the 
process of fatty acid β-oxidation and the red text indicates its products; the purple upward arrow 
indicates an increase in the relative abundance compared to the Ref-strain, and the green downward 
arrow indicates a decrease in the relative abundance compared to the Ref-strain. 


 
 





