
Unravelling the role of 
mitochondrial DNA in hybrid 
incompatibility within species of 
the Anopheles gambiae complex
Antonios Kriezis, Matteo Vitale, Giulia Morselli, Andrea Crisanti & Federica Bernardini

Isolation mechanisms between mosquito species of the Anopheles gambiae complex, which includes 
major malaria vectors, remain poorly understood. In some cases, pre-zygotic barriers have been 
shown to limit gene flow between species of the complex, leading to a low level of hybridisation in 
nature. Post-zygotic mechanisms manifest with F1 hybrid males fully sterile and F1 hybrid females with 
reduced fertility. Genetic approaches combined with DNA sequencing techniques have highlighted 
the involvement of genomic regions in hybrid incompatibility with a predominant role of the X 
chromosome. In addition, differences in the phenotype of F1 hybrid males have been identified 
depending on the directionality of the parental cross used to generate them. All these studies 
have focused on the interaction of nuclear DNA elements in hybrid individuals. Given the role that 
mitochondrial DNA plays in genetic incompatibilities within other organisms and its unique inheritance 
pattern, commonly maternal, we conducted a genetic study that relied on the introgression of 
mitochondrial DNA between Anopheles gambiae and Anopheles arabiensis. The findings indicate that 
the mitochondrial switch does not appear to restore the fertility of F1 hybrid males, suggesting that 
mitochondrial DNA may not play a role in hybrid incompatibilities in these Anopheles species.
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Malaria continues to pose a substantial global health challenge, with an annual infection rate exceeding 
200  million individuals and an estimated half a million fatalities reported each year. The African continent 
continues to experience the most significant impact of this burden1.

Major vectors of malaria in Africa belong to the Anopheles gambiae sensu lato (s.l.) (Diptera: Culicidae) 
species complex, which includes nine morphologically indistinguishable species of mosquitoes that significantly 
differ in their vectorial capacity2,3.

Prezygotic isolating mechanisms have been observed in some of these species, resulting in assortative 
mating. These factors, which are still poorly understood, include temporal, ecological, behavioural, and 
mechanical isolation4–12. In addition, post-zygotic isolation mechanisms, in the form of interspecific hybrid 
incompatibilities (HIs), have been identified and act to restrict gene flow: interspecific crosses between members 
of the complex produce sterile F1 hybrid males13–17. A notable exception to this pattern can be found in crosses 
between An. gambiae and An. coluzzii, the youngest species pair to diverge within the complex18. In accordance 
with Haldane’s rule, while F1 hybrid males express full sterility, homogametic F1 female hybrids between species 
of the complex are fertile, conditional on viability, providing still poorly understood opportunities for gene 
flow3,18–23. Nevertheless, both entomological and molecular methods suggest that hybridisation rates in African 
populations of Anopheles mosquitoes are relatively low9,24–29.

One of the most prominent models of speciation is based on the concept that mutations can occur and 
accumulate within the genomes of isolated populations. These mutations can confer an adaptive advantage 
or be neutral within these populations; however, if hybridisation between previously isolated populations 
occurs, the presence of these alleles in a hybrid genetic background could give rise to deleterious effects such 
as unviability, sterility or, more generally, fitness costs. The detrimental effects due to these genetic variants are 
known as Dobzhansky-Muller or Bateson-Dobzhansky-Muller incompatibilities (BDMIs), and examples of their 
significance in HIs and reproductive isolation are well documented30–37.
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Several studies have attempted to elucidate the genetic mechanisms involved in HIs within the Anopheles 
gambiae complex. Introgression experiments have ruled out the role of the Y chromosome in HIs for An. gambiae 
and An. arabiensis hybrids15. On the other hand, in hybrids between these species, as well as between An. coluzzii 
and An. quadriannulatus, a prominent role of the X chromosome, has been highlighted38. In addition, autosomal 
regions have been identified as having an effect on hybrid fertility to various extents14,39,40.

A common feature of all genetic elements so far studied is that they are determined by nuclear DNA. However, 
several examples of reproductive barriers in eukaryotic organisms involve interactions between nuclear and 
mitochondrial genes41–43.

Mitochondria are membrane-bound cell organelles that, in eukaryotic cells, supply chemical energy for 
biological processes. These organelles carry a genome (mitogenome) that is inherited independently of the 
nucleus, and they are typically small and characterised by low levels of recombination. Interactions between 
mitochondrial and nuclear genes are crucial for proper cell function, and misregulation can cause severe 
pathological effects44. Importantly, mitochondrial genomes are uniparentally, usually maternally, inherited45. 
These unique features indicated that mitogenome-nuclear DNA should be considered as a candidate for the 
manifestation of interspecific BDMIs46. Furthermore, due to the maternal inheritance pattern, mutations in 
the mitochondrial genome are only subjected to natural selection in females. This means harmful mutations 
that affect males can persist in populations if beneficial or neutral in females. In males, selective pressure would 
favour the evolution of nuclear variants that restore mitonuclear interactions. This phenomenon, known as the 
Mother’s Curse47–49, could contribute to BDMIs.

Interestingly, Liang & Sharakhov (2019) and Liang et al., (2021) recently investigated F1 hybrid male 
sterility between An. merus and An. gambiae or An. coluzzii. In accordance with previous observations, the 
authors showed that while F1 hybrid males resulting from either reciprocal parental cross were fully sterile, an 
asymmetrical sex bias was observed in the offspring depending on the directionality of the parental cross50,51. In 
addition, an asymmetrical pattern also manifested in the cytological mechanisms underlying the sterility of F1 
hybrid males (Darwin’s corollary)16,17. Given that autosomes are shared between male and female mosquitoes, the 
phenotype difference relative to the genetic crosses’ directionality could be attributed to the sex chromosomes. 
Alternatively, the mitogenome could be involved in these mechanisms.

Due to its high mutation rate (2 to 6 times faster than nuclear DNA in non-vertebrates), mitochondrial 
DNA has often been studied to investigate speciation and evolution52,53. In 2019, Hanemaaijer and colleagues 
identified 783 single nucleotide polymorphisms (SNPs) in the mitogenome of field-collected An. arabiensis, 
An. gambiae and An. coluzzii54. None of these SNPs was unique to either species, suggesting that there is no 
divergent selection in the mitogenome among these species of the Anopheles gambiae complex, possibly due to 
hybridisation events. These results suggest that the mitogenome may not play a role in HIs54.

However, empirical studies that follow a traditional route of investigation that account for the complexity 
of biological factors have, to our knowledge, never been performed to investigate cytonuclear interactions in 
mosquitoes.

This study used a genetic cross scheme to introduce the mitogenome deriving from An. arabiensis into an 
An. gambiae genetic background and the mitogenome deriving from An. gambiae into an An. arabiensis genetic 
background. These genetic makeups allowed generations of F1 hybrids with a switch in their mitochondrial DNA 
composition and the possibility of exploring the role of mitochondria in HIs between these mosquito species.

Results
Cytology of reproductive organs in F1 hybrid males of an. Gambiae and An. Arabiensis
We employed two laboratory strains to investigate hybrid incompatibility in Anopheles mosquitoes: An. gambiae 
G3 (referred to as An. gambiae hereafter) is a hybrid strain of An. gambiae and An. coluzzii, and An. arabiensis 
Dongola (referred to as An. arabiensis hereafter).

We and others have previously shown that, in accordance with Haldane’s rule, F1 hybrid males generated 
between these strains displayed full sterility14,15,40,55.

Interestingly, the severity of the morphological anomalies of the reproductive organs underlying this sterility 
varied according to the directionality of the parental cross. F1 hybrid males resulting from a cross of An. gambiae 
females to An. arabiensis males showed testes that were similar in shape and size to those of Wild Type (WT) 
males of either species but appeared to contain mostly large, round, undifferentiated cells. This phenotype was 
termed ‘marbled’ (Fig. 1A). When testes of this hybrid male cohort were squashed using a glass coverslip, some 
spermatozoa with partial tails were observed, though none were mature or motile (Figure S1).

Conversely, F1 hybrid males resulting from a cross of An. arabiensis females and An. gambiae males showed 
much smaller testes than WT males and were largely deprived of cellular components. This phenotype has been 
termed ‘atrophic’ (Fig. 1B). Notably, testes dissected from this cohort of hybrid males at the pupal stage seemed 
normal, indicating a progressive organ degeneration between the pupal stage and early adulthood (Fig. 1B). In 
pupae, DAPI staining revealed the presence of distinct developmental stages of spermatocytes and spermatozoa 
with chromatin condensation defects; none of these cells were motile (Figures S2, S3).

Generation of mosquito strains with interspecific mitochondrial and nuclear DNA
A scheme of introgressive hybridisation was employed to introduce An. arabiensis mitochondria into the 
genomic background of An. gambiae (Fig. 2A).

WT An. arabiensis females were crossed en masse to transgenic An. gambiae males carrying a fluorescent 
marker on the X chromosome (X-GFP strain). Transgenic F1 hybrid females were then backcrossed to WT An. 
gambiae males en masse to generate backcross generation 1 (BC1) progeny. From this cohort, transgenic females, 
which had inherited one set of chromosomes from their WT An. gambiae fathers and one set of chromosomes 
that resulted from meiotic recombination in their F1 hybrid mothers, were selected.
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Recombination rates between interspecific X chromosomes have been shown to be very low in anopheline 
mosquitoes14,38–40. As a result, the presence of the X-linked GFP marker was used to select BC1 females that had 
inherited the An. gambiae X chromosome from their F1 hybrid mothers, thus eliminating the An. arabiensis X 
chromosome from this introgression (Fig. 2A).

To further decrease the amount of nuclear An. arabiensis DNA in the introgressed strain, BC1 females were 
backcrossed to WT An. gambiae males, and this backcrossing scheme was employed for over 20 subsequent 
generations (more than one year). By selecting female progeny for each subsequent backcross, we ensured that 
the An. arabiensis mitochondrial DNA was retained and at generation BC26, this strain was expected to contain 
the An. arabiensis mitochondrial DNA within an An. gambiae genomic background. We refer to this strain as 
GamAm (Fig. 2A).

In parallel with this introgression experiment, the same strategy was used to generate a strain called AraGm, 
which carries An. gambiae mitochondrial DNA in an An. arabiensis genetic background (Fig. 2B).

Generation of F1 hybrids containing heterospecific X-chromosomes and mitochondrial DNA
This study aimed to investigate any possible effect of the presence of heterospecific X-chromosomes and 
mitochondrial DNA in the genomic context of F1 hybrid males. Therefore, we designed a scheme of genetic crosses 
utilising the introgressed strains GamAm and AraGm, as well as WT An. arabiensis and An. gambiae. By using 
this strategy, we produced hybrid males that inherited a set of chromosomes (autosomes/X chromosome) from 
one parental species in conjunction with a set of chromosomes (autosomes/Y chromosome) and mitochondrial 
DNA from the other species (Figs. 3A and 4A).

To ensure that any alteration of the sterility phenotype observed in these hybrid males was the result of the 
mitochondrial DNA switch rather than incomplete DNA introgression in the genome of GamAm and AraGm 

Fig. 1. Whole mount DAPI staining showing the cytological aspect of testes associated with reciprocal crosses 
between An. gambiae and An. arabiensis. Representative chromosomes are labelled with X (X chromosome), 
Y (Y chromosome) and A (autosome). Red indicates An. gambiae DNA, blue indicates An. arabiensis DNA. 
(A) WT An. arabiensis testis dissected from adult males show different stages of spermatogenesis. Large 
spermatocyte nuclei can be detected in the upper part of the testis. Mature, arrow-shaped spermatozoa are 
present in the sperm reservoir in the lower part of the organ. F1 hybrid males resulting from a cross of An. 
gambiae females to An. arabiensis males have ‘marbled’ testes where the characteristic spermatogenesis 
stages and mature spermatozoa are absent. (B) Testes dissected from WT An. gambiae adult males match the 
cytological phenotype described for WT An. arabiensis males. F1 hybrid males were generated from a cross 
of An. arabiensis females to An. gambiae males. At the pupal stage, cells at different stages of spermatogenesis 
can be seen, however, sperm cells show chromatin condensation defects and are larger in size compared to 
sperm in WT individuals. Following the transition from pupa to adult mosquito, testes undergo progressive 
degeneration, their size is significantly reduced (‘atrophic’) and the different stages of spermiogenesis are 
poorly defined.
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strains, we set up genetic crosses that aimed at generating hybrid males into which mitochondrial DNA had been 
reintroduced to match the species-of-origin of the X chromosomes (Figs. 3B and 4B).

In parallel, we generated F1 hybrid males from WT An. arabiensis and An. gambiae strains to serve as a 
control (Figs. 3C and 4C).

Hybrid males of the experimental and control groups were crossed en masse to WT An. gambiae females to 
assess their fertility. Moreover, testes were dissected and analysed to determine their phenotype.

Fig. 2. Schematics for the interspecific introgression of mitochondrial DNA. Representative chromosomes 
are labelled with X (X chromosome), Y (Y chromosome) and A (autosome). Red indicates An. gambiae DNA, 
blue indicates An. arabiensis DNA, grey indicates hybrid DNA and green denotes the X-linked GFP transgene. 
(A) Introgression of An. arabiensis mitochondria into an An. gambiae genetic background. WT An. arabiensis 
females were crossed to An. gambiae X-GFP males in cage. F1 hybrid females were backcrossed to WT An. 
gambiae males, and transgenic BC1 hybrid females were selected to continue the introgression by repeated 
backcrosses to WT An. gambiae males. The X-linked GFP transgene is no longer used for the selection of 
the individuals and is eventually lost. (B) Introgression of An. gambiae mitochondria into an An. arabiensis 
genetic background. X-GFP An. gambiae females were crossed to WT An. arabiensis males in cage. F1 hybrid 
females were backcrossed to WT An. arabiensis males and non-transgenic BC1 hybrid females were selected to 
continue the introgression by repeated backcrosses to WT An. arabiensis males.
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Sterility in F1 hybrid males is not affected by the presence of heterospecific mitochondria and 
X chromosomes
Upon mating with hybrid males and blood feeding, WT An. gambiae female mosquitoes from the experimental 
and control cages were allowed to lay eggs. The number of eggs deposited and the hatching rate (number of 
larvae/number of eggs) were used to assess the fertility of the cohorts of F1 hybrid males.

A total of 4665 and 3738 eggs were recovered from the experimental cages of the GamAm and AraGm strains, 
respectively. No hatching of eggs was observed in either case, indicating the presence of full sterility in these 
males regardless of the mitochondrial genomes (Fig. 5A and D). In addition, testes in these hybrids displayed 

Fig. 3. Genetic crosses performed to assess the effect of An. arabiensis mitochondria in F1 hybrid males 
containing the An. gambiae X chromosome. Representative chromosomes are labelled with X (X chromosome), 
Y (Y chromosome) and A (autosome). Red indicates An. gambiae DNA, blue indicates An. arabiensis DNA. 
(A) GamAm females were crossed in cage to WT An. arabiensis males to generate GamAm/Ara F1 hybrid 
males containing An. arabiensis mitochondria and An. gambiae X chromosomes. (B) GamAm males were 
crossed to WT An. gambiae females in cage to generate GamGm females which had the same genomic species-
composition as the GamAm strain but contained An. gambiae mitochondria. These females were crossed to 
WT An. arabiensis males in cage to generate GamGm/Ara F1 hybrid males containing both the mitochondria 
and the X chromosome from An. gambiae. (C) As a control, F1 hybrid males were generated by crossing WT 
An. arabiensis males to WT An. gambiae females in cage. The Gam/Ara F1 hybrid males contained a set of 
autosomes from each species and mitochondria from An. gambiae.
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the phenotypes expected based on the species identity of the X chromosome. As such, hybrid males carrying 
the An. gambiae X chromosome displayed the marbled phenotype, while those carrying the An. arabiensis X 
chromosome were found to contain atrophic testes. Testes phenotypes, therefore, did not differ between the 
cohorts of introgressed-strain hybrids and the respective WT control hybrid males (Figs. 1 and 5B, C, E and F).

Notably, a single larvae hatched from the cross of WT F1 hybrid males containing An. arabiensis X chromosomes 
(4161 eggs; HR: 0.00024) (Fig. 5F). The full sterility of F1 hybrid males with this genetic composition has been 
well-documented and established in countless experiments within our lab. We cannot rule out that this event 
was the result of contamination.

Fig. 4. Experimental crosses to assess the effect of An. gambiae mitochondria on testes phenotype and fertility 
in F1 hybrid males containing the An. arabiensis X chromosome. Representative chromosomes are labelled 
with X (X chromosome), Y (Y chromosome) and A (autosome). Red indicates An. gambiae DNA, blue 
indicates An. arabiensis DNA. (A) AraGm females were crossed in cage to WT An. gambiae males to generate 
AraGm/Gam F1 hybrid males containing An. gambiae mitochondria and the An. arabiensis X chromosome. 
(B) AraGm males were crossed to WT An. arabiensis females in cage to generate AraAm females which had 
the same genomic species composition as the AraGm strain but contained An. arabiensis mitochondria. These 
females were crossed to WT An. gambiae males in cage to generate AraAm/Gam F1 hybrid males containing 
both the mitochondria and the X chromosome from An. arabiensis. (C) As a control, F1 hybrid males were 
generated by crossing WT An. gambiae males to WT An. arabiensis females in cage. The Ara/Gam F1 hybrid 
males contained a set of autosomes from each species and mitochondria from An. arabiensis.
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Verifying the species-of-origin of the mitochondrial DNA
The mitochondrial introgressions in this study relied on repeated backcrosses of hybrid female mosquitoes to 
An. gambiae WT males. We wanted to exclude the possibility that errors had occurred over the course of the 
introgression that may have contaminated the mitochondrial DNA content in the cohorts of hybrid males.

Mitochondrial DNA sequencing data, obtained via whole genome sequencing, was analysed from individual 
and pooled An. gambiae G3 and An. arabiensis Dongola strain mosquitoes from our laboratory colonies. A total 
of 5 single nucleotide polymorphisms (SNPs) were identified that were fixed within the respective strains and 
could serve as markers to identify the species-of-origin of the mitochondria (Table 1).

Fig. 5. Result of fertility assays and analysis of testes phenotypes associated with F1 hybrids with different 
genetic background. Representative chromosomes are labelled with X (X chromosome), Y (Y chromosome) 
and A (autosome). Red indicates An. gambiae DNA, blue indicates An. arabiensis DNA. Testes were dissected at 
pupal stage for all the males analysed. (A, B) and C show the outcome of the genetic crosses described in Fig. 3. 
All cohorts of F1 hybrid males that were analysed showed full sterility (no eggs hatching) and the cytological 
phenotype of their testes was classified as ‘marbled’ with no evident differences to the control samples (C). D, 
E and F show the outcome of the crosses described in Fig. 4. AraGm/Gam and AraAm/Gam F1 hybrid males (D 
and E) showed full sterility (no eggs hatching) while from the cross of Ara/Gam F1 hybrid males (F) a single 
larva hatched, likely due to experimental error. The cytological phenotype of the testes in these male cohorts 
showed no evident differences relative to the control samples (F). Scale bar 100 μm.
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DNA was extracted from different cohorts of hybrid males (6 GamAm /Ara, 8 GamGm /Ara, 8 Gam/Ara, 8 
AraGm/Gam, 10 AraAm/Gam and 10 Ara/Gam F1 hybrid males) and a region encompassing two of the SNP 
markers (at positions 7255 and 7654) was selected for PCR amplification and Sanger sequencing (Supplementary 
File 1). The investigation into the genotypes of the samples at the marker positions revealed a pattern for the 
mitochondrial DNA in line with the expectation, ruling out the possibility that contamination had taken place 
over the course of the introgression experiments.

Discussion
This study aimed to explore the role of mitochondrial DNA in hybrid incompatibility between An. gambiae and 
An. arabiensis.

It is important to note that the An. gambiae strain (G3) employed in these experiments is a hybrid of An. 
gambiae and Anopheles coluzzii. However, these two species are the most recently diverged in the Anopheles 
gambiae complex and the only exception to Haldane’s rule as they produce fertile hybrids of both sexes56,57. 
Therefore, it was not anticipated that this strain’s genetic background would compromise the study’s primary 
objective (assessing rescue of fertility in F1 hybrid males through a switch in the mitochondrial DNA).

In addition, our investigation focused on F1 hybrid males. In this genetic background, hybrid incompatibilities 
lead to full sterility. Any fertility restoration would have been evident through the production of offspring in 
crosses involving large numbers of males. On the other hand, assessing the impact on fertility in F1 hybrid 
females, which exhibit varying fertility levels, would have been challenging. Nevertheless, this aspect could be 
explored in future research.

The generation of F1 hybrid males between An. gambiae and An. arabiensis confirmed Haldane’s rule and 
full sterility19. However, cytological defects in their testes vary depending on the directionality of the parental 
cross. F1 hybrid males resulting from a cross of An. gambiae females to An. arabiensis males exhibit testes with 
a marbled phenotype. The reciprocal parental cross produces F1 hybrid males whose testes are atrophic16,17,55. 
While these findings have previously been described, we show that the atrophic testes phenotype of F1 hybrid 
males does not manifest until males reach adulthood. Notably, at the pupal stage, the testes of these hybrids 
clearly show the presence of meiotic chromosomes and sperm, which can develop despite DNA condensation 
defects. These observations suggest the involvement of genetic elements that operate late in development, 
potentially leading to the degeneration of the reproductive organs.

Regardless of the parental cross, F1 hybrid offspring inherit interspecific autosomes, one set from each 
parental species. This excludes interautosomal incompatibilities from being responsible for the difference in the 
testis’s phenotype. In addition, previous research has shown that the Y chromosome functions interchangeably 
between An. gambiae and An. Arabiensis, thus indicating that it does not harbour loci contributing to hybrid 
incompatibility15. F1 hybrid males produced from a cross of An. gambiae females to An. arabiensis males inherit 
the X chromosome from An. gambiae while F1 hybrid males produced from a cross of An. arabiensis females to 
An. gambiae males inherit the X chromosome from An. arabiensis. For this reason, the differences in the testes 
of these hybrid males have been attributed to X chromosome-linked genetic elements14,15. However, no specific 
factors involved in HIs have been identified so far.

In addition to the X chromosome, the mitochondria are also maternally inherited by F1 hybrid males and 
thus differ based on the directionality of the parental cross. Hanemaaijer et al. conducted a study where the 
complete mitochondrial sequences of 70 individual field-collected mosquito specimens were analysed in an 
attempt to identify species-specific genetic markers for An. arabiensis, An. coluzzii and An. gambiae. None of 
the identified SNPs were suitable as molecular markers to distinguish these species. The authors suggested that 
there is no divergent selection in the mitogenome, which episodic hybridizations between these species could 
explain54.

Recombination of mtDNA has been reported in several taxa, including plants, fungi, animals and humans58–65. 
For it to occur, more than one mitochondrial lineage must be present within a cell simultaneously. Due to the 
maternal inheritance of mtDNA, cells are generally homoplasmic59. However, paternal leakage of mtDNA from 
sperm has been demonstrated in several species66–69 and could occasionally cause heteroplasmy, providing the 
required conditions for recombination events to occur. Sperm contain mitochondria, and it is thought that up 
to 100 functional mitochondria (and their genomes) enter the oocyte cytoplasm at fertilisation in mammals70. 

Chromosome Coordinates AgamP4 Reference Allele Fixed An. gambiae G3 Allele Fixed An. arabiensis Dongola Allele

7255 A A T

7654 A A G

12,168 C C T

15,189 A A G

15,243 T T C

Table 1. List of fixed strain-specific SNPs in the mitochondrial genome of an. Gambiae G3 and An. Arabiensis 
Dongola strains. This table lists all the loci in the mitochondrial genome at which fixed, strain-specific SNPs 
were identified. The second and third columns indicate the alleles that were present at the marker loci in the 
AgamP4 reference genome and in the analysed An. gambiae G3 strain samples, respectively. The fourth column 
indicates the alleles that were present at the marker loci in samples of the An. arabiensis Dongola strain. The 
coordinates in bold represent the locations of the SNPs used in this study.
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In several mammalian species (including mice, cattle and humans), it has been shown that the mitochondria are 
tagged with ubiquitin, which enables recognition by oocyte proteolytic enzymes and commits sperm-derived 
mitochondria to destruction before or during the third proteolytic cleavage70. Rokas et al. theorised that survival 
of paternal mitochondria may be higher in the case of interspecific crosses than in within-species mating because 
molecular recognition systems may be less efficient in such genetic backgrounds71. Studies have demonstrated 
that there is a higher probability of paternal leakage in interspecific relative to intraspecific genetic backgrounds 
in mice72.

To our knowledge, these phenomena have never been investigated in Anopheles mosquitoes. In addition, 
although studies on the role of mtDNA in HIs have been performed using DNA sequencing data, no experimental 
studies on the matter have been conducted in these mosquito species.

We analysed the mtDNA derived from the laboratory mosquito colonies used in this study. Six SNPs were 
identified as different between and fixed within each strain. To investigate the potential role of mDNA in HIs, 
genetic crosses were used to introgress mitochondria from An. gambiae into An. arabiensis and vice versa. The 
species-specific markers identified were used to verify that introgression of interspecific mitochondria had been 
successful. These introgressed strains enabled us to generate F1 hybrid males in which the X chromosome and 
the mitochondria had originated from different species. Fertility assays and an investigation of testes phenotypes 
were performed to identify potential changes in the full sterility expected in these hybrids due to the presence of 
the interspecific mDNA and X chromosomes. No obvious fertility defect was detected in any of the experimental 
crosses, and the testes’ phenotype of F1hybrid males did not differ from that of their controls. F1 hybrid males 
with the X chromosome from An. gambiae and mitochondria from An. arabiensis showed testes with a marbled 
phenotype. Conversely, F1 hybrid males with the X chromosome from An. arabiensis and mitochondria from 
An. gambiae showed atrophic testes. These findings strongly suggest that mitochondrial DNA is unlikely to cause 
the observed sterility in F1 hybrid males between the species used in this study. Additionally, it does not appear 
responsible for the asymmetry in the testes’ phenotype.

The strain-specific SNPs used to monitor the genetic introgression aligned with the maternal inheritance of 
mitogenomes, confirming this pattern in these mosquito species and suggesting no mitochondrial recombination 
had occurred.

It is important to underline that these experiments were conducted in mosquito laboratory colonies, with 
a primary focus on the role of mtDNA in the context of post-zygotic His. For example, the impact of sexual 
selection was not explored. As a result, these findings may not entirely reflect what occurs in natural populations. 
It is possible that the presence of mitochondria within an interspecific genome may impose fitness costs in 
natural environments, which may not have been observed in the laboratory setting.

Finally, the recent report on a unique mtDNA lineage found in field-caught An. Coluzzii has brought attention 
to mtDNA variation within the Anopheles gambiae complex and the potential for complex coevolution between 
mitochondrial and nuclear DNA73. This presents an opportunity to expand studies similar to those outlined in 
this work to accommodate specific genetic backgrounds.

Materials and methods
Mosquitoes’ rearing
Mosquitoes were reared under standard conditions in an insectary at 28 °C and 80% relative humidity. Adult 
mosquitoes were housed in BugDorm-4M1515 insect-rearing cages (W17.5 x D17.5 x H17.5 cm), with standard 
cage crosses consisting of 50 virgin females and 50 virgin males sexed at the pupal stage. Larger crosses, consisting 
of more than 100 individuals, were instead housed in BugDorm-4M2222 insect rearing cages (W24.5 x D24.5 
x H24.5 cm). For food, a 5% w/v glucose solution was added to a 25 ml glass bottle, and a Whatman grade 1 
filter paper sheet was rolled up and partly submerged in the solution. The adult mosquitoes could land on the 
filter paper and feed on the glucose solution. Adult males and females were allowed to mate for approximately 
6–7 days following emergence, at which point females were allowed to feed on bovine blood using a Hemotek 
membrane feeding system. Three days after the blood meal, egg bowls were added to the cage to allow females 
to lay eggs. Egg bowls consisted of 120 ml plastic cups to which rearing water (dH2O supplemented with 0.1% 
sodium chloride ) was added. In addition, the sides of each cup were covered with partially submerged filter 
paper in order to avoid eggs sticking to the plastic cup and drying out. Two days following oviposition, when 
the larvae had hatched, an average of 200 larvae were transferred to plastic trays (85(H) x 264(W) x 238(D)mm) 
containing rearing water and fish food pellets (NISHIKOI ™). Larvae were kept in trays until pupation. Pupae 
were collected and, following selection of a specific sex and/or screening for the presence of a transgenic marker, 
were placed into cups containing rearing water and allowed to emerge in cages.

Mosquito strains used for the experiments
The WT strains used in the experiments in this project, obtained from MR4, were the An. arabiensis Dongola 
strain (MRA-856) and the An. gambiae G3 strain (MRA-112). The G3 strain was isolated from the Gambia in 1975 
and has since been maintained in a laboratory setting by the Malaria Research and Reference Reagent Resource 
Centre (MR4) (MRA-112). The strain is polymorphic for the 2La inversion. The An. arabiensis Dongola strain 
was collected in Sudan in 2004 and was also obtained from MR4 (MRA-856). As in all An. arabiensis strains, the 
2La inversion is fixed in this strain. In addition, the strain is polymorphic for inversions 2Ra and 2Rb and has a 
fixed inversion on chromosome 3R. The X-insertion strain is a transgenic An. gambiae G3 strain expressing GFP 
under the control of the 3xP3 promoter from an insertion site on the X chromosome.

Hybrid fertility assessment (HFA)
To carry out a Cage HFA experiment, males or females of the introgressed strains were crossed to WT An. 
gambiae or An. arabiensis females in a standard cage cross to generate F1 progeny. F1 hybrid males were selected 

Scientific Reports |        (2024) 14:29467 9| https://doi.org/10.1038/s41598-024-80887-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


at the pupal stage (when the sexual dimorphism is apparent) and collected in cages until eclosion. Each group of 
F1 hybrid males was crossed to WT An. gambiae females in standard cage crosses. Following 6–7 days of mating, 
females were administered a blood meal and, two days later, allowed to oviposit in an egg bowl. The clutches 
were monitored for hatching for 4–6 days following oviposition.

DNA extraction and polymerase chain reaction (PCR)
According to the manufacturer protocol, genomic DNA was extracted using Qiagen DNeasy® Blood & Tissue 
Kit. DNA was isolated from pooled (6 individuals) F1 hybrids generated from each experimental condition (see 
Figs. 3 and 4). The region of interest containing the SNP was amplified from the mitogenome using the primers 
F:  C G G T A T T C T T A T T C T T A A G C T T C C T and R:  G C T C C T C C A A C G T T A A A T T T A T T A G. The reaction was 
performed using Phusion® High-Fidelity PCR Master Mix following the manufacturer protocol. The PCR product 
was purified using the QIAquick® PCR Purification Kit, and the amplicons were sequenced using Eurofins.

Bioinformatic pipeline and tools
To identify species-specific mitochondrial SNP markers, whole genome sequencing (WGS) data of 10 pooled 
samples of 10 WT An. gambiae G3 adults was aligned to the AgamP4 reference genome, obtained from Vectorbase 
(Giraldo-Calderón et al., 2015), and variants were called. Fixed SNPs were identified and incorporated into the 
AgamP4 reference genome to create a G3 pseudoreference genome. WGS data from 2 individual males and a 
pooled sample of 38 WT An. arabiensis Dongola females was aligned to the G3 pseudoreference genome, variants 
were called and fixed SNPs for An. arabiensis were identified. The DNA sequencing data analysed are available in 
the NCBI Sequence Read Archive repository (Bioprojects PRJNA381033, PRJNA304755 and PRJNA1127581).

A total of 5 fixed SNP differences were identified between the mitochondrial genomes of An. arabiensis 
Dongola and An. gambiae G3 (Table 1). The two markers at positions 15,189 and 15,243 were located in a region 
of the mitogenome that was excluded from the analysis by Hanemaaijer et al. (2019), these markers were not 
selected for sequencing as primers design was hindered by the AT-rich nature of the region. Instead, primers 
were designed to amplify a region of DNA containing the SNP markers at positions 7255 and 7654 (Forward 
primer:  C G G T A T T C T T A T T C T T A A G C T T C C T; Reverse primer:  G C T C C T C C A A C G T T A A A T T T A T T A G). 
DNA was extracted from 6 GamAm/Ara (hybrid males with An. gambiae X chromosome and mitochondria 
from An. arabiensis), 8 GamGm /Ara (hybrid males with An. gambiae X chromosome and mitochondria from 
An. gambiae), 8 Gam/Ara (control hybrid males with An. gambiae X chromosome and mitochondria from An. 
gambiae), 8 AraGm/Gam (hybrid males with An. arabiensis X chromosome and mitochondria from An. gambiae), 
10 AraAm/Gam (hybrid males with An. arabiensis X chromosome and mitochondria from An. arabiensis),10 
Ara/Gam (control hybrid males with An. arabiensis X chromosome and mitochondria from An. arabiensis) and 
used for Sanger sequencing and genotyping using Integrative Genomics Viewer (IGV). Sequencing results are 
available in Supplementary File 1.

The bioinformatic pipeline used to identify the species-specific SNPs in this study is described in Antonios 
Kriezis’s thesis available online (https://doi.org/10.25560/103207).

Testes dissection and whole-mount DAPI staining
Testes were dissected from pupal or adult stages from WT or F1 hybrid mosquitoes in a drop of fresh 1X PBS. 
For a quick analysis of the testis’s cytological phenotype (Fig. 5), testes were transferred in a clean drop of 1x 
PBS, and a coverslip was gently applied to the slide. Pictures of the testes were acquired using the cell imaging 
system EVOS (AMG) using phase contrast at 20x magnification. For Whole mount DAPI staining, following the 
dissection, testes were fixed in 3.7% Formaldehyde solution in 1X PBS for 10 min at Room Temperature (RT) 
and then washed 3 times in 0.1% Tween PBS 1X for 15 min. Testes were then mounted in a clean microscope 
slide in ProLong™ Gold Antifade Mountant with DAPI (ThermoFisher), and the coverslip was sealed using 
Cytobond (Scigene). Following at least 2 h of incubation at RT, testes were analysed using a Leica SP8 inverted 
confocal microscope and a 40x oil immersion objective was used.

Data availability
The datasets analysed during the current study are available in the NCBI Sequence Read Archive repository 
(Bioprojects PRJNA381033, PRJNA304755 and PRJNA1127581).
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