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Haldane’s rule of speciation states that sterility or inviability affects the heterogametic
sex of inter-species hybrids. Darwin’s corollary to Haldane’s rule implies that there
are asymmetric phenotypes in inter-species hybrids from reciprocal crosses. Studying
the phenotypes of F1 hybrids among closely related species of malaria mosquitoes
can assist researchers in identifying the genetic factors and molecular mechanisms of
speciation. To characterize phenotypes of sterile hybrid males in the Anopheles gambiae
complex, we performed crosses between laboratory strains of An. merus and either An.
gambiae or An. coluzzii. The reproductive tracts had normal external morphology in
hybrid males from crosses between female An. merus and male An. gambiae or An.
coluzzii. Despite being sterile, these males could copulate with females for a normal
period of time and could transfer a mating plug to induce female oviposition and
monogamy. In contrast, the entire reproductive tracts in hybrid males from crosses
between female An. gambiae or An. coluzzii and male An. merus were severely
underdeveloped. These males had atrophic testes and reduced somatic organs of the
reproductive system including male accessary glands and ejaculatory duct. In addition,
hybrid males with underdeveloped reproductive tracts displayed a shorter copulation
time with females and failed to induce female oviposition and monogamy due to their
inability to form and transfer a plug to females during mating. The asymmetry of the
phenotypes associated with hybrid male sterility suggests that different genetic factors
and molecular mechanisms are responsible for reproductive isolation in reciprocal
crosses among species of the An. gambiae complex.

Keywords: mosquito, Anopheles gambiae complex, hybrid male sterility, Haldane’s rule, male accessary glands

INTRODUCTION

Speciation is a fundamental evolutionary process that maintains the genetic and phenotypic
differences among populations by means of reproductive isolation (Coyne and Orr, 2004).
Reproductive isolation between species can be divided into two types: prezygotic and postzygotic
(Mayr, 1942). Among them, intrinsic postzygotic isolation makes speciation irreversible by
producing reduced sterility or viability of F1 hybrid offspring produced by closely related species
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(Muller, 1942). The accumulation of genetic mutations, which
takes part in reproductive isolation, plays an important
role during speciation. The accepted theoretical explanation
about how hybrid incompatibility evolves is known as the
Dobzhansky-Muller model, which was independently proposed
by Dobzhansky (1937) and Muller (1942). The Dobzhansky-
Muller model states that postzygotic isolation often results
from incompatible mutations at two or more epistatically
interacting loci in inter-species hybrids. In addition to the
Dobzhansky-Muller explanatory model, several mutually related
comparative rules have been identified in the evolution of
intrinsic postzygotic isolation (Presgraves, 2010). First, with the
divergence of two species, the strength of intrinsic postzygotic
isolation in F1 hybrids accumulates gradually from zero to
complete. Importantly, comparative data suggest and genetic data
show that complete F1 hybrid sterility or inviability can often
result from a few incompatible factors with a strong effect (Coyne
et al., 1989; Presgraves, 2010). Second, according to Haldane’s
rule (Haldane, 1922), F1 hybrid sterility or inviability commonly
manifests in the heterogametic sex (XY- or ZW-type) during
the early stage of speciation (Presgraves, 1998). Third, Darwin’s
corollary to Haldane’s rule states that F1 hybrids from reciprocal
inter-species crosses usually differ in the degree of sterility or
lethality (Turelli and Moyle, 2007). The majority of research on
how the intrinsic postzygotic isolation evolves have focused on
Drosophila and information about phenotypes and mechanisms
of hybrid sterility and inviability in other taxa is scarce.

African malaria mosquitoes of the Anopheles gambiae complex
consist of at least nine sibling species (Coluzzi et al., 2002; Coetzee
et al., 2013; Barron et al., 2019), which started diverging about
0.526 million years ago (Mya) (Thawornwattana et al.,, 2018)
and, currently, have nearly indistinguishable morphologies but
different ecological adaptations and epidemiological capacities.
Early crossing experiments between members of the complex
revealed various degrees of atrophy of the reproductive tract
and sperm developmental defects in hybrid males (Davidson
et al., 1967). It has been shown that these mosquito hybrids
conform to Haldane’s rule and Darwin’s corollary (Presgraves,
1998). However, crosses between the more recently described
incipient species An. gambiae and An. coluzzii [the former S
and M forms, respectively (Coetzee et al., 2013)] produce fertile
hybrids of both sexes (Diabaté et al., 2007; Aboagye-Antwi
et al, 2015). G. Davidson and coauthors proposed the idea
of releasing sterile hybrid males for the purpose of mosquito
control. Females mated to sterile males would lay eggs that
didn’t hatch leading to a decrease in population size. They
established that these males competed successfully against pure-
species males in mating with virgin females (Davidson et al.,
1967). For such males to be effective in reducing mosquito
populations, it is essential that females that mated with sterile
males do not subsequently become inseminated by fertile males.
To test these properties of hybrid males, consecutive mating
experiments with mosquitoes of the An. gambiae complex were
conducted (Bryan, 1972). In these experiments, the first cross
was performed between a virgin female and a hybrid sterile male,
and the second cross was done between the same female and a
pure-species fertile male. These experiments showed that hybrid

males from Q An. gambiae x & An. merus or An. melas crosses
failed to induce female monogamy; i.e., the females remained
fertile and laid a normal number of eggs after consecutive
mating with pure-species males. However, male hybrids from
the reciprocal crosses succeeded in inducing female monogamy;
i.e., the females became sterile for life (Bryan, 1972). The study
suggested that the impaired secretory activity of the reduced
male accessary glands (MAGs) in hybrid males of the QAn.
gambiae x " An. merus or An. melas cross was responsible for
failing to induce female monogamy. Therefore, only hybrid males
of the reciprocal cross could be used for control of mosquito
populations. A deeper knowledge of the reproductive biology
of mosquitoes would identify targets for the development of
novel vector control strategies. Also, a better understanding of
the developmental and behavioral phenotypes of inter-species
mosquito hybrids will inform efforts focused on the control of
malaria vectors through modern genetic approaches. A recent
study highlighted the significant probability of CRISPR-based
gene drives to spread into non-target species (Courtier-Orgogozo
et al., 2020). Although introgression of gene drives into non-
target species should be avoided, their spread to other malaria
vectors could be beneficial. The possibility of introgression
of an active synthetic sex ratio distortion system from An.
gambiae to An. arabiensis has already been demonstrated
(Bernardini et al,, 2019). To predict and manage the potential
introgression of transgenic constructs among target and non-
target mosquito species, it is necessary to identify and exploit
genetic factors responsible for maintaining species boundaries
through hybrid sterility. Also, accurate characterization of
phenotypes associated with the malfunctioning of inter-species
hybrids is an important step toward understanding the evolution
of reproductive barriers.

Studies of phenotypes associated with hybrid male sterility
usually focus on testis shape, size, and weight, sperm morphology
and behavior, as well as cellular aspects of spermatogenesis.
Our recent work identifies and describes asymmetric cellular
phenotypes in testes of hybrids from the reciprocal crosses
between An. merus and An. coluzzii or An. gambiae. Male
progeny of the cross when An. merus was the mother had
abnormal chromosomal activities during meiosis, which resulted
in non-motile diploid sperm. Male progeny of the reciprocal
cross had arrested spermatogenesis at an early premeiotic
stage (Liang and Sharakhov, 2019). However, male mosquito
reproductive tracts include not only testes, but also MAGs, the
ejaculatory duct, and the vasa deferentia. All these structures
are important for male fertility and for inducing the postmating
responses of females (Davidson et al., 1967; Baldini et al,
2012). To characterize possible malfunctions of the reproductive
tracts associated with male sterility in the reciprocal inter-
species hybrids, we performed crossing experiments using
laboratory strains of An. merus MAF and An. gambiae ZANU
or An. coluzzii MALI and MOPTI. We demonstrated that
Darwin’s corollary to Haldane’s rule of speciation in the An.
gambiae complex manifests itself in multiple phenomena in F1
hybrids including sex ratios, reproductive tract development,
postcopulatory effects on females, mating plug transfer, and
copulation time.
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MATERIALS AND METHODS

Mosquito Strains

Laboratory colonies were provided by the Malaria Research
and Reference Reagent Resource (MR4) at the Biodefense and
Emerging Infections Research Resources Repository (BEI). The
strains used in this study included An. gambiae ZANU (MRA-
594), An. coluzzii MOPTI (MRA-763), An. coluzzii MALI (MRA-
860), and An. merus MAF (MRA-1156). Mosquitoes were reared
at 27 £ 1°C, with a 12-h photoperiod and 70 + 5% relative
humidity. Larvae were fed with fish food. Although An. merus
is a water-tolerant species, all larvae from pure species, hybrids,
and backcrosses were maintained in fresh water with no apparent
effect on survival rates, which is consistent with the previous
research (White et al., 2013). Adult mosquitoes were fed with 10%
sugar water. To stimulate egg development, females were fed on
defibrinated sheep blood using artificial blood-feeders.

Crossing Experiments

To perform inter-species crosses, male and female pupae were
differentiated and separated based on sex-specific differences in
the morphology of their terminalia (Jones, 1957). Using the pupa
instead of the adult stage helped us to avoid possible mating
with virgin females. We checked the pupa sex 2-3 times after
separation to ensure purity of the sex. Fifteen male and 30
female pupae were combined in one cage. After emergence, mass
crossing experiments were performed between species. Crosses
between An. gambiae and An. coluzzii were not conducted
because they are known for not having postzygotic reproductive
isolation (Diabaté et al., 2007; Hahn et al., 2012; Sawadogo et al.,
2014). After 4-5 days of random mating, the females were fed on
sheep blood. Two days later, an egg dish covered with moist filter
paper was placed into the cage for female oviposition. Pictures
of the eggs were taken and the number of eggs was counted using
Egg Counter 1.0 software (Mollahosseini et al., 2012). To calculate
the female to male sex ratio, the number of F1 pupae of each
sex were counted each day. Backcrossing experiments were done
using a similar method. Statistical analyses were performed using
a binomial test following a Bonferroni approach to correct the
P-values for correcting the Type I error.

Mating and Reinsemination Assays

Isolation of mating couples and reinsemination experiments were
done as described previously (Thailayil et al., 2011) with slight
modifications. Briefly, we separated male and female pupae and
kept them in different cages. After emergence, 2-3-day-old virgin
females were mixed with 4-6-day-old virgin hybrid males in one
large cage. Copulating pairs, when they dropped to the cage floor,
were gently covered with a 1 oz plastic portion cup and moved
into another cage after they finished the copulation process. The
copulation time was recorded. After mated females recovered for
2 days, they were transferred by a tube into a cage with five to
tenfold excess of 4-6-day-old virgin An. coluzzii males. Two days
later, females were fed on defibrinated sheep blood. After 1 day,
twenty half-gravid females from each cross were put into small
plastic tubes with moist filter paper inside to lay eggs individually.

Egg numbers were counted manually and kept in water for 4 days
to check the hatching rates. Videos of copulations were recorded
using the camera of an iPhone 6s (Apple Technology company,
Cupertino, United States).

Microscopic Analyses of Mosquito
Reproductive Tracts and Mating Plugs

Male reproductive tracts were dissected in 1 x phosphate-
buffered saline (PBS) solution using a Leica E24 stereomicroscope
(Leica Camera, Wetzlar, Germany) and photographed using a
Leica M165 FC fluorescent microscope with a LEICA DFC3000
G digital camera (Leica Camera, Wetzlar, Germany). The length
and width of testes and MAGs from five to ten males were
measured in centimeters using images with the ruler tool in
Adobe Photoshop CS6 (Adobe Inc., San Jose, CA, United States).
All our images had resolution of 300 pixels/inch. One centimeter
on the images (1 cm) was equal to 118 pixels or to 0.625 mm
of the actual object. The measurements were compared between
hybrids and pure species and analyzed by JMP Pro 13 software
(SAS, United States) using a ONE-WAY ANOVA approach. For
the comparisons we are interested in, we further did post hoc
test using Tukey’s HSD test with Sidak correction. To visualize
mating plugs, atria of females were dissected in 1 x PBS solution
within 2 h after mating with males using an Olympus SZ61
stereomicroscope (Olympus, Tokyo, Japan) and photographed by
an Olympus BX41 phase-contrast microscope with a UC90 digital
camera (Olympus, Tokyo, Japan). To observe autofluorescence
of MAGs and mating plugs, a GFP filter from a Zeiss AXIO
fluorescent microscope with an Axiocam 506 mono digital
camera was used (Carl Zeiss AG, Oberkochen, Germany).

RNA Extraction and Reverse Transcribed
Polymerase Chain Reaction (RT-PCR)

Male reproductive organs, including testes and MAGs, were
dissected from thirty 0-12-h-old virgin adults of An. coluzzii
MOPTI, An. merus MAF, and inter-species hybrids of the QAn.
coluzzii MOPTI x Jd'An. merus and QAn. merus x JAn.
coluzzii MOPTI crosses. Total RNA was extracted with a Direct-
Zol™ RNA MiniPrep Kit (Zymo Research, Irvine, California,
United States) and diluted in 50 pl diethyl pyrocarbonate
(DEPC)-treated water. Gene expression was tested using two-
step RT-PCR. cDNA for selected genes was generated using
a SuperScript™ TII First-Strand Synthesis System (Invitrogen,
Carlsbad, CA, United States). A 10 pl mixture (2 pl of total
RNA, 1 pl of 50 wM oligo(dT)20 primer, 1 il of 10 mM dNTP
mix solution, and 6 l of DEPC-treated water) was incubated
at 45°C for 5 min. After being chilled on ice for at least 1 min,
10 pl of cDNA synthesis mix containing 2 il of 10 x RT buffer,
1 pl of 25 mM MgCly, 2 pl of 0.1 M dithiothreitol (DTT),
1 il of RNaseOUT™ (40 U/pl), and 1 ul of SuperScript™ III
RT (200 U/ul) was added into each RNA/primer mixture. After
incubation at 50°C for 50 min, reactions were terminated at 85°C
for 5 min. Later, 1 il of RNase H was added into each tube for a
20 min incubation at 37°C. Next, the synthesized cDNA was used
for PCR. Each 20 pl PCR mix consisted of 1 1l cDNA, 10 pl 2X
Platinum™ I Hot-start PCR Master Mix (Invitrogen, Carlsbad,
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CA, United States), 0.5 nl of 10-uM forward and reverse
primers, and water. PCR was performed in the C1000 Touch™
thermal cycler platform (Bio-Rad Laboratories, Hercules, CA,
United States) starting with a 2 min incubation at 94°C followed
by 32 cycles of 94°C for 15 s, 60°C for 30 s, 68°C for 10 s, 68°C
for 1 min, and a final hold at 4°C. Amplification products were
visualized in a 2% agarose gel and photographed under the same
parameters for each gene.

Mosquito Mating Interruption Assay

Male and female pupae were separated and kept in different
cages. After emergence, 2-3-day-old virgin females were mixed
with 4-6-day-old virgin hybrid males into one large cage. To
interrupt the mosquito copulation process, mating pairs, when
they dropped to the cage floor, were gently and quickly covered
with a 1 oz plastic portion cup. The cup with the cover was
immediately taken out after 2-4, 8-10, or 14-15 s from the start
of the mating process and shaken vigorously by hand to forcedly
separate the copulating pairs. Separated males and females from
nine mating pairs were dissected to check the formation and
transfer of mating plugs.

RESULTS

Sex Ratio Bias in the F1 Progeny Is
Asymmetric Between the Reciprocal

Inter-Species Crosses

Sex ratio bias can be associated with sex differences in organismal
fitness. To test if sex ratio distortion exists in inter-species
hybrids, we counted the numbers of male and female pupae in
the F1 progeny from intra-species crosses within An. coluzzii
MOPTI, An. coluzzii MALI, and An. gambiae ZANU as well
as from reciprocal inter-species crosses between An. merus and
An. coluzzii or An. gambiae. In total, we counted 1,890 female
pupae and 2,073 male pupae in the F1 progeny from the intra-
species crosses and 3,038 female pupae and 3,009 male pupae in
the F1 progeny from the all inter-species crosses (Supplementary
Table 1). Using a binomial test and Bonferoni approach to correct
the Type I error, no significant sex ratio bias was observed in
the progeny from the intra-species crosses except for one blood-
feeding experiment with An. coluzzii MOPTI (P = 0.0007) and
one with An. coluzzii MALI (P = 0.0222). By comparison, a
significant sex ratio bias existed in the F1 progeny from 13 of
30 blood-feeding experiments involving all inter-species crosses
(P < corrected P-value, Supplementary Table 1). In addition, we
observed an asymmetric pattern in the sex ratio distortion when
the reciprocal inter-species crosses were compared (Figure 1A).
All blood feeding experiments for the six inter-species crosses
of female An. coluzzii or An. gambiae with male An. merus
produced more females than males (/5" > 1). In contrast,
15 of 17 blood feeding experiments for seven reciprocal inter-
species crosses produced more males than females (9/0" < 1).
A higher proportion of males was also observed in the progeny
of pure species in 11 out of 15 blood feeding experiments for
six crosses (Supplementary Table 1). To obtain insights about

the temporal dynamics associated with the asymmetrical pattern
of the sex ratios in the F1 hybrids from the reciprocal inter-
species crosses, we further investigated the daily percentages
of male pupae in FI progeny from the crosses between An.
coluzzii MOPTI and An. merus for 7 consecutive days when
@ + " pupae appearing each day = 100%. Interestingly, similar
to An. coluzzii, male pupae in the F1 progeny from the QAn.
merus X d An. coluzzii cross tended to appear earlier than female
pupae. We observed more males during days 1-3 (& > 50%),
but typically more females in days 4-7 for these crosses. In
contrast, the F1 hybrids from QAn. coluzzii x &'An. merus
showed the opposite pattern with typically ¢ < 50% during days
1-3 (Figure 1B and Supplementary Table 2). To understand the
statistical differences of daily emergence, we performed ONE-
WAY ANOVA followed by Tukey HSD test with Sidak correction.
There were statistically significant differences in the percentage
of male pupae that appeared in day 1 between the An. coluzzii
progeny (65.7%) and the progeny of QAn. coluzzii x &' An. merus
(22.4%, *P = 0.0006 < 0.0170, the P-value by Sidak correction), as
well as between the progeny of QAn. merus x J'An. coluzzii and
QAn. coluzzii x & An. merus (90%, AP = 0.0061 < 0.0170).

We observed that the F1 hybrids of the QAn. coluzzii x o An.
merus cross significantly differed from the F1 hybrids of the QAn.
merus X " An. coluzzii cross in their sex ratio bias (¢/J" > 1 vs.
@/Jd" < 1) and in the temporal dynamics of the sex ratio during the
first 3 days of pupation (@ < 50% vs. & < 50%). Is the observed
pattern in the F1 progeny of the QAn. coluzzii x JAn. merus
cross caused by slowly developing males or faster developing
females? To understand the underlying cause for the difference
in the temporal dynamics and in the asymmetrical pattern of
the sex ratios between the reciprocal inter-species crosses, we
further investigated the daily percentages of the total male and
female pupae in F1, which is the percentage of each sex each day
when the percentage of each sex for all 7 days combined = 100%.
Surprisingly, using ONE-WAY ANOVA followed by Tukey HSD
test with Sidak correction, we found that the patterns of male
and female development were similar between An. coluzzii
and both reciprocal crosses (Figure 1C and Supplementary
Table 2). However, the average percentage of total F1 females
appearing in day 1 in the QAn. coluzzii x JAn. merus cross
was significantly higher (15.7%) than the average percentage
of total F1 females appearing in day 1 in the reciprocal cross
(1.4%) (AP =0.0072 < 0.0170, the p-value by Sidak correction)
(Figure 1D and Supplementary Table 2). This result indicates
that the rate of female development is much faster in F1 hybrids
of the @ An. coluzzii x & An. merus cross than the opposite
cross. It is possible that heterosis of the hybrid females rather
than reduced fitness of the hybrid males explains the observed
bias toward females in this cross. Thus, the somatic development
of F1 hybrids can be affected in crosses involving species of the
An. gambiae complex.

F1 Hybrids of the Inter-Species Crosses
Largely Obey Haldane’s Rule

Next, we investigated the effect of inter-species hybridization on
male fertility in our laboratory colonies. According to Haldane’s
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rule, the sterility of inter-species F1 hybrids usually affects
heterogametic sex (Haldane, 1922). Therefore, we expected that
hybrid Anopheles males carrying X and Y chromosomes should
be sterile, but not hybrid females. To test Haldane’s rule, we
performed crossing and backcrossing experiments between An.
merus and An. gambiae ZANU or An. coluzzii MOPTI and MALL
Backcrossing experiments between F1 hybrids and parental
species showed that most of the crosses between An. gambiae
or An. coluzzii and An. merus produce sterile F1 males and
fertile F1 females (Supplementary Table 3). The sterility of F1
hybrid males was manifested by the lack of hatching eggs laid
by An. coluzzii or An. merus females that had mated with them.
In addition, we tested whether motile sperm was present in the
spermatheca of the mated females. Indeed, we observed sperm
swirling around the perimeter of the spermatheca in females
mated with pure-species males (Supplementary Video 1).

Also, a multitude of mature sperm with actively moving tails
were seen after crushing the spermatheca of such females
(Supplementary Video 2). In contrast, we observed no mature
sperm inside the spermatheca of females mated with hybrid
males (Supplementary Video 3). However, immature sperm
with larger heads and shorter tails were seen in the crushed
spermatheca of one of 20 analyzed An. merus females mated
with hybrid males from the QAn. merus x & An. coluzzii MALI
cross (Supplementary Figure 1). In addition, one backcrossing
experiment between female An. merus and F1 hybrid males
from the QAn. merus x d An. coluzzii MOPTI cross produced
one son (from 207 laid eggs) that survived to adulthood. This
result indicates that escapees from hybrid male sterility are
still possible in crosses involving species of the An. gambiae
complex. Surprisingly, F1 hybrid females from the QAn. gambiae
ZANU x J&'An. merus cross failed to produce any eggs after
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three repeated backcrosses with either male An. merus or male
An. gambiae ZANU (Table 1). The lack of oviposition by F1
hybrid females could be specific to inter-species crosses involving
the female genotype of the ZANU laboratory strain, which may
have more prominent behavioral constrains of hybrid females
to mating or oviposition. F1 hybrid females from the QAn.
merus x &' An. gambiae ZANU cross lay a normal number of
fertile eggs (Supplementary Table 3). Overall, the performed
inter-species hybridizations had a much greater negative impact
on male fertility than on female fertility of F1 hybrids, thus,
confirming Haldane’s rule for our laboratory strains.

F1 Male Hybrids of the Reciprocal
Inter-Species Crosses Differ by the
Degree of Reproductive Tract
Abnormality

To investigate phenotypes associated with hybrid male sterility,
we dissected male reproductive tracts including testes, MAGs,
and ejaculatory ducts from young adults of An. merus, An.
gambiae, and An. coluzzii as well as F1 hybrids from inter-
species crosses. In the pure species, reproductive organs have
similar shapes and sizes. MAGs have an oval shape and testes
have a spindle-like shape. Each testis is connected to a MAG by
a vas deferens that is further connected to the ejaculatory duct
(Supplementary Figure 2 and Figure 2).

We found an obvious asymmetric pattern in the morphology
and size of the MAGs, ejaculatory ducts, and testes when
reciprocal crosses were compared. Hybrid males from crosses
between female An. merus and male An. gambiae or An. coluzzii
displayed normal looking reproductive organs. They were similar
in shape and size with reproductive organs of pure species.
In contrast, hybrid males from crosses between female An.
gambiae or An. coluzzii and male An. merus showed severely
underdeveloped reproductive organs. Visibly reduced round-
shaped MAGs and ejaculatory ducts as well as thin testes were
characteristics of the abnormal morphology of the reproductive
tracts in these hybrids (Figure 2).

To quantify the observed differences, we recorded and
compared the length and width of MAGs and testes from
the pure species and the hybrids. Using ONE-WAY ANOVA,
we found statistically significant difference (P-value < 0.0001)

TABLE 1 | Fertility status of F1 inter-species hybrids produced by crossing the
laboratory strains.

Crosses Hybrid males Hybrid females
QAN. merus x d&'An. gambiae ZANU Sterile Fertile
QANn. gambiae ZANU x d'An. merus Sterile No oviposition?
QAN. merus x d'An. coluzzii MOPTI Mostly sterile® Fertile
QAN. coluzzii MOPTI x &'An. merus Sterile Fertile
QAN. merus x d'An. coluzzii MALI Sterile Fertile

aNo eggs were obtained from F1 females in the backcross experiments with & An.
merus or & An. gambiae ZANU.

bOne male individual from backcross experiments between ¢ An. merus and & F1
(QANn. merus x &'An. coluzzii MOPTI) was alive and developed into an adult.

in both length and width of MAGs and testes. To test the
difference between the pure species and the hybrids, we further
performed post hoc test using Tukeys HSD test with Sidak
correction. Both the length and width of MAGs in F1 hybrids
from the QAn. coluzzii/gambiae x & An. merus cross were
significantly smaller than in pure species (P-value < 0.0051,
based on Sidak correction, Supplementary Table 4), except for
the width of MAG in hybrids from QAn. coluzzii MOPTI x &
An. merus and length of testis from QAn. gambiae ZANU x &
An. merus. In contrast, the length and width of MAGs in
hybrids from the QAn. merus x & An. coluzzii/gambiae cross
were slightly, but significantly, larger or similar to that of
pure species (Figure 3A and Supplementary Table 4). Thus,
F1 males from the QAn. merus x & An. coluzzii/gambiae
cross had normal-like MAGs and F1 males from the QAn.
coluzzii/gambiae x & An. merus cross had reduced MAGs. Our
measurements and statistical analyses showed that the length
and width of the pure-species testes were significantly larger
than that of hybrid males from all interspecific crosses, especially
from the QAn. coluzzii/gambiae x & An. merus cross (Figure 3B
and Supplementary Table 4). The analysis of spermatogenesis
in our previous work (Liang and Sharakhov, 2019) demonstrated
that testes of hybrids from the QAn. coluzzii/gambiae x &
An. merus cross lack spermatids or meiotic divisions and were
classified as degenerate or atrophic. In contrast, testes of hybrids
from the reciprocal cross had incomplete meiotic divisions
producing abnormal spermatids, which were classified as normal-
like or dysgenic.

Hybrid Sterile Males of the Reciprocal
Inter-Species Crosses Differ in Their
Ability to Induce Female Oviposition and
Monogamy

It is known that the majority of once mated An. gambiae females
become permanently refractory to further mating (Tripet et al.,
2003). Mating also increases the number of eggs developed
after a blood meal and induces a females ability to lay eggs
(Klowden and Russell, 2004; Baldini et al., 2013). Receptivity
to mating and oviposition are partially mediated by the steroid
hormone 20-hydroxyecdysone (20E), which is synthesized in
MAGs and transferred with the mating plug to the female’s
atrium during copulation (Thailayil et al., 2011; Baldini et al,,
2013; Gabrieli et al., 2014; Mitchell and Catteruccia, 2017).
Since MAGs play important roles in inducing female post-
mating responses, including oviposition and monogamy, we
conducted backcrossing experiments and remating assays to
test the function of normal-like and reduced reproductive
organs of F1 hybrids from the reciprocal crosses. Our mass
mating backcrossing experiment involving An. merus and An.
coluzzii demonstrated that F1 hybrid males with normal-like
reproductive organs induced females to lay a similar number of
eggs as pure species males do. In contrast, mating with F1 hybrid
males from the reciprocal crosses (which have reduced MAGs
and ejaculatory ducts) resulted in significantly fewer eggs laid by
females (Supplementary Figure 3). However, a similar tendency
was not observed in crosses involving An. merus and An. gambiae
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F1Q An. merus x3 An. coluzzii MALI

F12 An. merus x3 An. coluzzii MOPTI

F19 An. merus x3 An. gambiae ZANU

bar =0.5 mm.

FIGURE 2 | Morphology of the male reproductive tracts in inter-species hybrids. MAG, male accessary gland; ED, ejaculatory duct; T, testis; VD, vas deferens. Scale
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ZANU. Anopheles gambiae ZANU females mated with F1 males
from the QAn. gambiae ZANU x & An. merus cross produced
a similar number of eggs as An. gambiae ZANU females mated
with An. gambiae ZANU males (¢t = -0.1035, df = 4, P = 0.9225).
In fact, ZANU females typically laid fewer eggs than MOPTI
or MALI females.

To investigate if there were differences between F1 males with
two types of MAGs in inducing female monogamy, we conducted
a remating assay as described previously (Thailayil et al., 2011).

For this experiment, we generated F1 males by performing
reciprocal crosses between An. coluzzii and An. merus. Two days
later, An. coluzzii females were mated with F1 hybrid males from
the reciprocal crosses. Then, the same females were remated with
An. coluzzii males. To assess the effect of male reproductive tract
development on induction of female monogamy, we counted the
numbers of laid and hatched eggs. When females were first mated
with F1 hybrid males with normal-like reproductive organs (the
QAn. merus X d An. coluzzii cross) and then remated with An.

Frontiers in Ecology and Evolution | www.frontiersin.org

June 2021 | Volume 9 | Article 660207


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Liang et al.

Asymmetric Hybrid Male Sterility in Mosquitoes

A

1.00 ¥ % ¥
£ B
LR :
~ 075 |:] . x
Q o,

g —

0.50 =
G — B
= T
2 o025
5}
=

0.00
—~ 1.00
£
E
(M 075
<<
=
% 050 B= Co % ==
e Dy ¢
°
< 025 ?

000 <

D )] J N
S LS o8558
$) N N o é‘ F + x + *
S o o f§ o & & QS S

%0 +% b é’ +% ) & N 43?

SIS OIS T o

Q&\ & S Q\? & X & & [

E o I
S ¢
fon
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coluzzii males, 17 of 20 individual An. coluzzii females laid eggs
but none of them hatched. By comparison, when females were
first mated with F1 hybrid males with reduced reproductive
organs (the QAn. coluzzii x &' An. merus cross) and then remated
with An. coluzzii males, 15 of 20 An. coluzzii individual females
laid eggs and the vast majority of these eggs hatched (Figure 4
and Supplementary Table 5). The results from both experiments
demonstrate that F1 males with normal-like reproductive tracts
are able to induce female oviposition and monogamy similarly
to pure-species males. Hybrid males with reduced reproductive
tracts fail to induce female oviposition and monogamy.

The aforementioned post-mating responses of females are
regulated in part by the male-synthetized 20E hormone that is
packaged together with other seminal secretions into a gelatinous
mating plug and transferred to the female atrium during mating
(Rogers et al., 2009; Mancini et al., 2011; Gabrieli et al., 2014).
Failure of the F1 males from the QAn. coluzzii x &' An. merus
cross to induce female oviposition and monogamy points to
problems with either synthesis or transfer of the 20E hormone
during copulation. We proposed to test the following hypotheses
to explain the observed phenomena. First, genes important
for 20E hormone synthesis and mating plug formation could
be strongly downregulated in collapsed MAGs. In fact, genes
important for spermatogenesis were strongly downregulated in

the atrophic testes of the such males (Liang and Sharakhov,
2019). A strong downregulation of MAG-specific genes could
make it problematic for 20E hormone synthesis and mating
plug formation. Second, the MAG-specific genes could function
normally but the mating plug could not be formed and
transferred to females due to the developmental abnormalities in
somatic parts of the male reproductive organs. Below, we describe
the experiments conducted to test these hypotheses.

Hybrid Sterile Males From the Reciprocal
Inter-Species Crosses Differ in Their
Ability to Form and Transfer Mating
Plugs Into Atria of Females During

Copulation

To understand the reason for the failure of hybrid males with
collapsed MAGs to induce female post-mating responses,
we asked if their MAGs expressed genes important for
the 20E hormone pathway (AGAP004665-CYP306A1,
AGAP005992-CYP302A1, AGAP000284-CYP315A1, and
AGAP002429-CYP314A1), for mating plug formation
(AGAP009368-plugin, AGAP009099-Tgase, AGAP008276-
protease,  AGAP013150-protease, =~ AGAP005791-protease,
AGAP007041-fibrinogen, and AGAP003083-lipase), and for the
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synthesis of the accessory gland proteins (AGAP006587-acp,
AGAP009373-acp, and AGAP009362-acp). Primer sequences
for RT-PCR are listed in Supplementary Table 6. Our RT-PCR
results showed no apparent differences between pure-species
and hybrid males from the reciprocal crosses in the pattern of
expression of these genes (Figure 5), even though some of these
genes, such as AGAP013150, AGAP006587, and AGAP009362,
showed species-specific differences in the level of expression or
size of the transcripts. We concluded that the failure of F1 males
from the QAn. coluzzii x J An. merus cross to induce female
oviposition and monogamy is unlikely to be due to misexpression
of the MAG-enriched genes.

Next, we tested whether the mating plug could actually be
formed and transferred to the female atrium during copulation.
Lipids inside MAGs produce a strong autofluorescence that can
be used to observe mating plug formation and transfer (Gabrieli
etal., 2014). Using a fluorescent microscope with a GFP filter, we
observed strong autofluorescence in MAGs of An. coluzzii and
hybrid males obtained from the reciprocal inter-species crosses
(Figure 6). This result agreed with our RT-PCR data (Figure 5)
suggesting that the collapsed MAGs of the hybrid males were still
able to perform their secretory function.

Mating plugs normally have strong autofluorescence and
can be observed in atria of females within 2 h post-mating
(Smidler et al., 2018). Here, we tested if there were mating plugs
in atria of An. coluzzii females after their mating with inter-
species hybrid males and An. coluzzii males. Our results showed
that An. coluzzii males as well as hybrid males with normal-
like reproductive organs (the QAn. merus x J'An. coluzzii
cross) produced and transferred mating plugs into female atria
(Figure 7). In contrast, hybrid males with reduced reproductive

organs (the QAn. coluzzii x o An. merus cross) failed to produce
and transfer plugs into the atria of mated females. The same
data were obtained by observing the atria of mated females
under a phase-contrast microscope (Figure 7). In fact, empty
atria of females mated with hybrid males with collapsed MAGs
looked similar to empty atria of virgin females (Supplementary
Figure 4). We concluded that the failure of F1 males from the
QAn. coluzzii x " An. merus cross to induce female oviposition
and monogamy is due to the inability of the males to form and
transfer the mating plug to the atria of females during copulation.

Since hybrid males from the QAn. coluzzii x & An. merus
cross cannot transfer the mating plug into females, we
decided to investigate their reproductive tracts in greater detail.
Using phase-contrast and brightfield microscopy, we examined
MAGs, ejaculatory ducts, and vasa deferentia of mated males
(Supplementary Figure 5). We observed that unlike An. coluzzii
males or hybrid males from the QAn. merus x &'An. coluzzii
cross, hybrid males from the QAn. coluzzii x JAn. merus
cross typically had a strong accumulation of MAG-derived lipids
in their vasa deferentia. Also, vasa deferentia in these males
were usually thicker than in hybrid males from the reciprocal
cross or in An. coluzzii males (Figure 6 and Supplementary
Figure 5). We also noticed autofluorescence in the vas deferens
of hybrid males from the QAn. coluzzii x o"An. merus cross
(Figure 6). Moreover, testes of some hybrid males from this
cross can have autofluorescence suggesting that MAG-derived
lipids can flow in the wrong direction in the male reproductive
tract (Supplementary Figure 6). These observations suggest
that hybrid males from the QAn. coluzzii x " An. merus cross
have structural abnormalities of the ejaculatory duct or in its
connection with MAGs. The specific characteristic of ejaculatory
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FIGURE 5 | The RT-PCR analysis of gene expression in the male reproductive tract. M x C, @An. merus x &'An. coluzzii MOPTI; C x M, @An. coluzzii
MOPTI x d"An. merus.

An. coluzzii

Male reproductive tract
(Fluorescent microscopy)

FIGURE 6 | Autofluorescent MAG-derived lipids in the male reproductive tract. MAG-derived lipids autofluoresce in MAGs of pure species and all hybrids as well as
in vasa deferentia of hybrid males from the QAn. coluzzii x &An. merus cross. ED, ejaculatory duct; T, testis; VD, vas deferens; M x C, QAn. merus x &An. coluzzii
MOPTI; C x M, QAn. coluzzii MOPTI x &An. merus. Scale bar = 100 pm.
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FIGURE 7 | Analysis of the mating plug transfer to the atrium of An. coluzzii females. The presence or absence of the mating plug in the atria are shown for females
mated with an An. coluzzii male and with hybrid males from the reciprocal inter-species crosses. MAG-derived lipids autofluoresce in green color. ED, ejaculatory
duct; T, testis; Ov, ovary; A, atrium; MP, mating plug; Sp, spermatheca; M x C, @An. merus x &'An. coluzzii MOPTI; C x M, @An. coluzzii MOPTI x &'An. merus.

Scale bar = 100 pm.
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ducts in anopheline species is that they are heavily musculated
(Hodapp and Jones, 1961). Because the ejaculatory duct is
surrounded by large, well-tracheated, circular muscles, it is also
called the ejaculatory pump (Clements, 1992), implying that it
plays an active role in transferring the seminal fluid. It is possible
that the severe underdevelopment of the ejaculatory duct in the
QAn. coluzzii x " An. merus hybrids prevents a proper transfer
of the seminal fluid from MAGs to the ejaculatory duct and
to female atria during mating. Instead, seminal fluid can flow
into vasa deferentia and even into the atrophic testes. Thus, in
addition to the germline tissue, the somatic tissue of reproductive
organs can be negatively affected in these hybrid males.

Hybrid Sterile Males From the Reciprocal
Inter-Species Crosses Differ in the

Duration of Mating With Females

We asked if the failure of hybrid males from the QAn.
coluzzii x J'An. merus cross to form and transfer mating
plugs into females’ atria during copulation had an impact on
mating behavior. We specifically tested whether the duration
of mating between these hybrid males and An. coluzzii females
(Supplementary Video 4) differed from the duration of mating
between hybrid males from the reciprocal cross and An. coluzzii
females (Supplementary Video 5). Our study showed that F1

males from the QAn. merus x & An. coluzzii cross had copulation
time similar (P = 0.3082) to that of pure species. These two
groups of males copulated for about 20 s on average. However,
hybrid males with reduced reproductive organs mated with An.
coluzzii females for only about 10.5 s on average (Figure 8
and Supplementary Table 7), which is significantly shorter
(P < 0.0001) than that for pure species and hybrid males from
the reciprocal cross.

We next asked at what time the mating plug is formed and
transferred to females during copulation in pure species. To
answer this question, we conducted a mating interruption assay,
in which we forcefully separated male and female An. coluzzii
at 2-4, 8-10, and 14-15 s after they started copulation. The
dissection of copulating pairs disrupted after 2-4 s found no
mating plugs in either males or females. It was relatively easy
to separate mating couples by shaking the cage at this stage.
It was most difficult to interrupt mating at 8-10 s and we
detected the already formed mating plug attached to the male
aedeagus using phase-contrast microscopy (Figures 9A,B). Using
a fluorescent microscope with a GFP filter, we confirmed the
presence of the autofluorescent mating plug associated with the
male (Figure 9C). The separated females did not have any mating
plug material in their atria at 8-10 s after the start of copulation
(Figure 9D). Thus, we found that the mating plug is being formed
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FIGURE 8 | Copulation time between An. coluzzii females and males of An.
coluzzii or F1 hybrids. M x C, QAn. merus x d'An. coluzzii; C x M, QAn.
coluzzii x dAn. merus. The two-sample pooled t-test was used to calculate
the P-value.

and transferred from the male into the female atrium at the
midpoint after the start of copulation. However, the transfer was
not completed by this time as the plug was not yet located in
the female atrium but was still associated with the male aedeagus
(Figure 9E). We also analyzed mating pairs separated at 14-15 s
after the start of copulation. These females had mating plugs
in their atria, indicating that the transfer was complete by this
time. Thus, the process of plug formation and transfer probably
determines the duration of mating in An. coluzzii. Hybrids from
the QAn. coluzzii x J' An. merus cross did not produce mating
plugs and, therefore, their mating with An. coluzzii females ended
at ~10.5 s after the start of copulation, when normally the mating
plug is being formed and transferred into a female’s atrium.

DISCUSSION

Charles Darwin, in the chapter on ‘Hybridism’ in the Origin of
Species, articulated the generality and evolutionary significance
of asymmetry in the degree of hybrid sterility: “The degree of
sterility does not strictly follow systematic affinity, but is governed
by several curious and complex laws. It is generally different,
and sometimes wildly different, in reciprocal crosses between the
same two species” (Darwin, 2001). This phenomenon is named
“Darwin’s Corollary of Haldane’s Rule” (Turelli and Moyle, 2007).

Multiple examples of hybrid asymmetry have been found across
a wide range of taxa, including mammals (Good et al., 2007), fish
(Bolnick and Near, 2005), toads (Brandvain et al., 2014), insects
(Dobzhansky, 1934; Coyne and Orr, 1989; Presgraves, 1998;
Presgraves, 2002), nematodes (Woodruft et al., 2010), plants
(Scopece et al,, 2007), and fungi (Dettman et al., 2003). It is
relatively easy to observe and describe asymmetry of reciprocal
Fls if one cross produces fertile hybrids and the other cross
produces sterile hybrids. However, if both crosses produce sterile
F1 males, a detailed comparative study must be performed
to understand the causes of sterility in reciprocal crosses. For
example, differences in the sizes and the internal structure of
testes as well as in the process of meiosis have been described
for sterile hybrid males obtained from reciprocal crosses between
D. pseudoobscura and D. persimilis (Dobzhansky, 1934). Here, we
identified and characterized multiple phenotypes of hybrids from
reciprocal inter-species crosses between An. gambiae/coluzzii and
An. merus. We specifically studied sex ratios, morphology, size
of the male reproductive tract, postcopulatory effects on females,
mating plug transfer, and mating behavior.

The identified asymmetric phenotypes of hybrids from the
reciprocal crosses between species of the An. gambiae complex
are summarized in Table 2. Briefly, the F1 hybrids of the
QAn. merus X J'An. coluzzii cross resembled pure species,
even though the F1 males were sterile. In contrast, all of the
compared phenotypes were abnormal in the reciprocal cross.
The opposite pattern of sex ratios in the F1 progeny from
the reciprocal crosses observed in our experiments (Figure 1A)
confirmed a similar trend of an early study using wild-caught
An. merus and An. gambiae (Davison, 1964). Sex ratio distortion
was also documented in F1 hybrids between laboratory strains
of An. coluzzii and An. arabiensis (Slotman et al., 2004). Our
further analysis suggested that the sex differences in organismal
fitness may contribute to the asymmetric sex ratios between
the reciprocal crosses. Specifically, our data point to the
faster egg-to-pupae development in F1 females from the QAn.
coluzzii x & An. merus cross (Figures 1B-D). This phenotype is
indicative of female heterosis that may skew the sex ratio toward
females in this cross.

In our study, we observed asymmetry in the morphology of
male reproductive organs of hybrids from the reciprocal inter-
species crosses (Figure 2). Similar phenotypes have been reported
in experimentally obtained hybrids using wild-caught species of
the An. gambiae complex (Davidson et al., 1967). In addition,
we demonstrated that the size of testes and MAGs of hybrids
from the reciprocal crosses are significantly different from the
size of testes and MAGs of pure species (Figure 3). Thus, our
laboratory strains of An. merus, An. coluzzii, and An. gambiae
produced F1 hybrids with the same abnormalities in their
reproductive organs as those observed in natural populations.
Another similarity between wild-caught and laboratory mosquito
hybrids was observed in the experiments that tested their
effect on female monogamy. Forced mating of wild-caught
mosquitoes demonstrated that male hybrids from the QAn.
gambiae x &An. merus or An. melas crosses failed to induce
female monogamy. Similarly, we have shown that F1 males
from the QAn. coluzzii x & An. merus cross involving laboratory
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FIGURE 9 | The transfer of the mating plug from male into female during copulation. The observation is done by disruption of mating at 8-10 s after the start of

copulation. (A,B) The mating plug attached to the aedeagus. (C) The autofluorescent mating plug. (D) Absence of the mating plug in the atrium of the mated female.
(E) Scheme showing the mating plug transfer from male into female atrium at 8-10 s after the start of the mating process. T, testis; MAG, male accessary gland; ED,
ejaculatory duct; Ae, aedeagus; MP, mating plug; A, atrium; and Ov, ovary. Scale bars are 100 wm in (A,C) and 50 pm in (B,D).

TABLE 2 | Asymmetric phenotypes of inter-species hybrids in the An. gambiae complex.

Cross F1 sex ratio Male reproductive Postcopulatory effects of Mating plug transfer Copulation time with
(9/5) tract hybrid males on females females

F1Q An. merus x & <1 Normal shape and Mating induces oviposition and The mating plug is Normal copulation time
An. coluzzii size monogamy of females transferred to the (~20s)

female atrium
F1Q An. >1 Abnormal shape and Mating fails to induce No transfer of the Shortened copulation
coluzzii x & An. reduced size oviposition and monogamy of mating plug to the time (~10.5 s)
merus females female atrium

Frontiers in Ecology and Evolution | www.frontiersin.org 13

June 2021 | Volume 9 | Article 660207


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Liang et al.

Asymmetric Hybrid Male Sterility in Mosquitoes

colonies failed to induce female monogamy (Figure 4). We
demonstrated that An. coluzzii and An. merus females that mated
with hybrid males from the QAn. coluzzii x &' An. merus cross
laid significantly fewer eggs than females mated with pure-species
males or hybrid males from the reciprocal cross (Supplementary
Figure 3). Because we did mass mating in this experiment
and did not dissect individual females to count the number of
developed eggs, we could not discriminate between the effect of
the mating on increased egg production and inducing a female’s
ability to lay eggs. Previous research demonstrated that male-
transferred the 20E hormone causes an increased investment in
egg production via a MISO-dependent pathway (Baldini et al,,
2013). Also, transferring of 20E from a male to a female during
mating induces oviposition (Thailayil et al., 2011). In any case,
mating with hybrid males with small MAGs has a negative impact
on the mosquito reproductive output. A previous study suggested
that the inability of these males to induce female refractoriness to
further copulations were due to impaired secretory activity of the
MAGs (Bryan, 1972). However, our analysis of gene expression
does not support this hypothesis. The RT-PCR results showed no
apparent differences between pure-species and hybrid males from
the reciprocal crosses in the pattern of expression of the MAG-
enriched genes (Figure 5). Therefore, failure of the F1 males with
reduced reproductive organs to induce female oviposition and
monogamy is unlikely due to impaired secretory activity of the
MAGs. Instead, we detected an abnormal flow of seminal fluid
into vasa deferentia and even into the atrophic testes of some
of these males (Figure 6 and Supplementary Figures 5, 6). Our
study suggests that structural abnormalities of the ejaculatory
duct or its connection with MAGs in the hybrid males from
the QAn. coluzzii x o An. merus cross prevented transfer of the
mating plug to female atria during mating (Figure 7).

Failure of hybrid males from the QAn. coluzzii x & An. merus
cross to form and transfer mating plugs into females™ atria has
a negative impact on mosquito mating behavior by significantly
shortening the copulation time (Figure 8). Our study of the
mating dynamics and plug transfer in An. coluzzii (Figure 9)
agrees with an early study of forced mating using decapitated
males of An. gambiae (Giglioli and Mason, 1966). Penetration of
the female by the An. gambiae male’s aedeagus was followed by
a quiescent phase of 5-6 s and then by a phase of the aedeagus
moving backwards and forward in a pumping motion for about
15 s. When mating was interrupted just as the male’s reproductive
organs began their pumping action, no mating plug was present
in the atrium although the female was already inseminated.
However, when mating was interrupted when male reached a
state of excitation while continuing pumping, a mating plug
was extruded from the aedeagus. Only when male and female
separation occurred voluntarily was a mating plug found in
the atrium of the female (Giglioli and Mason, 1966). Thus, the
study with decapitated males of An. gambiae and our mating
interruption assay with An. coluzzii both showed that the mating
plug is still being formed and transferred into a female’s atrium
around midpoint (~8 to 10 s) during copulation (Figure 9). Our
data suggest that the failure of mating plug formation caused the
significant reduction in copulation time (~10.5 s) between F1

males from the QAn. coluzzii x " An. merus cross and the An.
coluzzii females.

It is now clear that the reciprocal crosses between the
same two species of the An. gambiae complex produced wildly
different hybrid males. Compared with parental species, F1
males from the QAn. coluzzii/An. gambiae x & An. merus cross
suffered from serious defects of the reproductive tract including
testes, MAGs, and the ejaculatory duct. The atrophic testes
lacked any spermatogenic activity as cell division was arrested
at the early pre-meiotic stage (Liang and Sharakhov, 2019).
In contrast, somatic parts of the reproductive tract (MAGs,
ejaculatory duct, and vasa deferentia) of F1 males from the QAn.
merus X J'An. coluzzii/ An. gambiae cross appear and function
normally. Moreover, dysgenic testes of these hybrids can produce
sperm although they are abnormal due to incomplete meiotic
divisions (Liang and Sharakhov, 2019). Since only germ-line
cells are affected in F1 males from the QAn. merus x "An.
coluzzii/An. gambiae cross, we believe that this male sterility
is caused by incompatibility among testis-specific genes. In
contrast, both somatic and germ-line cells are affected in F1
males from the reciprocal cross; therefore, incompatibility among
a greater number of more broadly expressed genes likely cause
the observed phenotypes. Since sterility of F1 males from the
QAn. coluzziil An. gambiae x & An. merus cross reflects a more
advanced stage of evolution, it would be more difficult to identify
genes that initially caused hybrid sterility. Studying F1 males from
the QAn. merus x d An. coluzziil An. gambiae cross, on the other
hand, may lead to discovery of testis-specific genes that cause
hybrid sterility at the early stage of speciation.

How can the Dobzhansky-Muller model contribute to our
understanding of the observed asymmetric reproductive isolation
in malaria mosquitoes? Since the model states that two or more
epistatically interacting loci cause postzygotic isolation, at least
some interacting loci should represent uniparentally inherited
factors that are incompatible with other factors in inter-species
hybrids. Such factors can be sex chromosomes, mitochondria,
or epigenetically imprinted chromosomes (Turelli and Moyle,
2007). Among them, sex chromosomes received special attention
from researchers (Payseur et al., 2018). The X chromosome
disproportionately (in comparison to autosomes) contributes
to sterility or lethality of heterogametic hybrids in multiple
organisms (Coyne and Orr, 2004). The X chromosome is largely
resistant to introgression between species, consistent with studies
indicating that the X chromosome may harbor factors responsible
for reproductive isolation (Coyne and Orr, 2004; White et al.,
2009; Martin et al., 2013). The observed extensive autosomal
but not X-chromosomal introgression between members of An.
gambiae (Fontaine et al., 2015; Thawornwattana et al., 2018)
predicts the relative paucity of hybrid sterility factors linked
to autosomes. The “large X effect” has been confirmed by
studies of hybrid male sterility in Anopheles mosquitoes. One of
the first examinations of hybrid sterility in backcrosses of An.
gambiae and An. arabiensis using the X-linked white-eye marker
demonstrated the roles of the X chromosome and X-autosomal
interaction in male hybrid sterility (Curtis, 1982). The large X
chromosome effect on hybrid sterility has also been supported
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with a quantitative trait loci (QTL) mapping approach using
crosses between An. coluzzii and An. arabiensis (Slotman et al.,
2004), An. coluzzii and An. merus (Kay, 2017), and An. coluzzii
and An. quadriannulatus (Deitz et al., 2020). The cumulative
effect of the X chromosome accounted for greater than 60% of
the phenotypic variation in An. coluzzii x An. quadriannulatus
male hybrids. Interestingly, hybrid individuals harboring the An.
coluzzii X chromosome had, on average, higher sterility scores
than male hybrids with the An. quadriannulatus X chromosome
(Deitz et al., 2020). This observation suggests that the origin
of the X chromosome plays a major role in the phenotypic
asymmetry of the inter-species hybrids. Because F1 males from
the QAn. coluzziil An. gambiae x & An. merus crosses have more
serious defects of the reproductive tracts than F1 males from
the reciprocal crosses, it is reasonable to expect that the An.
coluzzii or An. gambiae X chromosomes play a greater role in
hybrid male sterility than the An. merus X chromosome, which
agrees with the QTL mapping study (Kay, 2017). Due to the
Xag and Xbcd inversions fixed between An. coluzzii and An.
arabiensis as well as Xag inversion fixed between An. coluzzii and
An. quadriannulatus (Coluzzi et al., 2002), the mapping of QTL
within the X chromosome is impossible. This limitation does
not apply to the An. coluzzii/An. gambiae x An. merus crosses
as these species have collinear X chromosomes making possible
mapping X-linked hybrid sterility genes.

Anopheles merus is the most basal lineage in the An. gambiae
complex, which split from the other lineages about 0.526 Mya
(Thawornwattana et al., 2018). Therefore, its chromosomes are
expected to harbor the most ancestral alleles. The lineage leading
to An. coluzzii and An. gambiae diverged from the other species
in the complex about 0.509 Mya (Thawornwattana et al., 2018).
Unlike An. merus, both An. coluzzii and An. gambiae have wide
geographic distributions that overlap with the distributions of
many other species within the complex. The X chromosome has
likely played a major role in the development of reproductive
isolation between sympatric species of the complex, which is
seen from resistance of the X chromosome to inter-species gene
flow (Fontaine et al., 2015; Thawornwattana et al., 2018). The
X chromosomes of An. coluzzii and An. gambiae could have
accumulated incompatibility factors after the split of the An.
coluzzii/An. gambiae lineage from An. merus. As a result, we
observed the asymmetry of phenotypes in F1 hybrids from
the reciprocal crosses between An. coluzzii/An. gambiae x An.
merus. Future studies of genetic factors contributing to hybrid
male sterility in these reciprocal crosses will improve our
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