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ABSTRACT OF THE DISSERTATION 

 

 

 Finding Genomic Hybrid Incompatibilities Between Members of the  
Anopheles gambiae Complex 

 
by 

Raissa Genevieve-Green Kay 

Doctor of Philosophy, Graduate Program in Genetics, Genomics, and 
Bioinformatics 

University of California, Riverside, June 2017 
Dr. Bradley White, Chairperson 

 

The Batson-Dobzhasnky-Muller model predicts that as species diverge over time 

they will accumulate genetic differences, which may be incompatible with each 

other when combined into the same genetic background. Despite the central 

importance of this process to diversification and speciation, identification of 

genes causing hybrid dysfunction have been limited primarily to model species 

such as mice and Drosophila. Anopheles gambiae, the principal mosquito vector 

of malaria in Africa, belongs to a complex of at least nine isomorphic species. In 

accordance with Haldane’s rule for speciation, reciprocal crosses between 

members of the Anopheles gambiae complex resulted in completely sterile 

males, a fact that was used to classify different mosquito populations into 

separate species. Some of these hybrid crosses were also found to have sex-

ratio distortion implying some form of female hybrid inviability, refuting Haldane’s 

rule. Those females that were viable were also found to be fertile. Using 

reciprocal crosses between An. coluzzii and An. merus I found that when F1 

hybrid females were backcrossed, the resulting male progeny displayed a range 

of phenotypes from completely sterile to completely fertile providing the 

foundation for quantitative trait locus (QTL) mapping. We performed reciprocal 

backcrosses, phenotyped ~2500 males from those backcrosses, and then 
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genotyped each individual male at an average of >10,000 markers across the 

genome using a reduced representation sequencing approach.  Using RNA-seq 

to measure gene expression differences in F1 hybrid testes, I also found 

evidence of disruption of sex chromosome inactivation in the An. coluzzii♀ by An. 

merus♂ crosses, an under-appreciated mechanism of Haldane’s rule.
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Introduction 

Introduction to Speciation 

Evolutionary processes have given rise to the diversity of organisms on Earth. 

Through billions of years the process of evolution has influenced changes that 

manifested in life forms from simple single-celled organisms to complex multi-

cellular organisms. Speciation, or the process of one population dividing into 

two or more separate species that are distinct form one another. Speciation 

results in organisms differently adapted to their environment, and this, in turn, 

increases the biodiversity of Earth. This biodiversity is not only important for 

the health of our planet, but human health in general. Biodiversity has given 

humans the variety of plants and animals we eat, the animals that can recycle 

waste or remove pest species, and some animals that lead to unexpected 

medical advances (gila monster and wasp paper). Even given the direct 

importance of speciation to humans and our need to classify different groups 

of living things to better our understanding of them, the definition of what a 

species is can vary.  

Since before Darwin’s “On the Origin of Species”, biologists have 

attempted to define what makes up a species (Coyne and Orr, 2004; 

Linnaeus, 1735; Ray, 1686). Were species an actual phenomenon or were 

they abstract concepts with no real definition except for that which humans 

give them? Darwin supported the idea that species were not real biological 

phenomena, but only human concepts, however subsequent research and 

experimentally determined definitions of species have been developed 
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(Coyne and Orr, 2004; Darwin, 1859). One of these phenomena is a lack of 

interbreeding occurring between populations when they are undergoing 

speciation. This is a primary premise in one definition of species: the 

“Biological Species Concept” (Mayr, 1963). This theory states that: “Species 

are groups of interbreeding natural populations that are reproductively 

isolated from other such groups” (Mayr, 1963). This isolation can be either 

pre-zygotic or post-zygotic. In sexually reproducing species, pre-zygotic 

isolation is either behavioral (e.g. courtship differences), ecological (e.g. 

populations are divided by physical barriers or only occur in specific niches), 

or mechanical (e.g. the organs or other mechanisms used for copulation are 

not compatible) (Coyne and Orr, 2004). Post-zygotic isolation occurs when a 

hybrid zygote is formed, but that hybrid either does not make it to sexual 

maturity or cannot reproduce and is sterile. Post-zygotic isolation is often the 

first measure that two populations are becoming different species as it is 

easier to measure inviability and/or sterility than to measure behavioral 

differences. 

 

Rules of Speciation 

In 1922, J.B.S. Haldane first described an interesting phenomenon: in 

populations that were thought to be speciating, the first sign of post-zygotic 

isolation in the form of inviability or sterility is seen in the heterogametic sex 

only (Haldane, 1922). Haldane’s rule holds true throughout a diverse range of 

animals where either the male or female is the heterogametic sex including: 
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Mammalia (mammals), Diptera (flies, mosquitoes), Orthoptera (grasshoppers 

and crickets), Teleostei (bony fish), Amphibia (frogs and newts), Aves (birds), 

Lepidoptera (butterflies), and Reptilia (reptiles) (Coyne, 1992; Coyne and Orr, 

2004; Laurie, 1997; Orr and Presgraves, 2000; Presgraves, 2010; 

Schilthuizen et al., 2011; Volff, 2005). Schilthuizen et al. (2011) compiled a list 

of the cases in animals that both conform or don’t conform to Haldane’s rule 

by examining hybrid sterility or hybrid inviability found that 213 out of 223 

examples of hybrid sterility and 381 out of 452 of hybrid inviability adhered to 

Haldane’s rule. While Haldane’s rule is upheld throughout the animal 

kingdom, very little is known about the biological mechanisms that make it 

true for so many diverse organisms.  

Along with Haldane’s rule, there are two other findings about post-

zygotic reproductive isolation that also occur frequently: the Large-X effect 

and asymmetric hybrid incompatibility (“Darwin’s corollary”) (Bolnick et al., 

2008; Wu and Davis, 1993). The large X-effect is the observation that the X 

chromosome plays a prominent role in hybrid incompatibilities (HI) (Coyne, 

1985; Coyne and Orr, 1989; Dobzhansky, 1970; Zouros et al., 1988). The 

large X-effect has been confirmed by studies that show introgression of the X 

chromosome in Drosophila hybrids results in more sterile males than 

introgression into autosomes (Coyne and Orr, 1997; Curtis, 1982; 

Dobzhansky, 1936; Masly and Presgraves, 2007). Asymmetric hybrid 

inviability occurs when hybrid reciprocal crosses vary in the proportion of 

inviable offspring depending on which species is the mother or father (Bolnick 

and Near, 2005; Bolnick et al., 2008; Tiffin et al., 2001; Turelli and Moyle, 
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2006). The frequent occurrence of asymmetric hybrid inviability has lead 

Bolnick et al. (Bolnick et al., 2008) to place it with Haldane’s rule and the large 

X-effect as a rule of speciation. 

 

Mechanism of Hybrid Incompatibilities 

The mode-of-action of how HI occurs was hypothesized in 1909 by 

William Bateson, and in the late 1930's independently described by 

Theodosius Dobzhansky and Herman Muller. The models of hybrid inviability 

and sterility were thought to arise through the accumulation of genomic 

incompatibilities, also called Bateson-Dobzahnsky-Muller (BDM) 

incompatibilities (Bateson, 1909; Dobzhansky, 1937; Muller, 1942). The 

theory proposed that pre-zygotic isolation, geographical or otherwise, would 

occur to separate two populations of the same species. Those two 

populations evolve due to selection and/or drift and when members of the two 

populations come into contact and hybridize the differently evolved loci would 

no longer be able to interact properly causing post-zygotic incompatibilities in 

the hybrid. BDM incompatibilities are related back to Haldane’s rule through 

theories which try to explain whether incompatibility is caused by few genes of 

large effect, as in the Prdm9 gene in mammals, or many genes of smaller 

effect, such as the genes found around the OdsH locus in Drosophila (Oliver 

et al., 2009; Perez and Wu, 1995). There is a debate as to whether 

incompatibility genes are responsible for speciation, or are just a side effect of 

positive selection at a linked locus (Wright et al., 2013).  This theory of sterility 
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genes as speciation genes is incredibly hard to prove without studying actively 

diverging populations, and even then the route of speciation may be different 

for different populations. Sterility genes are normally fast evolving genes, 

meaning positive selection is acting or has acted on these genes (Wang et al., 

2011). The fast evolving nature of these genes contradicts Dobzhansky's 

original theory that these incompatibilities arose over long periods of 

evolutionary time and more likely to be polygenic traits. Goldschmidt in 1940, 

and later Stanley in 1979 (Goldschmidt, 1940; Stanley, 1979), disagreed and 

found that reproductive isolation could happen in a relatively short period of 

time and could involve very few genes. As there are many evolutionary paths 

to reproductive isolation no unifying theory can yet explain its occurrence 

across all different forms of life. Of the theories that attempt to explain 

reproductive isolation and the rules of speciation, dominance theory, the 

faster-male theory, and the faster-X theory are more supported than the rest. 

 

Hybrid Incompatibility Theories 

The first theory suggested to explain Haldane’s rule was posited by Muller in 

1942. The “dominance theory” assumed that sterility or inviability were caused 

by recessive alleles on the homogametic sex chromosome. Assuming an XX-

XY system where the female is homogametic, this would mean that the 

female hybrid would have another X to compensate or dominate the 

incompatible allele, but male hybrids would express the incompatible allele 

causing sterility or inviability (Muller, 1942). This theory has support based on 
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observations of inviability in Drosophila species where female F1 hybrids 

forced to be homozygous for one species’s X were inviable just like the F1 

males (Orr, 1993; Wu and Davis, 1993). The dominance theory also applied 

to sterility where homozygous X introgression into F1 hybrids have been 

found to result in sterility (Hollocher and Wu, 1996; True et al., 1996). The 

position of these recessive incompatible alleles on the X chromosome can 

also account the large-X effect (Coyne and Charlesworth, 1989; Turelli and 

Orr, 1995; Wu and Davis, 1993).  

This large-X effect is caused by recessive alleles that can only be 

expressed and selected for in the heterogametic sex thus increasing the rate 

of evolution for those genes involved (Meisel and Connallon, 2013). This 

increased rate of evolution generates a snowball-like effect after the initial 

speciation event that greatly increases the rate of incompatibilities 

accumulated between two species (Oliver et al., 2009; Städler et al., 2012).   

The faster-male theory posits that Haldane’s rule is caused by faster 

evolution of male incompatibility factors than female (Wu and Davis, 1993; Wu 

et al., 1996). This could be because spermatogenesis has been found to be 

much more prone to dysfunction than oogenesis in multiple studies of 

Drosophila hybrids (Malone and Michalak, 2008; Moran et al., 2017; Wu and 

Davis, 1993). Another explanation of faster-male evolution could be due to 

sexual selection (Coyne and Orr, 1997; Wu and Davis, 1993). In Drosophila 

hybrids alleles causing male sterility evolved faster than those that would 

cause female sterility providing supporting evidence for faster-male evolution 
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(Hollocher and Wu, 1996; True et al., 1996). One weakness of the faster-male 

theory is that Haldane’s rule holds true even in species where the female is 

the heterogametic sex, as is the case in butterflies and birds. A second 

weakness in the theory is that it assumes that male genes are evolving faster 

due to selection and ignores the possibility that female genes may be co-

evolving with the males’ and so the rates of evolution will not differ between 

sexes (Coyne and Orr, 1997). 

An additional popular theory as to how Haldane’s rule functions is the 

“faster-X theory”. First proposed by Brian Charlesworth et al. (Charlesworth et 

al., 1987), the faster-X theory finds that loci on the X chromosome evolve 

faster than autosomal loci as long as they are partially or fully recessive in the 

parental species. These partially or fully recessive loci could confer an 

evolutionary advantage that can only be selected for in the heterogametic sex 

until those loci become more prevalent in the population. This theory is 

different from dominance theory as it examines dominance in the parental 

species, whereas dominance theory is about dominance in the hybrid only 

(Coyne and Orr, 1997). Recent genome-wide analysis searching for faster-X 

evolution has produced mixed results. Some species are consistent with the 

faster-X model, while others have no significant difference between X and 

autosomal evolution (Ávila et al., 2014; Meisel and Connallon, 2013). Faster X 

chromosome evolution can account for both Haldane’s rule and the large-X 

effect. 
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Causes of Hybrid Incompatibilities 

While some BDM incompatibilities cause HI through interacting pairs of 

genes in the hybrid, others are thought to arise through epigenetic interactions 

between parental factors and hybrid genomes, especially in cases of 

asymmetric HI. While only a few genes have been strongly implicated in HI, 

the specific action of these genes that may cause HI is still relatively 

unknown. The epigenetic factors that might be involved in HI are also 

hypothetical, though some evidence is available for hypotheses that include 

genetic imprinting, maternal effects, and cytoplasmic incompatibilities. 

Together both gene interactions and epigenetic factors have been found to 

result in HI. 

The genes causing partial or complete HI have been found mainly in 

Drosophila, but recent studies in mice have also found a hybrid sterility 

causing gene (Mihola et al., 2009; Nosil and Schluter, 2011). In Drosophila 

genes have been found to influence both hybrid sterility and hybrid inviability. 

Odysseus (OdsH) was the first HI gene identified. It is a gene that usually 

functions to slightly enhance sperm production in young Drosophila males but 

can cause sterility in hybrid males (Sun et al., 2004). Additional HI genes 

found in Drosophila include hybrid male rescue (Hmr), lethal hybrid rescue 

(Lhr), nucleoporin 96 and nucleoporin 160 which cause inviability rather than 

sterility (Barbash et al., 2003, 2004; Brideau et al., 2006; Nosil and Schluter, 

2011; Presgraves and et al., 2003; Tang and Presgraves, 2015). The first 

mammalian HI gene, Prdm9, was identified in mice (Mihola et al., 2009) and 
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encodes a DNA-binding protein that “Directs the positioning of double-

stranded breaks” that start recombination during meiosis (Davies et al., 2016). 

The discovery of these HI genes and research into their normal functions 

provides a window into the molecular mechanisms of HI and can suggest 

additional candidate genes with similar functions.  

Gene-gene interactions are not the only causes of HI. Additional 

factors can work epigenetically on the hybrid’s genome while it is still 

developing in the mother. Imprinting, or the mono-allelic parental-dependent 

expression of certain genes, has been implicated in asymmetric HI a number 

of times in both plants and animals (Ishikawa and Kinoshita, 2009; Johnson, 

2010; Maheshwari and Barbash, 2011; Wu and Ting, 2004), and can cause 

gross phenotypic differences along with HI. The directionality of these 

differences has been well described in horse and donkey crosses, where if 

the female parent is a horse and the male a donkey you get a mule, whereas 

if the donkey is the female and the horse the male you get a hinny (Allen, 

1969), and in crosses between two mouse species P.polionotus and  

P.maniculatus: when P.maniculatus  is the female, the hybrid offspring are 

40% smaller than either parent, and when P.polionotus is the female the 

offspring and placenta are oversized and often die before birth (Duselis and 

Vrana, 2010; Laschiavo et al., 2007; Vrana et al., 1998). However, imprinting 

can act like a selfish element by biasing the expression of the allele from one 

sex over the allele of the other sex. Moore and Haig in their 1991 paper 

proposed that competition over maternally provided resources between 
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offspring fathered by different males can favor imprinted expression (Moore 

and Haig, 1991).  

 The other likely mechanism for asymmetric HI is the incompatibilities 

between maternal effects and the hybrid genome. Maternal factors control the 

development of a growing embryo, and also suppress elements of the 

genome that may disrupt the growth process, until the “maternal-zygotic 

transition” where the zygote's genome takes over in these processes (Wang 

and Dey, 2006). Sawamura and Yamamoto in 1993 found a maternal acting 

gene on chromosome 2 in D. simulans that was incompatible with a zygotic 

acting gene on the X chromosome of D. melanogaster. Female hybrids with 

D. simulans mothers are inviable giving all male F1s. In the reciprocal cross 

hybrid males were inviable giving all female F1s (Sawamura, 1996; 

Sawamura et al., 1993). 

Tools for Studying Hybrid Incompatibilities  

 Approaches to studying HI have evolved with new technologies. Initial 

work focused on theoretical studies and simple crossing experiments that 

produced Haldane’s Rule and BDM incompatibilities (Bateson, 1909; 

Dobzhansky, 1937; Haldane, 1922; Mayr, 1963; Muller, 1942). As methods to 

manipulate Drosophila improved, it became a vital tool with the ability to track 

rearrangements of known loci that cause visible phenotypic differences. Using 

these markers, it was possible to identify loci near sterility and inviability loci 

by careful introgression of genetic material of one species into another 

species genome (Perez et al., 1993). With the advent of genome sequencing 
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and the ability to obtain full genome sequences of any organism, these 

introgression studies could be used for other taxa, outside of Drosophila, as 

phenotypic markers were replaced with identifying the new sequences 

transferred as part of an introgression that caused the HI. However, the 

volume and resolution of information from genome sequencing requires a new 

way to apply significance to these introgression, for this we can use 

Quantitative Trait Loci (QTL) mapping (Seaton et al., 2002).  

 QTL approaches to map loci involved in speciation work by scoring 

sterility or a measurable phenotype related to sterility (sperm morphology, 

number of offspring, etc.) of backcrossed or introgressed individuals as a 

quantitative trait and identifying genotypes that are consistent with the 

direction of the phenotype (Seaton et al., 2002). The genotype of an individual 

can be determined in a variety of ways, including traditional marker 

association (as with Drosophila), genotyping by sequencing that entails 

sequencing the same small part of the genome for each individual, and 

Genome Wide Association Studies (GWAS) which require full genome 

sequences of each individual in the study (Davis et al., 2015; Moyle, 2006; 

Perez et al., 1993). While GWAS studies are usually the best approach for 

looking at the rate of HI in wild populations, traditional QTL studies are still 

very powerful if using lab-reared colonies (Slotman et al., 2004). 

Additionally, the genotype can be values gleaned from the 

transcriptome which may be influenced by epigenetic factors that also 

underlie HI differences. Starting with microarrays and now current technology 
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RNA-seq, the transcriptome of hybrids can show patterns of gene expression 

either similar or different from the parental species. The expression of a gene 

resemble one parent, may be the average of both parents, or can be 

completely outside the range of parental expression (Bi et al., 2014; Stupar et 

al., 2007, 2008). It is thought that those genes whose expression falls outside 

of normal parental expression are either direct cause or side-effect of HI 

(Renaut et al., 2009; Tulchinsky et al., 2014; Zufall and Rausher, 2004). By 

combining multiple tools, strong candidate genes underlying HI can be 

identified. 

 

Anopheles gambiae complex 

My dissertation examines members of the Anopheles gambiae complex that 

are thought to have separated around 1.8 million years ago, ideal evolutionary 

divergence to study speciation and sterility genes (Fontaine et al., 2015). 

Mosquitoes are disease vectors and have been intensely studied with hopes 

of breaking the cycle of infectious diseases. All but one of the six members of 

the Anopheles gambiae complex are vectors of malaria and contribute to over 

214 million cases estimated worldwide in 2015, with 188 million cases just in 

Africa where the species of this species complex resides (2015). Of those 188 

million cases in Africa, the 295,000 cases resulted in death. Though this 

number has decreased from 670,000 deaths in 2005, the fight against malaria 

is still an on-going one (2005). Any study into the biology of these disease 
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vectors could have a major impact on those living in areas where the vector 

and disease are present, and suggest better control strategies. 

Historical studies of this species complex have been re-assessed in 

this dissertation. The two species that were used for more intensive analysis, 

An. coluzzii and An. merus, are suitable species for finding incompatibility 

genes because they also have the highest sequence similarity on the X 

chromosome of any members in the Anopheles gambiae complex (White et 

al., 2011).  An. coluzzii and An.merus are also important to public health as 

they both transmit the human malaria parasite P. falciparum. However, An. 

coluzzii is considered a more successful vector due to its extensive 

geographical range and increased tendency to bite humans.  Finding sterility 

factors in the Anopheles genus gives us the potential to develop more 

effective control strategies.  

 Though sterile insect technology (SIT) control strategies usually focus 

on sterilization of the male mosquito there is little biological information about 

the males mainly because they are the non-disease vectoring sex. In fact only 

a few genes have been found that are male specific (Hall et al., 2013, 2016; 

Krzywinska et al., 2016; Slotman et al., 2004). 

 

Dissertation Objectives and Aims 

Studying how speciation and reproductive isolation comes about is 

both complicated and important for understanding evolutionary processes and 
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the trajectory that created their modern genotypes. The An. gamibae complex 

is recently diverged, has heteromorphic sex chromosomes, and includes 

vectors of deadly diseases, making it an important non-model organism to 

add to the growing literature on HI. Hybrid crosses between mosquitoes of 

this complex tend to follow all three rules of speciation, though the few 

exceptions may lead to explanations for when Haldane’s rule fails. Each 

chapter of this dissertation uses one of the most common tools for uncovering 

and explaining HI. Chapter I uses simple crossing experiments that give an 

interesting picture of Darwin’s corollary and some small rejection of Haldane’s 

rule. We see that the asymmetric sex-ratio distortion that was very prevalent 

in past hybridizations is now only significant in a rare few crosses. Chapter II 

utilizes reciprocal crosses and backcrosses between An. coluzzii and An. 

merus to find Quantitative Trait Loci (QTL) related to hybrid sterility. The 

backcrosses between An. coluzzii and An. merus form males that lie on a 

spectrum from fertile to sterile giving us a quantitative trait to use. Using the 

same reciprocal cross that Chapter II used, Chapter III looks at the expression 

differences between the F1 hybrids and parental testes. Each of these 

chapters not only adds new insight and information to HI studies, but also 

adds to our understanding of male mosquito genetics and mosquito speciation 

in general. 
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Chapter I 

Re-evaluation of 50 year old hybridizations between members 

of the Anopheles gambiae complex 

 

Abstract 

Hybridization experiments to test for reproductively compatible populations 

are used define morphologically identical species. Defining species has been 

especially important in mosquito research because some morphologically 

identical species can have vastly different impacts on transmitting human 

diseases. In this study I examine a 1964 hybridization study to both see how 

our current colonies have changed with respect to sex-ratio distortion and 

what new information we can extract from these hybridization experiments. By 

exploring current experimental evidence of possible causes of 

incompatibilities like those observed in hybrids between species of the 

Anopheles gambiae complex we can gain a better understanding of how 

these hybrid incompatibilities arose.  

 

Introduction 

In the 1960's George Davidson made many contributions to the field of 

mosquito speciation including, in his 1964 paper, evidence that there was a 

third freshwater species in the Anopheles gambiae complex (Davidson, 

1964a). Since the mosquitoes of this complex are all morphologically identical 

(e.g. showing no obvious phenotype to separate populations systematically), 

a biological cross is needed to test if the populations are reproductively 
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isolated and thus different species (Coluzzi et al., 1979). For the An. gambiae 

complex, Davidson defined separate species as those populations that 

resulted in sterile hybrid males (Davidson 1964).These mosquitoes are 

relatively young species and only 1.85 million years diverged contributing to 

the observed pattern that only male hybrids were sterile while the hybrid 

females remained fertile. However, just in the past few years An. gambiae S 

and M form have been found to have recently speciated and only show pre-

zygotic incompatibilities in the form of mating behavior differences in wild 

populations (Coetzee et al., 2013). The two newly christened species, An. 

gambiae and An. coluzzii, can mate readily in colony and form fertile male and 

female hybrids. In hybrids of closely related species the heterogametic sex, in 

this case the male, is the first to show signs of hybrid incompatibilities (HI) in 

the form of sterility or inviability of the F1. This observation of sex-specific HI 

is called Haldane's rule (Haldane, 1922). Davidson found both sterility and 

inviability between these Anopheles crosses that would be expected to follow 

Haldane's rule; however, in some of his crosses the F1 females were partially 

or completely inviable. This observation is inconsistent with Haldane's rule.  

Exceptions to Haldane’s rule are rare, though they are more commonly 

found when the species’ hybrids exhibit inviability rather than sterility 

(Schilthuizen et al., 2011). Of the 461 (452 from Schilthuizen et al., and 9 from 

Wu and Davis) species crosses that resulted in hybrid inviability two Aves 

(bird) crosses, 28 Amphibia crosses, 37 Teleostei (fish) crosses, 9 Drosophila 

crosses, one Hemiptera cross, one Coleoptera cross, and one Lepidoptera 

cross are known to not follow Haldane’s rule in terms of inviability 
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(Schilthuizen et al., 2011; Wu and Davis, 1993). These taxa utilize either male 

or female heterogametry, meaning Haldane’s rule can be rejected regardless 

of which sex is heterogametic. In the literature to date, rejection of Haldane’s 

rule that results in female inviability when the male is the heterogametic sex is 

caused by maternal effects (as is the case in some Drosophila hybrid crosses) 

or, potentially, homomorphic sex chromosomes where the X and Y can still 

recombine (in the case of Bufonidae toad hybrid crosses) (Fontenot, 2009; 

Sawamura, 1996).  

 While the majority of in-depth HI studies have utilized model 

organisms, we chose to look at the Anopheles gambiae complex not only 

because of its recent radiation and previously documented strong HI, but 

because of the fact that Anopheles mosquitoes have a direct impact on 

human health. Anopheles mosquitoes are the most efficient vectors of malaria 

where they reside in Africa. All but one of the six members of the Anopheles 

gambiae complex are considered effiecient vectors of the malaria parasite 

which causesover 214 million casesworldwide , 188 million in Africa,in 2015 

alone (2015). Of those 188 million cases in Africa,  295,000 cases  resulted in 

death, and while this number has decreased from 670,000 deaths reported in 

2005, the fight against malaria is still an on-going one (2005). Any study into 

the biology of these disease vectors could help improve control strategies and 

looking back to previous studies is a good place to start. 

  In this paper I re-examined data from Davidson's crosses and 

repeated Davidson’s original crosses, to the best of my ability, in order to 
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assess any changes that have occurred over the years of colonization and to 

ask if there has been any insights that can better explain the female and 

asymmetric inviability that Davidson found.  

 

Methods 

 

Mosquito rearing and sterility testing 

 

Mosquitoes used in this study were obtained through BEI Resources, 

NIAID, NIH: An. gambiae (Kisumu and Pimperena colonies), An. coluzzii 

(Mali-NIH and Akron colonies), An. quadriannulatus (Sangqua colony), 

An.arabiensis (Dongola1 and KGB colonies), and An. merus (MAF colony). All 

mosquitoes were reared and crossed in accordance with standard protocols 

(White et al., 2013). In brief, mosquitoes were maintained in insectaries under 

controlled conditions of 27°C, 65% relative humidity, and a 12h:12h light:dark 

cycle with 1 h dawn and dusk transitions.  All parental and F1 larvae were 

reared in freshwater (dH2O) at a density of 200 larvae/L of water. Each larval 

tray was fed ~100 mg per day of a 4:1 mixture of finely ground fish pellets to 

baker’s yeast. Reciprocal F1 crosses were performed with 200-400 virgins 

from each parental colony, parental crosses were performed in the same 

fashion. All eggs of F1 crosses were hatched, resulting in 200-1600 first instar 

larvae per cross. At least 800 eggs are hatched (when possible) to keep 

Parental colonies alive. F1 males were tested for sterility at 5-7 days old by 

visual inspection of their reproductive organs and considered sterile if no 
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mature sperm was found in the testes or vas deferens, picture of these testes 

were taken using an iPhone camera as it offered better lighting visualization 

than a microscope camera.  Only reciprocal F1 crosses between An. gambiae 

and An. coluzzii resulted in fertile males. All parental crosses had fertile 

offspring that had sex-ratios that did not significantly differ from 50% female: 

50% male.  

KGB and MAF cross survivorship  

To see if the cause of extreme sex-ratio distortion seen in the KGB 

(An.arabiensis) by MAF (An. merus) reciprocal crosses was death in the 

embryonic stage or one of the later stages of development I took 200 just 

hatched first instar larvae and counted the larvae each day until adulthood. 

Four different trials of 200 larvae each, for each cross, were counted, resulting 

in 800 larvae counted per cross. The resulting pupae were pooled for each 

cross and allowed to emerge in one cage. Adults were counted each day and 

moved to a cage separate from the remaining pupae. 

Statistical analysis 

Statistical analysis of sex-ratio distortion of the lab-reared colony 

crosses was carried out by means of a Chi-squared test. All crosses were 

expected to have 50-50 sex-ratios. Comparison to the original wild crosses 

made by Davidson in 1964 was done using a two-tailed Fisher's exact test. 
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Results 

Colony crosses and Hybrid Sterility 

Five different species of the Anopheles gambiae complex (using eight 

different colonies: two each for An. gambiae s.s. (Kisumu and Pimperena), 

An. coluzzii (Akron and Mali-NIH), and An. arabiensis (KGB and Dongola 1), 

and one per An. quadriannulatus (Sangqua) and An. merus (MAF)) were 

crossed in order to form 12 pairs of reciprocal F1 hybrids. For the species 

where I had access to multiple colonies, I selected the colony with the most 

larvae available for the F1 cross. These hybrids were immediately sexed and 

counted upon emergence in order to test for sex-ratio distortion All male 

hybrids, except for the An. gambiae by An. coluzzii reciprocal crosses, were 

dissected at 3-5 days old and found to be lacking mature sperm and were 

thus considered sterile. All pure-species parental colonies were also tested for 

sex-ratio distortion and all were found to not significantly deviate from a 1:1 

ratio of females:males. While the original crosses from Davidson (1964) 

contained an additional species, I was unable to include An. melas in the 

crosses, as no colony is currently available.   

 Most of the hybrid testes show the same phenotype originally 

described in Davidson's paper: very reduced testes size, and somewhat 

reduced accessory gland size, though the An. merus by An. arabiensis cross 

gave testes of normal size (Figure 1.1). The reduced testes are very thin and 

have no mature sperm though they do contain large cells, possibly primary 

spermatocytes that have arrested in mitosis or before meiosis I. In the An. 
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merus by An. arabiensis cross, the testes contain some cells that can have 

multiple tails and one or more bulbous “heads” (Figure 1.1). 

Davidson crosses versus current colony crosses 

 Data from twelve different hybridizations between four different 

species were taken from Davidson's 1964 paper where he described male 

hybrid sterility and sex-ratio distortion in the F1 generations. The mosquito 

species used were as follows: A form (now called An. gambiae), B form (now 

called An. arabiensis), C form (now called An. quadriannulatus), and An. 

merus (Bryan, 1979; Mattingly, 1977; White, 1973). As the original crosses 

Davidson used included An. gambiae from regions where there is now known 

to be overlap between An. gambiae and the new species An. coluzzii, the 

original crosses containing An. gambiae were compared to the recent crosses 

that contained An. gambiae or An. coluzzii colonies in order to account for the 

possibility that the original crosses had some ad-mixture of both species, or 

were entirely An. coluzzii.   

  Of the crosses that have significantly different sex-ratios between the 

old and new crosses, three show a switch in sex-ratio, two becoming more 

male-skewed (An. gambiae♀ by An. quadriannulatus♂ and An. gambiae♀ by 

An. arabiensis♂) where the original was female-skewed and one becoming 

more female-skewed (An. arabiensis♀ by An. coluzzii♂) where the original 

cross was male-skewed (Table 1.1). One of the new crosses, An. arabiensis♀ 

by An. merus♂, shows an increase in the sex-ratio distortion, becoming even 

more female skewed (67.51% female in the new cross versus 56% female in 
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the old cross). The remainder of the crosses that show a significant difference 

in sex-ratios are comprised of four new crosses that are now not significantly 

different from a 50:50 sex-ratio and three new crosses that have a milder 

male-skew than the original crosses.  

 Of the non-significantly different crosses An. merus♀ by An. 

arabiensis♂ is the only cross to have a highly significant skew towards male 

offspring, the original cross not having any adult female F1s and our new 

crosses only having 6 female F1s out of 1026 total offspring. It is also 

interesting to note that while the An. arabiensis♀ by An. coluzzii♂ cross that 

uses the Dongola1 colony has become significantly more female-skewed than 

the original cross, the An. arabiensis♀ by An. coluzzii♂ cross that uses the 

KGB colony sex-ratio is not significantly different from the original cross.  

Sex-ratio distortion 

  Of the 24 reciprocal crosses performed (12 different pairs of colonies), 

eleven were found to have sex-ratios significantly different from 50% female: 

50% male (Table 1.2).  Of those eleven, only three show significant skew 

towards female offspring, the male skew in eight of crosses seems to dispute 

Haldane's rule. These data suggest that the female F1 hybrids have the more 

extreme phenotype of being less viable, while the males are only sterile 

(Haldane, 1922). Five of the skewed crosses, one female biased and the 

other four male biased, had normal sex ratios in their corresponding reciprocal 

cross, and the remaining three sets of the reciprocal crosses had sex-ratio 

distortion  in both crosses: An. gambiae (Pimperena) by An. arabiensis (KGB), 
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An. arabiensis (KGB) by An. merus (MAF), and An. coluzzii (Akron) by An. 

coluzzii (Mali-NIH).  

 The Pimperena female by KGB male and KGB female by Pimperena 

male crosses both resulted in male-biased sex ratios (35% female, 65% male, 

p = 0.001; 36.07% female, 63.93% male, p = 0.0002). The KGB by MAF and 

Akron by Mali-NIH crosses show opposite sex-ratio distortion in their 

reciprocal crosses. KGB by MAF is female skewed (67.65% female, 32.35% 

male, p < 0.0001) whereas MAF by KGB F1's are almost exclusively male 

(0.58% female, 99.42% male, p < 0.0001), and the males have sperm that 

seems to have arrested further into spermatogenesis (Figure 1.1). Akron by 

Mali-NIH and Mali-NIH by Akron show mild sex-ratio distortion, which is odd 

since they are both An. coluzzii, of 45.47% female and 54.53% male (p = 

0.0485) and 54.6% female and 45.40% male, respectively. This apparent 

difference between the Akron and Mali-NIH colonies of An. coluzzii is also 

seen when crossing them with An. quadriannulatus (Sangqua). When Mali-

NIH is crossed with Sangqua, no sex-ratio distortion is seen, however, when 

Sangqua females are crossed with Akron males, a significant, but slight, 

male-biased sex ratio occurs (41.21% female, 58.79% male, p = 0.0131). 

 To take a closer look at the current colonies with the most extreme sex-

ratio distortion, KGB by Mali-Nih and its reciprocal, I performed a larval 

survivorship trial by measuring how many larvae survived from hatching to 

adulthood. By counting the number of larvae each day we can determine if the 

sex-ratio distortion is occurring at any specific larval stage, and if we don't see 
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enough deaths to account for the missing sex then we can assume that the 

distortion is occurring during the embryonic stage or prior. Figure 1.2 shows 

the average survivorship from hatching to pupal stage of each cross. Figure 

1.2, and Table 1.3 demonstrate that the KGB by MAF cross survivorship 

decreases at a relatively steady rate that is enough to account for the female-

skewed sex-ratios if only male larvae are dying off (Hatch-Adult survival: 

67.4%). For the MAF by KGB cross, we see relatively high survivorship of the 

larvae to pupation and adulthood, which cannot account for the highly male-

skewed sex-ratios that we see in this cross (Hatch-Adult survival: 76.9%). 

This means that the mechanism behind the male-skewed sex ratios in this 

cross must be due to events that occur during embryonic development or 

fertilization.  

Discussion 

In re-evaluating of Davidson's crosses in 1964 I found that many of the current 

colonies do not show similar signs of sex-ratio distortion in the F1 generation 

compared the original crosses. I observed interesting patterns in the current 

crosses and can hypothesize that genomic interactions may be occurring to 

induce “Darwin's Corollary”, or isolation asymmetry, and female inviability 

(Turelli and Moyle, 2006).  While Davidson's work predates theories for the 

mechanisms that underpin Darwin’s corollary, he did report that female-

skewed sex-ratios in hybrids may be due to cytoplasmic incompatibilities as 

was found by Dobzhansky while crossing Dros. texana to Dros. montana 

(Dobzhansky 1951). While this is still a valid hypothesis more is known about 
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the likely causes of this incompatibility, namely maternal effects (Sawamura, 

1996; Turelli and Orr, 2000), chromosome imprinting (Kelsey and Feil, 2013; 

Wolf et al., 2014), or simple chromosomal incompatibilities (Bateson, 1909; 

Dobzhansky, 1937; Muller, 1942). These incompatibilities may also interfere 

with normal sperm development contributing to hybrid male sterility as all our 

crosses show complete sterility, save for An. gambiae by An. coluzzii.  

Davidson Cross comparison 

Although some of the cross comparisons did not show significant change in 

sex ratio, the majority of the new crosses showed either an increase in 

distortion, the opposite of the original distortion direction, or a reduction of the 

distortion towards a 50:50 ratio than seen in the original crosses. This 

suggests that these colonies are constantly evolving and the changes seen 

are most likely caused by genetic drift and/or a founder effect when the 

colonies where started (Mason et al., 1987). Davidson also reported on mostly 

single-pair matings, and mentioned that that may be the reason for some of 

the more extreme sex-ratio distorted crosses as he had found more normal 

(e.g. 50:50) sex ratios between saltwater females (An. merus and An. melas) 

and freshwater males (An. arabiensis, An. gambiae, and An. quadriannulatus) 

when mated en-mass (Davidson 1962). This reasoning can account for the 

lack of sex-ratio distortion I found in the current An. merus by An. gambiae 

and An. merus by An. quadriannulatus.  However, the crosses between the 

current colonies of An. merus and An. arabiensis had  sex-ratio distortion 
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towards overwhelmingly male F1 offspring that he saw in the original cross 

even though these crosses where carried out en-mass.  

 Only three of the eight crosses with an An. coluzzii parent show a 

difference in sex-ratio as compared to the original Davidson cross. This 

suggests that Davidson had some contamination of An. coluzzii in his An. 

gambiae populations. The three distorted crosses could be explained a lack of 

An. coluzzii or that my crosses, being mass-matings, lacked enough diversity 

so that alleles causing distortion are balanced by enough individuals that have 

non-distorting alleles. This same difference in diversity between mass-mating 

versus single-pair matings could also be true of all those crosses that are 

significantly different in sex-ratio from their original cross.  

 Strangely I also see differences in our comparisons depending on 

which colony of An. arabiensis used in crosses with An. coluzzii. When the 

cross is KGB♀ by An. coluzzii♂ I observe no difference in sex-ratio compared 

to the original cross, whereas when I crossed Dongola1♀ by An. Coluzzii ♂ I 

see a significant switch in distortion to female-biased from the original male-

biased observations. This case could be due to the different colonies being 

made from different wild populations: KGB was colonized from Kanyemba, 

Zimbabwe in 1975 and Dongola1 from the Northern State of Sudan in 2005 

(Benedict et al., 2009).  

Maternal Effects 

  In hybrids there can be incompatibilities between the maternal factors 

and paternal alleles before the maternal-zygotic transition that can lead to 
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sterility or inviability of the hybrids. These incompatibilities are what is thought 

to underlie the exceptions to Haldane's rule, those cases where the 

homogametic sex is seemingly more affected that the heterogametic sex 

(Sawamura, 1996; Turelli and Orr, 2000). This time scale tells us that there 

must be signs of inviability before the zygotic genes have taken over in the 

larval stage.  

 This maternal effect is thought to work through piRNA and siRNA, and 

when there are incompatibilities between the maternal piRNA or siRNA and 

the paternal transposons it can cause a failure of transposon suppression 

(Ferree and Barbash, 2007; Labrador et al., 1999; Tao et al., 2003). Increased 

transposon activity leads to increased mutation rates, chromosomal re-

arrangements, and sterility(Bregliano et al., 1980; O’Neil et al., 1998). It is 

possible these TE accumulations could also lead to inviability due to growth 

defects caused by those mutations and chromosomal re-arrangements. This 

could explain the asymmetrical nature of some of our crosses. When we see 

sex-ratio bias in one reciprocal cross but not the other this could be due to the 

maternal effects in species one's female not being able to suppress 

transposons on X or Y chromosome from species two’s male due to lack of or 

incompatible siRNAs. If the transposon is on the X there is female inviability, if 

it is on the Y there is male inviability. The inviability does not occur in the other 

cross because species one's males do not contain those transposons and 

species two's females contain the right suppressors for any transposons that 

they might contribute from their X chromosome.  
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 While more complicated, it could also explain the one cross where the 

reciprocal crosses have the opposite biases as in the An. merus by An. 

arabiensis crosses, or the same bias as in the An. gambiae by An. arabiensis 

crosses. In the case of opposite biases there would have to be different 

incompatible maternal effects in both species that affect different sexes. There 

would be a maternal siRNA in An. merus that failed to suppress a transposon 

on the An. arabiensis X chromosome and a different maternal siRNA in An. 

arabiensis that half the time failed to suppress a transposon on the An. merus 

Y as sex ratios for that cross are 67.51% female to 32.49% male suggesting 

that either the siRNA or the recognition site for the siRNA is polymorphic and 

segregating evenly in either species populations. To get the same biases for 

both reciprocal crosses the X chromosomes of both species would have to 

contain transposons that the other species could not suppress, as they are 

both have sex-ratios of about 35% female to 65% male, the elements involved 

most likely have two alleles segregating in the population, one that can still 

suppress, and one that cannot.  

 Recently piRNAs have been found in An. gambiae though as yet it is 

unclear if they contribute to tranposable element suppression in reproductive 

or developmental processes as in other insects (Biryukova and Ye, 2015; 

Castellano et al., 2015; George et al., 2015; Macias et al., 2014).  
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Paternal Chromosomal Imprinting 

 It is possible that some of the asymmetrical differences in our crosses 

are due to chromosomal imprinting of the paternal chromosomes that can 

either not be maintained in the zygote by maternal factors, or by genomic 

factors in the hybrids (Turelli and Moyle, 2006; Wolf et al., 2014). Genes that 

contribute to reproductive isolation are typically fast evolving, and paternally 

methylated imprinting control regions are thought to evolve faster than 

maternal ones (Schulz et al., 2010). Imprinting signals are also known to be 

rapidly evolving and are usually growth factors in animals (Vrana et al., 1998). 

Insects, plants, and mammals all show imprinting, though they differ 

proportion of the genome that is imprinted. Imprinting was first discovered in 

the insect Sciara (Crouse, 1960). Sciara was found to have large imprinted 

domains that usually encompass whole chromosomes and are the 

mechanism for Sciara's sex-determination (Bongiorni and Prantera, 2003; de 

la Casa-Esperon and Sapienza, 2003; Goday and Esteban, 2001). While 

whole-chromosome imprinting has also been observed in Drosophila, there is 

also a mammalian-specific form of imprinting that only controls the expression 

of single genes(Fitch et al., 1998; Lloyd, 2000; Loppin et al., 2005). While 

imprinting is a possible mechanism of reproductive isolation in our hybrids, 

there is usually an aspect of sexual competition associated with imprinting 

that these mosquitoes are not known to practice. 

 In our crosses that show female inviability in one cross and normal sex-

ratios in the reciprocal , we can speculate that the X chromosome delivered 
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by the sperm is imprinted in a way that cannot be maintained by the female's 

imprinting maintenance mechanism, or that the female lacks the mechanistic 

elements necessary for imprinting maintenance (Kelsey and Feil, 2013; Wolf 

et al., 2014). If this occurs there can be a loss of imprinting of the paternal X 

which leads to a misregulation of chromatin states and lethality, as seen in 

Arabidopsis hybrids (Josefsson et al., 2006). This could also be the case in 

our crosses that show male inviability, where the Y chromosome is imprinted 

and improperly maintained in the zygote. The An. gambiae Y chromosome 

has recently been sequenced and found to have a multitude of repetitive and 

transposon elements, which may be transcriptionally suppressed through 

imprinting (Hall et al., 2016).  

Genomic Incompatibilities 

 Genomic incompatibilities are though to underlie most B-D-M 

incompatibilities. These factors are separate from imprinting and maternal 

effects because they are independent of the parent-of-origin and are not 

necessarily epigenetically regulated (Oliver et al., 2009; Perez and Wu, 1995). 

These gene incompatibilities may also lead to inviability of hybrids if cell-cycle 

regulation genes are involved (Phadnis et al., 2015).  

 B-D-M factors may be underlying the mechanisms of inviability 

observed in the An. gambiae by An. arabiensis crosses, where in both 

reciprocal crosses half the females are inviable. Interactions within the 

females between X chromosomes from the two species are likely to be 

causing inviability of the female hybrids. The male hybrids, having only the X 
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from the maternal species, are still viable, though sterile. Having 

incompatibilities between the X chromosomes could be explained by the 

large-X effect, where speciation genes are disproportionately found on the X 

chromosomes (Coyne, 1992; Coyne and Orr, 1989; Presgraves, 2008). It may 

be that the combination of both X chromosomes with the rest of the hybrid 

genome causes too incompatibilities that it results in inviability, where the one 

X chromosome in the males only leads to sterility.  

 In our asymmetrically biased crosses we can explain the asymmetry 

with the idea that there is an allele segregating in one of the species where 

one copy is lethal to the hybrid and the other is not. If this allele is on the X 

chromosome of the male parent, we would see half inviable females, half 

viable females, and all viable males as they would get the Y chromosome 

instead. This would give us a 1:2 ratio of viable females to viable males, which 

we see in our An. quadriannulatus ♀ by An. arabiensis ♂ cross, and the 

reciprocal cross would have an even ratio because half the males and 

females would be inviable do to the even chance of getting the lethal allele 

from the maternal parent. The other cases of male-skew could be due to the 

allele being less abundant in the population.    

Hybrid Male Sterility versus Inviability 

 In most of the new crosses we see the same signature of hybrid 

sterility as Davidson saw in the original crosses. These sterility phenotypes 

remain unchanged since the 1960's even after many lab generations, even 

though their inviability phenotypes have changed (Figure 1.1). This suggests 
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that hybrid sterility may have evolved first and reach a stable point while the 

interactions causing inviability are still evolving. The cross between An. 

coluzzii Mali-NIH and Akron colonies have slight, but significant, asymmetrical 

inviability , but no sterility, meaning that the genic or epigenetic interactions 

that cause inviability have more readily evolved in the An. coluzzii species. As 

the Mali-NIH colony was started with only 80 wild females it is likely to carry 

different alleles than the Akron colony due to founder-like effects. Inviability is 

considered a more extreme phenotype than sterility and the genes involved  

are thought to effect intra-specific breeding and growth as they involve cell 

cycle regulators (Phadnis et al. 2015) or chromosomal defects due to 

transposons (Labrador et al., 1999; Metcalfe et al., 2007; O’Neil et al., 1998). 

Future Directions 

 To narrow down the possible causes of asymmetric inviability several 

experiments could be performed. One would be to record when during the life 

cycle the inviable F1s were dying. While Davidson did record this, there is no 

clear stage that the deaths were occurring as his pure An. gambiae and An. 

merus control colonies still had fairly low hatch rates, 64% and 68% 

respectively, and the pure An. arabiensis colony had only a 37% survival rate 

from egg to adult. The differences in numbers could be from the fact that 

these were very new colonies that were not used to lab conditions, but our 

current colonies may have a better survival rate. If we see that the F1s are 

dying during the embryonic stage, then we know that maternal factors are 

most likely.  
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 To uncover genomic incompatibilities the most thorough technique 

would be to use Quantitative Trait Loci (QTL) mapping in backcrossed or 

introgressed lines of hybridized mosquitoes, though this would only be 

possible where one of the sexes was still present and fertile.   

Conclusions 

The comparisons between old and new crosses of Anopheles species 

gave us a unique look at how these mosquitoes may have evolved since the 

1960s. To repeat and re-affirm the most intriguing finding of almost complete 

female inviability in one species cross reminds the research community that 

organisms other than model organism can, and should, be used in inviability 

and sterility research.  

 Given the importance of Anopheles mosquitoes, especially those in the 

Anopheles gambiae complex, in transmitting malaria, any knowledge on how 

to disrupt their life cycle is important when designing new control strategies. 

While the focus has been mainly on inducing sterility or releasing sterile males 

into the wild to suppress wild populations, males containing genes that induce 

inviability in females can be extremely useful in this effort. The genes or 

interactions that cause female inviability between An. merus and An. 

arabiensis could either be used in place of sterility genes in a form of sterile 

insect technique (SIT) that instead of releasing sterile males into the wild 

would release males with this inviability gene under a drive mechanism that 

would then produce all male offspring that would also only be able to produce 
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male offspring and so on until there are no females left to propagate the 

species. Or these genes could be used to produce just males when making 

enough sterile males to release for SIT without having to filter out females.  
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FIGURES 

 

Figure Legends: 

Figure 1.1 Testes and male accessory glands (MAGs) of fertile An. coluzzii 

parental (A) and fertile An. coluzzii testes close-up (B). Sterile testes and 

MAGs of An. merus by An. coluzzii hybrids (the same phenotype for all sterile 

hybrids except for An. merus by An. arabiensis hybrids) (C) and close up of 

sterile hybrid testes (D). An. merus by An. arabiensis testes with MAG (E) and 

close up of testes (F). Close up of deformed An. merus by An. arabiensis 

sperm, green arrows point to bulges in normally thin, hair-like sperm (G). Red 

arrows denote MAGs, blue arrows denote testes (A, C, E). 

 

Figure 1.2 Survivorship of An. arabiensis by An. merus reciprocal 

crosses Survivorship from first instar larvae to pupae of An. arabiensis ♀ by 

An. merus ♂ F1 hybrids (A.) and An. merus ♀ by An. arabiensis ♂ F1 hybrids 

(B.) 
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Figure 1.1 
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Figure 1.2 
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TABLES 

 

Table 1.1 New crosses versus Davidson's crosses.  

 

Total F1 are the total number of F1 progeny that were sex-sorted. P-values of <0.05 are considered significant and are marked with  *.

P-value

Female Parent Male Parent F1 %female F1 %male Total F1 Female Parent Male Parent F1 %female F1 %male Total F1

An.arabiensis (KGB) An.gambiae (Pimperena) 36.07 63.93 183 An. arabiensis  (B) An. gambiae/coluzzii (A) 45 55 383 0.0558

An. gambiae(Pimperena) An.arabiensis (KGB) 35.00 65.00 120 An. gambiae/coluzzii (A) An. arabiensis  (B) 51 49 1445 0.0008*

An.coluzzii (Akron) An.arabiensis (Dongola1) 51.76 48.24 255 An. gambiae/coluzzii (A) An. arabiensis  (B) 51 49 1445 0.8387

An.arabiensis (Dongola1) An.coluzzii (Akron) 58.71 41.29 201 An. arabiensis  (B) An. gambiae/coluzzii (A) 45 55 383 0.0017*

An.coluzzii (Akron) An.arabiensis (KGB) 47.06 52.94 255 An. gambiae/coluzzii (A) An. arabiensis  (B) 51 49 1445 0.249

An.arabiensis (KGB) An.coluzzii (Akron) 46.84 53.16 348 An. arabiensis  (B) An. gambiae/coluzzii (A) 45 55 383 0.6039

An.merus( MAF) An.gambiae (Kisumu) 43.79 56.21 507 An. merus An. gambiae/coluzzii (A) 2 98 326 0.0001*

An.gambiae (Kisumu) An.merus( MAF) 49.68 50.32 473 An. gambiae/coluzzii (A) An. merus 57 43 564 0.0208

An.merus( MAF) An.arabiensis (KGB) 0.58 99.42 1026 An. merus An. arabiensis  (B) 0 100 284 0.3502

An.arabiensis (KGB) An.merus( MAF) 67.65 32.35 1490 An. arabiensis  (B) An. merus 56 44 382 0.0001*

An.gambiae (Kisumu) An.quadriannulatus (Sangqua) 44.67 55.33 347 An. gambiae/coluzzii (A) An. quadriannulatus  (C) 53 47 1087 0.008*

An.quadriannulatus (Sangqua) An.gambiae (Kisumu) 45.08 54.92 193 An. quadriannulatus  (C) An. gambiae/coluzzii (A) 13 87 477 0.0001*

An.coluzzii (Akron) An.quadriannulatus (Sangqua) 51.61 48.39 434 An. gambiae/coluzzii (A) An. quadriannulatus  (C) 53 47 1087 0.6493

An.quadriannulatus (Sangqua) An.coluzzii (Akron) 41.21 58.79 199 An. quadriannulatus  (C) An. gambiae/coluzzii (A) 13 87 477 0.0001*

An.coluzzii (Mali-Nih) An.quadriannulatus (Sangqua) 49.44 50.56 629 An. gambiae/coluzzii (A) An. quadriannulatus  (C) 53 47 1087 0.1607

An.quadriannulatus (Sangqua) An.coluzzii (Mali-Nih) 49.39 50.61 164 An. quadriannulatus  (C) An. gambiae/coluzzii (A) 13 87 477 0.0001*

An.arabiensis (KGB) An.quadriannulatus (Sangqua) 50.53 49.47 374 An. arabiensis  (B) An. quadriannulatus  (C) 48 52 334 0.4987

An.quadriannulatus (Sangqua) An.arabiensis (KGB) 38.50 61.50 361 An. quadriannulatus  (C) An. arabiensis  (B) 25 75 334 0.0001*

An.merus( MAF) An.quadriannulatus (Sangqua) 50.00 50.00 1006 An. merus An. quadriannulatus  (C) 57 43 345 0.0246*

An.quadriannulatus (Sangqua) An.merus( MAF) 50.19 49.81 261 An. quadriannulatus  (C) An. merus 61 39 131 0.053

New Crosses Davidson's Crosses
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Table 1.2 Reciprocal crosses using modern-day colonies. 

 

The female and male count of the F1 hybrid or parental colony is given along with the percentage. A chi-

squared test was used to determine if the sex-ratios were different from 50-50 males to females, p-values < 

0.05 are considered significant and are marked with *.  

 

 

 

 

Chi-squared P-value

Female Parent Male Parent Female Male

An.arabiensis(KGB) An.gambiae(Pimperena) 42 (35%) 78 (65%) 10.8 0.001*

An. gambiae(Pimperena) An.arabiensis(KGB) 66 (36.07%) 117 (63.93%) 14.213 0.0002*

An.coluzzii(Akron) An.arabiensis(Dongola1) 132 (51.76%) 123 (48.24%) 0.318 0.573

An.arabiensis(Dongola1) An.coluzzii(Akron) 118 (58.71%) 83 (41.29%) 6.095 0.0136*

An.coluzzii(Akron) An.arabiensis(KGB) 120 (47.06%) 135 (52.94%) 0.882 0.3476

An.arabiensis(KGB) An.coluzzii(Akron) 163 (46.84%) 185 (53.16%) 1.391 0.2383

An.merus(MAF) An.gambiae(Kisumu) 222 (43.79%) 285 (56.21%) 7.828 0.0051*

An.gambiae(Kisumu) An.merus(MAF) 235 (49.68%) 238 (50.32%) 0.019 0.8903

An.merus(MAF) An.arabiensis(KGB) 6 (0.58%) 1020 (99.42%) 1002.14 0.0001*

An.arabiensis(KGB) An.merus(MAF) 1008 (67.65%) 482 (32.35%) 185.689 0.0001*

An.gambiae(Kisumu) An.quadriannulatus(Sangqua) 155 (44.67%) 192 (55.33%) 3.945 0.047*

An.quadriannulatus(Sangqua) An.gambiae(Kisumu) 87 (45.08%) 106 (54.92%) 1.87 0.1714

An.coluzzii(Akron) An.quadriannulatus(Sangqua) 224 (51.61%) 210 (48.39%) 0.452 0.5016

An.quadriannulatus(Sangqua) An.coluzzii(Akron) 82 (41.21%) 117 (58.79%) 6.156 0.0131*

An.coluzzii(Mali-Nih) An.quadriannulatus(Sangqua) 311 (49.44%) 318 (50.56%) 0.078 0.7802

An.quadriannulatus(Sangqua) An.coluzzii(Mali-Nih) 81 (49.39%) 83 (50.61%) 0.024 0.8759

An.arabiensis(KGB) An.quadriannulatus(Sangqua) 189 (50.53%) 185 (49.47%) 0.043 0.8361

An.quadriannulatus(Sangqua) An.arabiensis(KGB) 139 (38.5%) 222 (61.5%) 19.083 0.0001*

An.merus(MAF) An.quadriannulatus(Sangqua) 503 (50%) 503 (50%) 0 1

An.quadriannulatus(Sangqua) An.merus(MAF) 131 (50.19%) 130 (49.81%) 0.004 0.9506

An.coluzzii(Akron) An.gambiae(Kisumu) 408 (47.55%) 450 (52.45%) 2.056 0.1516

An.gambiae(Kisumu) An.coluzzii(Akron) 372 (53.3%) 326 (46.7%) 3.032 0.0817

An.coluzzii(Akron) An.coluzzii(Mali-Nih) 216 (45.47%) 259 (54.53%) 3.893 0.0485*

An.coluzzii(Mali-Nih) An.coluzzii(Akron) 380 (54.6%) 316 (45.4%) 5.885 0.0153*

An.gambiae(Kisumu) An.gambiae(Kisumu) 214 (50.95%) 206 (49.05%) 0.152 0.6963

An.arabiensis(KGB) An.arabiensis(KGB) 393 (50.38%) 387 (49.62%) 0.046 0.8299

An.coluzzii(Akron) An.coluzzii(Akron) 342 (50.59%) 334 (49.41%) 0.095 0.7583

An.coluzzii(Mali-Nih) An.coluzzii(Mali-Nih) 190 (52.49%) 172 (47.51%) 0.895 0.3441

An.quadriannulatus(Sangqua) An.quadriannulatus(Sangqua) 61 (48.03%) 66 (51.97%) 0.197 0.6573

An.merus(MAF) An.merus(MAF) 621 (49.72%) 628 (50.28%) 0.039 0.843

Cross F1 generation

Parental Colony



 

51 
 

Table 1.3 An.arabiensis by An.merus cross larval survivorship. 

 

Percent survival for each reciprocal cross per trial (out of 200 initial larvae). The total number 

survived is given in parentheses next to the percentage. The trials show the larvae percentage 

that made it to the pupal stage for each trial. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cross Hatch-Adult Pupae-Adult %Female %Male

A B C D

KGBxMAF 88% (176) 75.5% (151) 82% (164) 76.5%(153) 67.4%(539) 83.7%(539) 67.9%(366) 32.1%(173)

MAFxKGB 90.5% (181) 89.5% (179) 91.5% (183) 94.5% (189) 76.9% (615) 83.2%(615) 0.81% (5) 99.19%(610)

Trial
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CHAPTER II 

QTL mapping of hybrid sterility between two species in the 
Anopheles gambiae complex 

Abstract 

Over a century of work on post-zygotic reproductive isolation has revealed two 

empirical patterns: the heterogametic sex is generally the first to exhibit sterility 

or inviability (Haldane’s rule) and sex chromosomes play a disproportionate role 

in hybrid dysfunction (the large X-effect).  Despite the consistency of these two 

‘rules of speciation’, the underlying mechanisms remain unresolved. We 

investigated the genetic basis of male sterility in hybrids between the sibling 

species Anopheles coluzzii and An. merus – two Afrotropical mosquito vectors of 

malaria. Reconstruction of genome-wide ancestry in ~2000 backcross progeny 

and QTL mapping shows an association with not only male hybrid sterility, but 

also the large X-effect. 

 

Introduction 

The Dobzhansky-Muller incompatibility (DMI) model posits that as species 

diverge over time they accumulate genetic differences, which may negatively 

interact when combined in the same genetic background (Dobzhansky 1937; 

Muller 1942),  resulting in hybrid sterility or inviability (reviewed in(Presgraves, 

2010)). Two empirical patterns have emerged from over a century of work on 

post-zygotic reproductive isolation and genic incompatibilities: Haldane’s rule and 

the large X-effect. First postulated in 1922, Haldane’s rule states that if only one 
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sex of hybrids is sterile or inviable it will be the heterogametic sex (Haldane, 

1922); diverse taxa including birds (Gray, 1958), Drosophila (Bock, 1984), 

Lepidoptera (Presgraves, 2002), mammals (Craft, 1938; Gray, 1972), and plants 

(Brothers and Delph, 2010) with both XY and ZW sex determination systems 

largely obey the rule (Coyne and Orr, 2004; Schilthuizen et al., 2011).  The large 

X-effect argues that the X (or Z) chromosome plays a disproportionate role in the 

expression of hybrid dysfunction and reflects data from both genetic backcrosses 

and natural hybrid zones (Coyne, 1992; Coyne and Orr, 1989; Presgraves, 

2008). The remarkable consistency of these two ‘rules of speciation’ across taxa 

has spurred extensive theoretical and experimental work to uncover the 

mechanistic underpinnings of each pattern.   

The dominance theory, which hypothesizes that most sterility or inviability 

alleles are partially recessive, is a well-accepted explanation for many cases of 

Haldane’s rule (Coyne, 1985; Muller, 1942; Orr and Turelli; Turelli and Orr, 1995). 

If a partially recessive incompatible mutation arises on one of the sex 

chromosomes, the heterogametic sex is exposed to the full effect of the mutation 

due to hemizygosity, while the homogametic sex is – at least partially – protected. 

However, the dominance theory is an inadequate explanation for many cases of 

hybrid male sterility, which conforms to Haldane’s Rule at a higher rate than other 

types of post-zygotic isolation (Presgraves and Orr, 1998; Watson and Demuth, 

2012; Wu and Davis, 1993; Wu et al., 1996). Additionally, the dominance theory 

fails to predict the taxonomically widespread observation that male sterility 
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evolves faster than male inviability (Coyne and Orr, 2004; Schilthuizen et al., 

2011; Wu and Davis, 1993; Wu et al., 1996). To explain this pattern, Wu 

proposed the “faster male” theory, which states that genes involved in 

spermatogenesis functionally diverge more rapidly than genes causing other 

types of hybrid dysfunction (Wu and Davis, 1993; Wu et al., 1996). “Faster-male” 

evolution could be due to sexual selection on male fertility factors (Hollocher and 

Wu, 1996; Llopart, 2012; True et al., 1996) or to an inherent fragility in the 

spermatogenesis process (Wu and Davis, 1993), although neither hypothesis 

has been extensively tested. A second explanation for the “faster-male” theory is 

recurrent genomic conflict between the X and Y-chromosomes. Empirical 

evidence suggests that meiotic drive elements arise at increased frequency on 

the sex chromosomes relative to the autosomes (Jaenike, 2001). When such 

drive occurs, it will result in unbalanced sex ratios (and often decreased fertility), 

providing strong selective pressure for the evolution of autosomal repressors 

(Atlan et al., 2003). Genes involved in this meiotic drive ‘arms-race’ will undergo 

accelerated divergence after lineage splitting and may have negative pleiotropic 

effects on hybrid sperm development (Frank, 1991; Hurst and Pomiankowski, 

1991; McDermott and Noor, 2010). Indeed, certain Drosophila hybrid sterility 

genes show strong sex ratio meiotic drive when put into a heterospecific genetic 

background which presumably lacked the pressure to evolve drive suppressors 

(Orr and Irving, 2005; Phadnis and Orr, 2009; Tao et al., 2007b, 2007a). 

However, critics question whether sex-linked meiotic drive is actually more likely 
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to occur than autosomal drive, pointing to contradictory theoretical evidence 

(Coyne et al., 1991) and the inherent bias in empirical discovery of sex-ratio 

distorters over autosomal distorters (Jaenike, 2001).      

In contrast to Haldane’s Rule, mechanistic explanations of the large X-

effect lack strong empirical support. The most comprehensive data on the 

genetics of the large-X effect is on hybrid male sterility. In both Drosophila and 

mouse, it appears that the large-X effect is due to a higher density of X-linked 

versus autosomal incompatibilities rather than differences in effect size between 

individual incompatibilities on the X and autosomes (Good et al., 2008; Masly 

and Presgraves, 2007). While the X generally experiences slightly higher rates of 

adaptive substitution than the autosomes (Meisel and Connallon, 2013; Singh et 

al., 2008), the increased rate of evolution does not appear sufficient to explain 

the large X-effect, especially in light of the paucity of spermatogenesis genes 

located on the X (Masly and Presgraves, 2007; Presgraves, 2008), although 

opinions differ (Counterman et al., 2004; Llopart, 2012). As with Haldane’s rule, 

recurrent meiotic drive resulting in sex-ratio distortion and its subsequent 

suppression could underlie the large-X effect since each DMI would necessarily 

involve at least one sex-linked allele (McDermott and Noor, 2010). 

The Anopheles gambiae complex – a group of at least eight isomorphic 

sibling mosquito species endemic to Sub-Saharan Africa – is an excellent system 

for studying post-zygotic reproduction isolation and the two ‘rules of speciation’ 

(White et al., 2011). Due to the prominent role of the sibling species in malaria 
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transmission, a wealth of genomic and ecological studies exists on the complex. 

Molecular dating based on whole genome sequencing estimates that the 

adaptive radiation of the group occurred ~1.85 mya (Fontaine et al., 2015).  

Strong assortative mating limits contemporary gene flow between species 

(Assogba et al., 2014; Marchand, 1984), but hybrids are found at low rates and 

genomic signatures of introgression are evident between many of the species 

(Coluzzii et al., 1979; Donnelly et al., 2004; Marchand, 1984; Weetman et al., 

2014; White, 1971). In agreement with Haldane’s Rule, nearly all crosses 

between sibling species result in sterile hybrid males, but fully fertile females 

(Davidson, 1964b; Hunt et al., 1998; White, 1973). Not only does the fertility of 

F1 hybrid females provide a conduit for gene flow in nature, it also allows for 

laboratory backcrossing and subsequent genetic analysis of hybrid male sterility. 

Here we have used high-throughput quantitative genomics to dissect the 

genetic basis of hybrid male sterility between two members of the An. gambiae 

complex: An. coluzzii (previously An. gambiae M Form) and An. merus. Both 

species are synanthropic and highly efficient vectors of human malaria where 

present (Coetzee et al., 2013; Cuamba and Mendis, 2009; Govere et al., 2000; 

Mwangangi et al., 2003; Pock Tsy et al., 2003; Temu et al., 1998). Currently, the 

two species have allopatric distributions; the range of An. coluzzii extends from 

Northern Senegal in the west to East-Central Africa and south to Angola 

(Coetzee et al., 2013), while the brackish water breeding An. merus is primarily 

restricted to the coasts of east Africa and Mozambique (Sinka et al., 2010).  In 
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addition to potential insights into the formation and maintenance of species 

boundaries, elucidation of genes critical to proper Anopheles sperm development 

could enable population suppression through genetic-based sterile insect 

technique (Nolan et al., 2011; Wang and Jacobs-Lorena, 2013). Discovery of 

such novel malaria control tools will be critical to curbing disease transmission as 

physiological and behavioral resistance to insecticidal interventions continues to 

spread through mosquito populations (Ranson et al., 2011; Reddy et al., 2011). 

 

METHODS 

Mosquito Rearing and crosses 

All mosquitoes were reared and crossed in accordance with standard 

protocols (White et al., 2013). In brief, mosquitoes were maintained in insectaries 

under controlled conditions of 27°C, 65% relative humidity, and a 12h:12h 

light:dark cycle with 1 h dawn and dusk transitions.  Anopheles coluzzii larvae 

were reared in freshwater (dH2O) at a density of 200 larvae/L of water, while An. 

merus larvae were reared in 25% saltwater (7.5 g NaCl/L) at the same density. 

Backcross individuals were reared in dH20 with no adverse effects on survival. 

Each larval tray was fed ~100 mg per day of a 4:1 mixture of finely ground fish 

pellets to baker’s yeast.  Backcrosses were performed with 200-400 virgins from 

each parental and F1 colony.    
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Phenotyping 

We dissected the male reproductive tract, including the testes and male 

accessory glands (MAGs), from 5-10 day old virgin males into phosphate 

buffered saline. Testes were separated from the MAGs and scored for fertility 

under 400x or 1000x (oil) magnification on a compound microscope using a 

qualitative classification of 1 to 5 following (Slotman et al., 2004). Different 

phenotypic classes had the following characteristics: 1, limited to no 

morphological sperm development; 2, no mature spermatids but some abnormal 

sperm with bulges and multiple tails; 3, mature spermatids in vas deferens, but 

only abnormal sperm in the testes; 4, mature spermatids in the vas deferens and 

half abnormal/normal sperm in the testes; and 5, large numbers of mature 

spermatids in both vas deferens and testes with characteristic swirls of sperm. All 

F1 mosquitoes examined (50 from each reciprocal cross) were fully sterile and all 

parental mosquitoes were fully fertile. We attempted to correlate phenotypic 

classification with actual fertility, but single pair interspecific matings proved 

unsuccessful as is common in An. gambiae complex specimens due to eurygamy 

(Benedict et al., 2009). 

 

ddRADseq Library Generation 

We made slight modifications to the ddRAD protocol designed by 

Peterson and colleagues (Peterson et al., 2012). Our goal was to simultaneously 

sequence a reduced, yet highly reproducible and representative, portion of the 
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genome from individual mosquitoes. In brief, DNA was extracted from individual 

mosquitoes and digested with MluC1 and NlaIII. After purification of the DNA with 

Ampure beads, a barcoded (1 of 48) and universal adapter were ligated to 

opposite ends of each fragment.  DNA from up to 48 individuals was then pooled, 

cleaned, and size-selected around 400bp to make an individual sub-library.  Each 

sub-library was PCR amplified for 12 cycles with an indexed (1 of 12) and 

universal primer. Up to 12 sub-libraries were pooled equimolarly and subjected to 

single-end 100bp sequencing on the Illumina HiSeq 2500 at the UCR Genomics 

core.  Detailed protocols are available at mosquitogenomics.org/protocols. 

 

Genotyping and ancestry reconstruction 

We successfully assigned >98% of sequencing reads to individuals based 

on adapter and barcode sequence, allowing up to one mismatch in each 

sequence (all barcodes/adapters are unique by three mutational steps). Reads 

were then mapped against the An. gambiae PEST (AgamP4.2) reference 

genome using burrow-wheelers alignment (BWA) (v1.2.3) (Li and Durbin, 2009) 

with n=8 and otherwise default parameters. After mapping, BAM files for each 

group of mosquitoes (An. coluzzii, An. merus, colBC, and merBC) were merged 

and genotypes were called in parallel for all individuals using the GATK program 

with default parameters (McKenna et al., 2010).  A custom Perl script extracted 

individual genotype information from the resulting vcf file and identified SNPs that 

had a FST of 1 between An. coluzzii and An. merus parental colonies. Only SNPs 
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genotyped in at least 16 individuals from each colony were retained for analysis.  

To eliminate SNPs located in repetitive DNA, autosomal sites with total coverage 

more than 4 standard deviations from mean coverage and X-linked sites with 

coverage more than 1 SD from the mean were excluded from further analysis. To 

correct for mapping error, SNPs with any of the following characteristic were 

filtered out prior to analysis: 1) a frequency less than 25% or greater than 80% in 

backcross progeny, 2) the backcross parent allele was not present for an 

individual, 3) the non-backcross parent allele was homozygous in > 20% of 

genotypes called by GATK, and 4) X-linked SNPs where > 10% of individuals 

had heterozygous genotypes assigned by GATK. 

Coverage varied from SNP to SNP and individual to individual leading to 

incorrect genotype calls using GATK. Thus, we wrote a Hidden-Markov model 

(HMM) to impute ancestry and infer crossover breakpoints in each individual 

backcross mosquito (Andolfatto et al., 2011; Elliott et al., 1994). To reduce noise, 

a single SNP with the highest coverage from each RAD fragment for each 

individual mosquito was chosen for use in the HMM analysis. The HMM had two 

states: homozygous and heterozygous.  The HMM used a transition probability of 

where xi – xi-1 is the distance between neighboring 

SNPs, and an emission probability of 

where k is the read depth of 

the backcross parental allele, n is the total coverage, p is the expected allele 
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frequency for the state (p=1 for homozygous sites and p=0.5 for heterozygous 

sites), and pab is the sequencing error rate between the two alleles (set to 0.01). 

Individuals with no markers on any chromosome or less than 30 total 

markers were discarded. Crossover breakpoints were called by taking the 

midpoint of the genomic interval over which the posterior probability of a given 

ancestry state dropped below 50%. Multiple ‘peaks’ where ancestry switched 

from one state to another and then back again over the scale of a few SNPs 

were present after application of the HMM. Due to crossover interference we do 

not except any crossovers to occur over such small distances (reviewed in 

(Hillers, 2004)). We concluded that most ‘peaks’ resulted from mapping errors as 

they were identified across multiple individuals, although a very small proportion 

may be true gene conversion hotspots. We filtered out SNPs associated with all 

such ‘peaks’ prior to generation of ancestry maps and downstream QTL and 

recombination analyses. Recombination rate maps were made by binning 

crossover breakpoints into 1 Mb intervals and fitting the derivative of a spline to 

the cumulative map using a smoothing parameter of 1. 

 

QTL analysis 
 

Markers from the final HMM analysis were utilized for QTL mapping with 

probability estimates for SNPs converted to ‘hard-calls’ by rounding. Generation 

of marker maps and initial QTL mapping was performed using both the Haley-

Knott (HK) regression (Martinez and Curnow, 1992; Seaton et al., 2002) and the 

expectation-maximization (EM) algorithms (Liu, 1997) in the R/qtl package 
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(Broman et al., 2003).  Use of either QTL algorithm resulted in large, 

chromosome-wide QTLs (Figure 2.8). To further narrow down QTL, confidence 

interval mapping and Bayesian interval mapping were performing using the R/qtl 

and R/qtlbim packages, respectively (Arends et al., 2010). Since the QTL 

analysis was utilized to find autosomal genomic regions that interact with a 

foreign X, only backcross progeny with an non-recombined X as determined by 

the HMM were included. Due to the data being non-normal, CIM LOD scores 

were found using the imputation and HK methods using window sizes of five, ten, 

and twenty. The resulting CIM QTL were subjected to a permutation test in order 

to determine the threshold of significance. Significant QTL in the BIM analysis 

were determined finding the best pattern of QTL using R/qtlbim and fitting it to the 

data using R/qtl to find the best fit. QTL intervals for CIM were calculating by 

identifying the entire region above the significance level, while the interval within 

1.5 LPD of the peak marker was used in the BIM analysis.   

All QTL intervals were searched for genes (coding and non-coding) using 

Biomart (vectorbase.org). If no genes were found within the QTL, the surrounding 

regions up to 10 kb away were searched with the idea that the QTL may be a 

regulatory region for a downstream gene. Overrepresented Gene Ontology terms 

from the resulting genes was found using PantherDB’s (pantherdb.org) statistical 

overrepresentation test. 
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Results and Discussion 

Crosses and Phenotyping 

We used the An. coluzzii MALI-NIH (founded in 2005 from Niono, Mali) 

and An. merus MAF (founded in 1991 from Kruger National Park, South Africa) 

colonies for all experiments. These were chosen to avoid – to the extent possible 

– inversion differences that would suppress recombination in hybrids. The 

colonies only differ by the compound 2Rop inversion, which distinguishes the 

species (Coluzzi et al., 2002). The two linked inversions span ~25 megabases 

(Mb) or slightly less than 1/10th of the genome (Kamali et al., 2012). We scored 

fertility of individual male mosquitoes by dissecting the testes from five to ten day 

old virgins and examining the quantity and morphology of sperm under a 

compound microscope. Our classification system closely follows Slotman et al 

(Slotman et al., 2004) who studied the genetics of sterility in An. coluzzii and An. 

arabiensis hybrids; briefly, males are assigned an integer of 1 (sterile) to 5 

(fertile) based on the abundance of mature sperm and the ratio of normal to 

abnormal sperm. 

We confirmed the full fertility of males from both species by phenotyping 

50 mosquitoes from each colony. Next, we performed reciprocal crosses en 

masse and confirmed the complete sterility of F1 hybrid males (n = 50). We then 

backcrossed fertile F1 females to males of their maternal parent species. Figure 

1A-B diagrams the chromosomal complement of each backcross, which we 

subsequently refer to as colBC and merBC. Progeny from both backcrosses 
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displayed the complete spectrum of phenotypes from fully fertile to completely 

sterile (Figure 1C-D). High numbers of intermediate phenotypes in the 

backcrosses suggests that male sterility is a polygenic, complex trait. Additionally, 

differences in phenotypic distribution between the two backcrosses point to 

different DMIs causing sterility in reciprocal F1 hybrids.   

 

Genotyping by Sequencing and Ancestry Inference 

The range of phenotypes present in both backcrosses provides the 

foundation for quantitative trait locus (QTL) mapping of hybrid sterility. The colBC 

males can be used to map An. merus loci that are incompatible in a primarily An. 

coluzzii genetic background, while the merBC males can be used to discover An. 

coluzzii loci that cause sterility in an An. merus genetic background. In order to 

link genotype with phenotype and identify genomic regions that contain hybrid 

sterility genes, we need to delineate crossover breakpoints in thousands of 

backcross progeny at extremely high resolution. Whole genome sequencing of 

individual mosquitoes would provide the highest resolution, but is impractical for 

such a large number of individuals. Instead, we utilized the double-digest 

restriction associated DNA sequencing (ddRADseq) methodology to genotype 

individual mosquitoes in parallel (Peterson et al., 2012). Briefly, DNA from 

individual mosquitoes was extracted, digested with two restriction enzymes, 

barcoded, size selected, and PCR amplified. The multiplexed RAD fragments 

were then sequenced on an Illumina HiSeq2500. SNPs from the fragments 
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provide a representative and reproducible set of genetic markers (Davey et al., 

2011). 

We performed deep ddRAD sequencing on 48 An. coluzzii and An. merus 

parental females and identified 12,408 putative fixed SNP differences between 

colonies. Backcross progeny were sequenced at a lower depth with a mean of 

3,208 informative SNPs per individual.  Due to variable coverage between 

individuals and among SNPs, genotype calls will often be made based on a small 

number of reads (McKenna et al., 2010). Such low coverage will result in true 

heterozygous SNPs being incorrectly genotyped as homozygous. For instance, if 

a SNP has 3x coverage and the backcross individual is a true heterozygote, 

there is a ¼ chance that one allele will be exclusively sequenced in all three 

reads, leading to an incorrect homozygous genotype call. To correct for 

erroneous genotyping resulting from low coverage, we developed a custom 

Hidden-Markov model (HMM) that estimates the probability that a given SNP is 

heterozygous or homozygous based on coverage depth, surrounding alleles, and 

chromosomal crossover rates (Figure 2.8). The HMM detects crossover 

breakpoints at extremely high resolution (Figure 2.9), producing illuminating plots 

(Figures 2.2 and 2.3) that allow us to directly visualize the portions of its genome 

a mosquito inherited from each parent. 
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Recombination Rates and Segregation Distortion 

Transitions in ancestry as indicated by the HMM were used to construct 

recombination rate maps (Figure 2.10). Map distances for the three 

chromosomes (2, 87.0 cM; 3, 85.5 cM; X, 12.9 cM) were similar to results 

previously reported for intraspecific recombination within An. gambiae/coluzzii 

(Zheng et al., 1996). On all chromosomes, recombination frequency positively 

correlated with physical distance from heterochromatic centromeres (Pombi et 

al., 2006; Sharakhova and Sharakhov, 2010; Slotman et al., 2006) and virtually 

no crossovers occurred between the fixed inversions on 2R (Stump et al., 2007). 

Crossing over was less frequent on the X than the autosomes. Due to the small 

size of the X chromosome, mean physical distance of markers from the 

centromere is much shorter than on the autosomes, which alone could account 

for the reduction in X-linked crossovers. 

Examination of ancestry graphs for individual backcross progeny, grouped 

by phenotypic class, reveals strong transmission distortion of the X chromosome, 

but not the autosomes, in both backcrosses (Figures 2.2 and 2.3). In the colBC, 

the An. coluzzii homozygous or hemizygous genotype is strikingly more common 

on the X (78.6%), but at or near Mendelian ratios on the autosomes (2, 50.0%; 3, 

48.2%). In contrast, merBC progeny exhibit X-linked transmission distortion in the 

opposite direction; the An. merus hemizygous genotype is overrepresented on 

the X (81.5%). Similar to the colBC, we observe more normal frequencies of 

homozygosity on merBC autosomes (2, 43.7%; 3, 46.8%). Since distortion occurs 
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in opposite directions in the reciprocal crosses, it is likely attributable to inviability 

of males harboring certain allelic combinations. Indeed, increased distortion of 

the X in both crosses is consistent with incompatibilities between a hemizygous X 

and foreign, recessive autosomal alleles that lead to decreased viability. 

 

Quantitative Genomics of Sterility: CxMF1 Hybrids 

We hypothesized that sterility in An. coluzzii x An. merus F1 (CxMF1) 

hybrids is due to incompatibilities between hemizygous An. coluzzii X-linked and 

dominant An. merus autosomal factors. To investigate if the An. coluzzii X 

chromosome causes sterility in a heterozygous or An. merus homozygous 

autosomal background we examined ancestry graphs of merBC progeny (Figure 

2.3).  In fact, we observe a near deterministic relationship between X 

chromosome genotype and sterility in merBC progeny. When merBC males inherit 

a fully An. coluzzii X they are always sterile. Additionally, individuals inheriting 

even a partial copy of the An. coluzzii X are usually sterile and no fully fertile 

individuals are hemizygous for any An. coluzzii X-linked loci. Such a striking 

pattern suggests that a simple incompatibility between a dominant An. merus 

autosomal factor(s) and the An. coluzzii X chromosome could underlie sterility in 

merBC males.  Infrequent X-linked crossovers and extreme transmission distortion 

prevent us from mapping specific regions of the An. coluzzii X associated with 

sterility. However, since inheritance of any An. coluzzii X chromosomal segments 
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decreases fertility in merBC progeny, it is likely that sterility factors are dense 

across the chromosome.      

Next, I wanted to identify dominant An. merus autosomal factors that may 

negatively interact with the An. coluzzii X. To find such factors, we created 

ancestry graphs for the subset of colBC progeny who inherited a non-recombined 

An. coluzzii X (Figure 2.4A). The colBC progeny are ideal for the analysis because 

they possess either An. coluzzii homozygous or heterozygous genotypes across 

their autosomes, allowing us to search for autosomal regions where inheritance 

of a single An. merus allele causes sterility. In this subset of colBC individuals, 

percent heterozygosity across chromosome 2 is positively correlated with male 

sterility (r2 = 0.38, P < 1 x 10-15). Chromosome 3 genotype is also associated with 

sterility (r2 = 0.08, P < 1 x 10-9), but to a smaller degree than chromosome 2. 

(Figure 2.4B).   

     The above ancestry analysis indicates that dominant alleles on both An. 

merus autosomes may be incompatible with the An. coluzzii X resulting in 

sterility. In order to localize An. merus autosomal incompatibilities underlying 

sterility, we performed both Bayesian and Composite Interval Mapping (BIM and 

CIM) on the autosomes of all colBC individuals that possess a fully An. coluzzii X. 

Both models identified the same three major QTLs (labeled as A, B, and C in 

Figure 5. QTLs A and B are located on 2L and 2R, respectively, while QTL C is 

located on 3L. These three QTL are independently responsible for 4.198%, 

3.119%, and 4.145% (BIM), respectively, of the variance in male fertility. When 
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modeled with R/qtlbim, these three major QTL, along with three more minor QTL, 

make up 48.468% of the variance in male fertility (Table 2.1). Both major QTL on 

chromosome 2 are located in regions of reduced recombination. QTL A abuts the 

centromere of chromosome 2, while QTL B is coincident with the 2Rop inversion. 

Genomic regions that exhibit low interspecific recombination may preferentially 

accumulate sterility DMIs (Kirkpatrick, 2006; Noor et al., 2001a), especially in the 

presence of gene flow, but are also relatively easy to map and prone to effect 

size overestimation (Noor et al., 2001b). In contrast, QTL C is located in the 

middle of 3L in a region that exhibits no significant deficit in recombination. 

Estimated effect sizes, genomic positions, and peaks for each QTL are listed in 

Tables 2.1, 2.2, and 2.3.  In sum, both QTL models support the ancestry plots in 

finding that dominant An. merus autosomal factors on chromosome 2 and, to a 

lesser extent, chromosome 3 interact with the An. coluzzii X chromosome to 

cause sterility. The presence of multiple QTL suggests the genetic architecture of 

male sterility is relatively complex, though not intractable. 

 The 1.5 LOD interval around BIM QTL, and the threshold interval around 

CIM QTL, were then used to discover the number and types of genes 

overrepresented in each colBC QTL (Table 2.4, 2.10-2.12). Only those QTL found 

in the BIM model were looked at for gene number in BIM and CIM. For the major 

QTL, QTL A only had one gene found within the 1.5 LOD interval, but 911 and 

900 genes found using the CIM analysis, imputation (IMP) method and haley-

knott (HK) method respectively. In QTL B there were 849 genes found in the BIM 
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interval, and 2052 genes found with either CIM method. The last major QTL, QTL 

C, had 273 genes for either CIM method, but no full genes where found in the 

BIM interval, though two partial genes were found in this interval.  

Gene ontology (GO) analysis was then done using all genes in all 

significant QTL in BIM and all QTL with an LOD above threshold in CIM (six total 

QTL in BIM, five total QTL for CIM) using An. gambiae gene IDs that were 

orthologous to An. coluzzii or An. merus (Table 2.10 - 2.12). Using an 

overrepresentation test we found the most represented GO terms found in the 

significant QTLs. The CIM QTL from both the IMP and HK methods had only one 

underrepresented category for each GO family, which was “Unclassified” (Table 

2.11 and 2.12). The QTL found by BIM, however, found significantly 

overrepresented terms in the Biological Process family, the most enriched being 

“intracellular cholesterol transport” (12.87 Fold enrichment (FE) An. coluzzii 

orthologs, 12.85 FE An. merus orthologs) (Table 2.10). The one gene found in 

QTL A is in the Panther Family/Subfamily “Vacuolar Protein Sorting-Associated 

Protein VPS13”, which are implicated in human hereditary disorders chorea 

acanthocytosis and Cohen syndrome and is involved in delivery of proteins to the 

vacuole, and other membrane-related functions, in vegetatively growing yeast 

(Park et al., 2012). Of the two partial genes found within the QTL C BIM interval, 

both have orthologs in both An.merus and An. coluzzii, though only one has a 

GO term associated with it. This gene, sulfakinin neuropeptide, is similar to 

Drosophila drosulfakinins and mammalian gastrin and CCK that are involved in 
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feeding processes (Hauser, 2006). The other gene is not well described in any 

Anopheles species, though has domains that fall within the Piezo family, whose 

protein are subunits of pore-forming mechanically-activated channels (Coste et 

al., 2012). In Drosophila, these channels are involved in sensing noxious 

mechanical stimuli (Yan et al., 2012).  While GO analysis gives insight into 

possible functional properties of the genes in our QTL, our most intriguing QTL 

either have few genes or are in areas that have low amounts of recombination 

between species (2Rop inversion) making it difficult to determine precisely what 

genes are involved in causing sterility. 

 

Quantitative Genomics of Sterility: MxCF1 Hybrids 

Just as before, we hypothesized that sterility in An. merus x An. coluzzii 

F1 (MxCF1) hybrids is due to X-autosomal incompatibilities. In this reciprocal 

cross, hemizygous An. merus X alleles may negatively interact with dominant An. 

coluzzii autosomal factors resulting in reduced fertility. First, we examined 

ancestry graphs of colBC progeny to evaluate if the An. merus X chromosome 

causes sterility when in a heterozygous or An. coluzzii homozygous autosomal 

background (Figure 2.2). Interestingly, multiple colBC males with an An. merus X 

are either fully or partially fertile. Since all colBC progeny are either heterozygous 

or homozygous for An. coluzzii alleles on the autosomes, we would expect to see 

complete sterility in colBC males who inherit an An. merus X if simple autosomal-

X incompatibilities cause MxCF1 hybrid sterility.  Instead, the results show that the 
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genetic architecture of sterility in MxCF1 hybrids is highly complex, involving 

dominant autosomal incompatibilities from both species interacting with each 

other and with the An. merus X.    

To further evaluate the role of each autosome on MxCF1 hybrid sterility we 

conducted ancestry analysis on the subset of merBC progeny that inherited an 

An. merus X. The merBC progeny are either homozygous for An. merus alleles or 

heterozygous across the autosomes. Since multiple dominant An. coluzzii factors 

appear to negatively interact with each other and the An. merus X, we expected 

that the proportion of heterozygosity across the autosomes should positively 

correlate with sterility (Figure 2.6A). As predicted, we see a statistically significant 

correlation between sterility and percent heterozygosity of both autosomes (2: r2 

= 0.28, P < 1 x 10-15; 3: r2 = 0.14, P < 1 x 10-15) with males in the two most sterile 

phenotypic classes heterozygous across the majority of chromosomes 2 (81.9%) 

and 3 (66.5%) (Figure 2.6B). 

As before, low recombination rates and transmission distortion prevent us 

from determining which regions of the An. merus X are most important to sterility 

in MxCF1 hybrids. In order to localize dominant An. coluzzii autosomal alleles that 

negatively interact with the An. merus X we performed QTL mapping on all merBC 

males that inherited an An. merus X. BIM detected three major QTL that overlap 

with three largest effect QTL found using CIM. QTLs A and B are located on 2L 

and 2R, respectively, while QTL C is located on 3L (BIM) or 3R (CIM), though 

both BIM and CIM peaks are found within the BIM’s 1.5 LOD interval that spans 
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the centromere. Together the three QTL span ~8 Mb (BIM) or ~59 Mb (CIM) of 

the autosomes and explain 7.99% (A), 12.18% (B), and 10.04% (C) of the 

variance in male fertility. As before, two of the QTL are located in regions of 

highly reduced recombination: QTL B is coincident with the 2Rop inversion, while 

QTL C straddles the centromere of chromosome 3. However, QTL A is located on 

2L in a region with no apparent reduction in recombination and, not surprisingly, 

was mapped to a much narrower interval than QTL B or C in CIM. In agreement 

with complex genetic control of sterility, BIM also identified four minor QTL, 2 of 

which act epistatically with major QTLs B and C (QTL 2.3 interacts with QTL C, 

QTL B interacts with QTL 3.4). Taken together, the three major and four minor 

QTL, and their interactions, can account for 60.07% of the variance in male 

fertility. Effect sizes, locations, and peaks for individual QTL are provided in 

Tables 2.5 - 2.8.  Despite the apparent highly epistatic and polygenic basis of 

sterility in MxCF1 hybrids, we were able to localize genomic regions that have a 

major influence on sterility providing optimism that individual sterility genes can 

be fine mapped. 

As with colBC, the 1.5 LOD interval around BIM QTL, and the threshold 

interval around CIM QTL, were then used to discover the number and types of 

genes overrepresented in each merBC QTL (Table 2.9, and 2.13 - 2.14). Only 

those QTL found in the BIM model were looked at for gene number in BIM and 

CIM. For the major QTL, QTL A had 103 genes found within the 1.5 LOD interval, 

but 230 and 257 genes found using the CIM analysis using the IMP and HK 
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methods, respectively. In QTL B there were only 2 partial genes found in the BIM 

interval, and 2065 genes found with either CIM method. The last major QTL, QTL 

C, had 273 genes in the BIM interval, and 1259 genes for either CIM method. 

 Gene ontology (GO) analysis was then done using all genes in all 

significant QTL in BIM and all QTL with an LOD above threshold in CIM (seven 

total QTL in BIM, five total QTL for CIM) using An. gambiae gene IDs that were 

orthologous to An. coluzzii or An.merus. Using an overrepresentation test we 

found the most overrepresented or underrepresented GO terms found in the 

significant QTLs that are shown in Tables 2.13, 2.14, and 2.15. The most 

overrepresented GO term found in the BIM QTL was the Molecular Function term 

“structural constituent of the cuticle” (13.17 FE An. coluzzii orthologs, 9.34 FE 

An.merus orthologs).The highest FE for either of the CIM method QTL was only 2 

for the Molecular Function GO term “monooxygenase activity” in An. coluzzii 

orthologs using the HK method (FE for An. merus orthologs was 1.97). Of the 

two partial genes found in QTL B, one is in the subfamily Von Willebrand Factor 

X Domain-Containing Protein 7, and the other is an aminoacyl-tRNA synthetase 

in the subfamily Methionine- tRNA ligase and is a mitochondrial protein. 

Interestingly, the Von Willebrand Factor X Domain-Containing Protein 7 subfamily 

is implicated in testicular disease and orchitis in humans, both are diseases that 

affect the testes (Snoek et al., 1998).  
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The Large X-Effect 

Our data leads to mixed conclusions with regards to the large X-effect. 

First, sterility in MxCF1 does not follow the rule; the autosomes play an equal, or 

even more important role, than the X in sterility (Figure 2.11). This result is 

surprising since backcross schemes are inherently biased towards finding large 

X-effects since male progeny are hemizygous for foreign alleles on the X but only 

heterozygous on the autosomes (Hollocher and Wu, 1996; Wu and Davis, 1993).  

We do find evidence for a large X-effect in CxMF1 hybrids (Figure 2.11). A well-

controlled introgression study of sterility between Drosophila mauritiana and 

Drosophila sechellia demonstrated that, at least in these two species, the large 

X-effect is due to a higher density of X-linked versus autosomal DMIs (Masly and 

Presgraves, 2007). A similar pattern has been inferred for mouse subspecies 

sterility through both experimental crosses in captivity and studies of 

introgression in natural hybrid zones (Good et al., 2008; Payseur et al., 2004; 

Teeter et al., 2007). It is possible that the large X-effect we see in CxMF1 hybrids 

is caused by the failure of X chromosome inactivation during spermatogenesis 

(Lifschytz and Lindsley, 1972).  

 

 

Summary and Next Steps 

Using high-throughput quantitative genomics we provide evidence that the 

Large X-effect underlies male sterility in one direction of a reciprocal cross 
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between An. coluzzii and An. merus. Our working hypothesis is that dominant 

An. merus autosomal factors may influence the expression of An. coluzzii X-

linked genes in the male germline, while epistatic autosomal interactions 

between An. merus and An. coluzzii play a larger role in the sterility of the 

reciprocal cross. This will be further tested using transcriptomic techniques. 

Direct implication of X misregulation as the casual factor in CxMF1 male sterility 

will be challenging and likely requires a better understanding of An. coluzzii 

spermatogenesis at a molecular and cellular level. It is, however, feasible that 

some autosomal QTL can be further narrowed with genetic analysis of advanced 

backcross progeny.  
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FIGURES  

Figure Legends: 

Figure 2.1 Backcross progeny provide the phenotypic variation needed for 

genetic mapping of sterility. A) Anopheles coluzzii backcross male progeny 

(colBC) will inherit one recombined autosome and one An. coluzzii autosome; a 

recombined X chromosome; and a non-recombined An. coluzzii Y chromosome. 

B) Anopheles merus backcross male progeny (merBC) will inherit one recombined 

autosome and one An. merus autosome; a recombined X chromosome; and a 

non-recombined An. merus Y chromosome. C and D) Male progeny from both 

backcrosses display a spectrum of phenotypes from fully sterile to fully fertile 

providing the foundation for QTL mapping.  

Figure 2.2 Ancestry reconstruction of An. coluzzii backcross progeny 

elucidates genomic regions associated with sterility. A hidden Markov model 

was used to reconstruct ancestry for 787 colBC males from ddRADseq data. 

Inferred genotypes for chromosome 2 (left), chromosome 3 (center), and the X 

(right) are horizontally plotted for each mosquito. Red is homozygous or 

hemizygous for An. coluzzii, blue is heterozygous for one An. coluzzii allele and 

one An. merus allele, and green is hemizygous for An. merus. Mosquitoes are 

grouped by phenotype and crossover breakpoints can be visualized with high 

resolution. On the autosomes a strong correlation between genotype and sterility 

is evident, while X chromosome genotype appears to be a weaker predictor of 

phenotype.  
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Figure 2.3 Ancestry reconstruction of An. merus backcross progeny 

elucidates genomic regions associated with sterility. A hidden Markov model 

was used to reconstruct ancestry for 900 merBC males from ddRADseq data. 

Inferred genotypes across chromosome 2 (left), chromosome 3 (center), and the 

X (right) are horizontally plotted for each mosquito. Green is homozygous or 

hemizygous for An. merus, blue is heterozygous for one An. merus allele and 

one An. coluzzii allele, and red is hemizygous for An. coluzzii. Mosquitoes are 

grouped by phenotype and crossover breakpoints are mapped at high resolution. 

A striking correlation between X chromosome ancestry and sterility is evident. To 

a lesser degree, autosomal genotype also correlates with sterility.  

 

Figure 2.4 Dominant An. merus factors primarily on chromosome 2 interact 

with the An. coluzzii X to cause sterility. A) Ancestry maps for colBC progeny 

that inherited a fully An. coluzzii X reveal a strong correlation between 

heterozygosity of chromosome 2 and sterility. Chromosome 3 genotype is also 

correlated with sterility, but to a lesser degree. B) Grey circles denote the 

percentage of chromosome 2 (left) and chromosome 3 (right) that is 

heterozoygous for each mosquito included in the ancestry map. The average 

heterozygosity (+/- SEM) for each phenotypic class is marked by a black line. A 

red regression line shows the overall relationship between phenotype and 

genotype. 
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Figure 2.5 Three heterozygous autosomal genomic regions cause sterility 

when paired with an An. coluzzii X.  QTL mapping was performed on colBC 

individuals with a fully An. coluzzii X. (A) Composite and (B) Bayesian interval 

mapping methods identified overlapping major QTL for sterility on chromosome 2 

(marked A and B) and chromosome 3 (marked C). Presumably, dominant An. 

merus alleles in each QTL are incompatible with an An. coluzzii X. Thresholds of 

significance for logs of odd ratio (LOD) and log posterior density (LPD) are 

denoted by a red line. Bayesian mapping reports many significant QTL not 

identified using a maximum-likelihood framework.  

 

Figure 2.6 Dominant An. coluzzii factors on both autosomes interact with 

the An. merus X to cause sterility. A) Ancestry maps for merBC progeny that 

inherited a fully An. merus X reveal a strong correlation between heterozygosity 

of both autosomes and sterility. B) Grey circles denote the percentage of 

chromosome 2 (left) and chromosome 3 (right) that is heterozoygous for each 

mosquito included in the ancestry map. The average heterozygosity (+/- SEM) for 

each phenotypic class is marked by a black line. A red regression line shows the 

overall relationship between phenotype and genotype. 
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Figure 2.7 Three heterozygous autosomal genomic regions cause sterility 

when paired with an An. merus X.   QTL mapping was performed on merBC 

individuals with a fully An. merus X. (A) Composite and (B) Bayesian interval 

mapping methods identified overlapping major QTL for sterility on chromosome 2 

(marked A and B) and chromosome 3 (marked C). Dominant An. coluzzii alleles 

in each QTL are likely incompatible with both dominant autosomal An. merus 

alleles and the An. merus X (see main text). Thresholds of significance for logs of 

odd ratio (LOD) and log posterior density (LPD) are denoted by a red line. 

Bayesian mapping reports multiple epistatic QTL suggesting a highly complex 

genetic basis of sterility.  

 

Figure 2.8 Ancestry reconstruction on an individual mosquito eliminates 

noisy SNPs. GATK SNP genotype calls for an individual colBC male are plotted 

as tick marks across each chromosome. Red is homozygous for An. coluzzii, 

blue is heterozygous, and green is homozygous for An. merus. ‘Noisy’ SNPs 

resulting from low coverage are common, especially in putative heterozygous 

regions. For example, we know that the autosomes in a colBC individual should 

not harbor any An. merus homozygous SNPs, however, they are relatively 

common. Application of a custom hidden-markov model to call ancestry removes 

noise and precisely delineates crossover breakpoints.  
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Figure 2.9 Ancestry reconstruction delineates crossover breakpoints at 

high resolution. The average crossover breakpoint width detected by the HMM 

for all backcross males is plotted into 50kb bins. Nearly 50% of breakpoints are 

less than 100kb and greater than 90% are less 500kb. Breakpoints larger than 

500kb come from a relatively small number of individuals with very low coverage.  

 

Figure 2.10 Crossing over varies by genomic position. Recombination rates 

in (A) An. coluzzii x An merus F1 hybrids and (B) An. merus x An. coluzzii F1 

hybrids were estimated by counting the number of crossover breakpoints that 

occurred in one megabase intervals across the genome. Recombination is 

positively correlated with distance from the centromere. We observed little to no 

recombination between alternative arrangements on 2R. We observed slight 

quantitative differences in recombination between the two reciprocal hybrids.  
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Figure 2.11 QTL mapping with EM and HK algorithms provide an estimate 

of chromosome-wide influence on sterility. The EM and HK algorithms were 

unable to localize QTL on the different chromosomes. However, they do provide 

relative estimates of the importance of each chromosome to the fertility 

phenotype. A) In the colBC chromosome 2 plays the most important role in 

sterility, followed by chromosome 3, and then the X chromosome. (B) 

Contrastingly, in the merBC the X chromosome plays a major role in sterility. 

Compared to the X, the autosomes make a more minor, albeit highly significant, 

contribution to merBC sterility.   
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4  
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Figure 2.5  
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Figure 2.6  
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Figure 2.7 
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Figure 2.8 
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Figure 2.9 
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Figure 2.10  
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Figure 2.11
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Table 2.1 BIM QTL positions, peaks, and effect for colBC  
 

QTL 
Name 

QTL 
Position 

(cM) 
Peak 

Position (bp) 
LOD 1.5 Interval 

(bp) 
Size 
(Kb) 

Peak 
LPD 

LOD in 
model 

%Variance 
in model 

F 
value 

P value 
(chi2) P value (F) QTL Notes 

2.1 3.5 2L: 46316137 
2L: 46382559-                  
2L: 46307393 75.166 15.18929 1.831 0.8783 8.386 0.004 0.00395 Minor   

2.2 32.5 2L: 20123236 
2L: 20289821-    
2L: 20121852 

167.96
9 

19.58756
1 1.485 0.7112 6.791 0.009 0.00944 Minor   

2.3 (A) 45.1 2L: 9769422 
2L: 9771109-         
2L: 9769392 1.717 29.9781 8.486 4.1981 40.08 0 5.50E-010 Major  

Abuts 
centromere 

2.5 (B) 68.2 2R: 24441234 
2R: 30539129-      
2R: 17971261 

12567.
868 20.90428 6.368 3.1191 29.78 0 7.68E-008 Major  

2Rop 
inversion 

3.1 22.6 3L: 26988030 
3L: 29594672-       
3L: 26966435 

2628.2
37 

15.65597
5 5.123 2.4949 23.82 0 1.43E-006 Minor   

3.3 (C) 57.8 3R: 30527198 
3R: 30524551-      
3R: 30528265 3.714 19.19247 8.384 4.1455 39.578 0 6.97E-010 Major    

Model LOD:71.83607; Model % Variance:48.46766; Peak: Highest LPD of non-overlapping QTL; %Variance in model: 
percentage of phenotypic variance in sterility explained by each QTL. 
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Table 2.2 CIM (Imputation method) QTL positions, peaks, and effect for colBC  
 

 
Window 
Length 

QTL 
Position 

(cM) 
Peak 

Position (bp) Interval (bp) Size (Kb) 
Peak 
LOD QTL 

Agree 
with BIM? 

5 32.9 2L: 40210627 
2L: 49348982-              
2L: 17976184 31372.798 4.59 Minor Yes (2.2) 

5 44.9 2L: 9636556 
2L: 1:10088235 -         
2R: 52147679:61545105  19485.661 23.6 Major Yes (2.3) 

5 67.9 2R: 36906969 
2R: 38795702 -            
2R: 7230042 31565.66 4.78 Major Yes (2.5) 

5 14.8 3L: 33981385 
3L: 34376696 -             
3L: 33748820 627.876 2.21 Minor No 

5 16.2 3L: 33111225 
3L: 33622122-              
3L: 33111212 510.91 2.31 Minor No 

5 17.6 3L: 32812009 
3L: 32838064 -             
3L: 32764055 74.009 2.39 Minor No 

5 22.6 3L: 26239103 
3L: 27076303 -             
3L: 25848020 1228.283 2.39 Minor Yes (3.1) 

5 24.1 3L: 24752441 
3L: 24792836 -            
 3L: 24717605 75.231 2.18 Minor No 

5 50.6 3R: 32821419 
3R: 34549326 -            
3R: 28934182 5615.144 14.6 Major Yes (3.3) 

10 32.9 2L: 40210627 
2L: 49348982 - 
2L:17976184 31372.798 4.59 Minor Yes (2.2) 

10 44.7 2L: 10185180 
2L: 1:13814525 -         
2R: 49501173:61545105 25858.457 23.8 Major Yes (2.3) 

10 67.9 2R: 36907114 
2R: 40365435 -            
2R: 6326449 34038.986 4.78 Major Yes (2.5) 

10 14.7 3L: 34302210 
3L: 34376696 -            
 3L: 33748820 627.876 2.21 Minor No 

10 16.2 3L: 33111225 
3L: 33622122 -           
  3L: 33111212 510.91 2.31 Minor No 

10 17.6 3L: 32812083 
3L: 32838064 -             
3L: 32764055 74.009 2.39 Minor No 

10 22.6 3L: 26414124 
3L: 27076303 -             
3L: 25848020 1228.283 2.39 Minor No 

10 24.1 3L: 24792833 
3L: 24792836 -             
3L: 24717605 75.231 2.18 Minor Yes (3.1) 

10 50.6 3R: 32821428 
3R: 37347473 -            
3R: 24626933 12720.54 14.6 Major Yes (3.3) 

20 44.7 2L: 10223509 
2L: 1:49348982 -         
2R: 44262625:61545105 66631.462 23.8 Major Yes (2.3) 

20 59.3 2R: 43283893 
2R: 43293725 -           
 2R: 43278275 15.45 2.18 Minor No 

20 67.9 2R: 36912016 
2R: 40998246 -           
 2R: 4172937 36825.309 4.78 Major Yes (2.5) 

20 14.5 3L: 34344154 
3L: 34376696 -             
3L: 33748820 627.876 2.21 Minor No 

20 16.2 3L: 33111225 
3L: 33622122 -             
3L: 33111212 510.91 2.31 Minor No 

20 17.6 3L: 32800333 
3L: 32838064 -             
3L: 32764055 74.009 2.39 Minor No 
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20 22.6 3L: 25978092 
3L: 27076303 -             
3L: 25848020 1228.283 2.39 Minor Yes (3.1) 

20 24.1 3L: 24792833 
3L: 24792836 -             
3L: 24717605 75.231 2.18 Minor No 

20 56.5 3R: 22739209 
3L: 3223518 - 
3R:19330876:53200684  37093.326 14.8 Major Yes (3.3) 

Interval: length of the QTL above threshold of 2.18 LOD; Agree with BIM?: gives QTL that agree with BIM and the 

corresponding BIM QTL names. 
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Table 2.3 CIM (HK method) QTL positions, peaks, and effect for colBC  
 

Window 
Size 

QTL 
Position 

(cM) 
Peak 

Position (bp) Interval (bp) 
Size 
(Kb) 

Peak 
LOD QTL 

Agree with 
BIM? 

5 32.9 2L: 40200624 

2L: 49348982 –                        
2L: 18060426 

31288.56 4.59 Minor Yes (2.2) 

5 44.9 2L: 9610684 

2L: 1:9797189 –                              
2R: 52147679:61545105 

19194.62 23.59 Major Yes (2.3) 

5 67.9 2R: 36906969 

2R: 38795702 –                               
2R: 7230042 

31565.66 4.78 Major Yes (2.5) 

5 16.2 3L: 33111225 

3L: 33111225 –           
3L: 33111212 

0.013 2.31 Minor No 

5 17.6 3L: 32838052 

3L: 32838064 –           
3L: 32764055 

74.009 2.39 Minor No 

5 22.6 3L: 26106919 

3L: 26426525 -           
3L: 25848020 

578.505 2.39 Minor Yes (3.1) 

5 50.6 3R: 32830761 

3R: 34549326 –          
3R: 28934182 

5615.144 14.56 Major Yes (3.3) 

10 32.9 2L: 40200624 

2L: 49348982 –           
2L: 18060426 

31288.56 4.59 Minor Yes (2.2) 

10 44.7 2L: 9830137 

2L: 1:13814525 –       
2R: 49501173:61545105 

25858.46 23.76 Major Yes (2.3) 

10 67.9 2R: 36906969 

2R: 40365435 -           
2R: 6326449 

34038.99 4.78 Major No 

10 16.2 3L: 33111225 

3L: 33111225 –           
3L: 33111212 

0.013 2.31 Minor No 

10 17.6 3L: 32838052 

3L: 32838064 –           
3L: 32764055 

74.009 2.39 Minor No 

10 22.8 3L: 25862031 

3L: 26426525 –           
3L: 25848020 

578.505 2.39 Minor Yes (3.1) 

10 50.6 3R: 32830761 

3R: 37347473 –          
3R: 24626933 

12720.54 14.56 Major Yes (3.3) 

20 44.7 2L: 9830137 

2L: 1:49348982 –       
2R: 44262625:61545105 

66631.46 23.76 Major Yes (2.3) 

20 67.9 2R: 36906969 

2R: 40916401 -           
2R: 4172937 36743.46 4.78 Major Yes (2.5) 

20 16.2 3L: 33111225 

3L: 33111225 –           
3L: 33111212 0.013 2.31 Minor No 

20 17.6 3L: 32838052 

3L: 32838064 –           
3L: 32764055 74.009 2.39 Minor No 

20 22.6 3L: 26226812 

3L: 26426525 –           
3L: 25848020 578.505 2.39 Minor Yes (3.1) 

20 56.5 3R: 22717642 

3L: 1:3223518 – 
3R:19330876:53200684 

37093.33 14.8 Major Yes (3.3) 

Interval: length of the QTL above threshold of 2.3 LOD; Agree with BIM?: gives QTL that agree with BIM and the 

corresponding BIM QTL names. 
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Table 2.4 BIM QTL and corresponding CIM QTL gene counts for colBC  

QTL name 
# of genes in 
BIM interval 

# of genes in CIM IMP 
interval 

# of genes in CIM 
HK interval 

2.1 25 N/A N/A 

2.2 43 2141 2134 

2.3 (A) 1 911 900 

2.5 (B) 849 2052 2052 

3.1 77 35 12 

3.3 (C)  0 (2 partial) 273 273 
Intervals as described in previous tables. Only QTL intervals with the window size of 5 were used. 
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Table 2.5 BIM QTL positions, peaks, and effect for merBC  

QTL 
Name 

QTL 
Position 

(cM) 
Peak Position 

(bp) 
LOD 1.5 Interval 

(bp) 
Size 
(Kb) Peak LPD 

LOD in 
model 

%Variance 
in model 

F 
value 

Pvalue
(chi2) 

Pvalue
(F) QTL Notes 

2.1 (A) 22 
2L: 24147023-

24151126 
2L: 24147018 -   
2L: 25992722 

1845.
704 

38.5163
4 26.074 7.9933 

129.7
3 0 

< 2e-
16 Major   

2.3 48 2L: 6885036 
2L: 6880309–  
2L: 6891318 

11.00
9 

28.9902
48 9.819 2.8403 23.05 0 

2.14E-
10 Minor  

2.5 (B) 71.6 
2R: 20859199 

-20859190 
2R: 20859115 – 
2R: 20865738 6.623 

113.953
31 38.051 12.1835 98.87 0 

< 2e-
16 Major 

2Rop 
inversion 

2.6 82.1 2R: 5812824 
2R: 5807610 – 
2R: 5826915 

19.30
5 

19.3784
2 2.86 0.8072 13.1 0 

0.0003
18 Minor  

3.2 (C) 35.5 3L: 2064631 

3L: 1:2064678-  
3R: 49130117: 
53200684 

6135.
244 57.1559 32.042 10.0375 81.45 0 

< 2e-
16 Major 

Crosses 
Centromere 

3.4 54 
3R: 27452768 

-27452698 
3R: 27452696 – 
3R: 27462876 10.18 

20.0274
94 10.272 2.9762 24.15 0 

7.66E-
11 Minor   

3.5 60.1 3R: 10242452 
3R: 10241654 –  
3R: 10244979 3.325 

38.9381
3 2.708 0.764 12.4 0 

0.0004
6 Minor   

Model LOD: 131.18; Model % Variance: 60.07227; Peak: Highest LPD of non-overlapping QTL; %Variance in model: percentage of 

phenotypic variance in sterility explained by each QTL 

 

Table 2.6 BIM Epistatic QTL positions, peaks, and effect for merBC  

Epistatic QTL LOD in model %Variance in model 

2.3 : 3.2 9.652 2.7904 

2.5 : 3.4 10.026 2.9024 
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Table 2.7 CIM (Imputation method) QTL positions, peaks, and effect for 
merBC  

Windo
w Size 

QTL 
Position 

(cM) 
Peak Position 

(bp) Interval (bp) Size (Kb) 
 Peak 
LOD QTL 

Agree 
with 
BIM? 

5 17.8 2L: 23930605 22261621 – 25747005 3485.384 27.22 Major Yes (2.1) 

5 71.4 2R: 29614768 39538119 – 8340401 31197.72 44.71 Major Yes (2.5) 

5 80.7 2R: 4371915 4724422 – 4325394 399.028 2.47 minor No 

5 80.9 2R: 4243012 4279081 – 4178753 100.328 2.29 minor No 

5 82.5 2R: 3565205 4154295 – 3565163 589.132 2.59 minor No 

5 35.7 3R: 48900756 
3L:1:14878355 – 
3R:44002275:53200684 24076.76 42.24 Major Yes(3.2) 

5 48.3 3R: 27404258 27827895 – 24985271 2842.624 3.22 minor Yes (3.4) 

5 51.1 3R: 23398867 24080513 – 22717642 1362.871 2.71 minor No 

5 53.2 3R: 21885737 22526720 – 20991534 1535.186 2.81 minor No 

5 69.7 3R: 7954950 20739358 – 4782497 15956.86 4.84 minor Yes(3.5) 

5 74.8 3R: 4619780 4627358 – 4619780 7.578 2.4 minor No 

10 17.8 2L: 23930605 
2L: 43855404 –  
2L: 27360161 16495.24 27.22 Major Yes (2.1) 

10 71.6 2R: 18387200 41321049 – 6326449 34994.6 44.71 Major Yes (2.5) 

10 80.7 2R: 4480019 4724422 – 4325394 399.028 2.47 minor No 

10 80.9 2R: 4197141 4279081 – 4178753 100.328 2.29 minor No 

10 82.5 2R: 3574083 4154295 – 3565163 589.132 2.59 minor No 

10 35.7 3R: 49882968 
3L:1:18478320 – 
3R:36393069:53200684 35285.93 42.24 Major Yes(3.2) 

10 48.3 3R: 27440781 27827895 -24985271 2842.624 3.22 minor Yes (3.4) 

10 51.2 3R: 23325083 24080513 – 22717642 1362.871 2.71 minor No 

10 53.2 3R: 21821767 22526720 – 20991534 1535.186 2.81 minor No 

10 69.7 3R: 7999653 20739358 – 4782497 15956.86 4.84 minor Yes(3.5) 

10 74.8 3R: 4619780 4627358 – 4619780 7.578 2.4 minor No 

20 17.8 2L: 23930605 
2L: 45943399 –  
2L: 31089522 14853.88 27.22 Major Yes (2.1) 

20 71.4 2R: 30137923 45777396 – 4178753 41598.64 44.71 Major Yes (2.5) 

20 82.5 2R: 3565205 4154295 – 3565163 589.132 2.59 minor No 

20 35.7 3R: 48675669 
3L:1:24383380 – 
3R:31723160:53200684 45860.9 42.24 Major Yes(3.2) 

20 48.3 3R: 27357996 27827895 – 24985271 2842.624 3.22 minor Yes (3.4) 

20 51.1 3R: 23398867 24080513 – 22717642 1362.871 2.71 minor No 

20 53.2 3R: 21885738 22526720 – 20991534 1535.186 2.81 minor No 

20 69.7 3R: 7965252 20739358 – 4782497 15956.86 4.84 minor Yes(3.5) 

20 74.8 3R: 4627358 4627358 – 4619780 7.578 2.4 minor No 
Interval: length of the QTL above threshold of 2.26 LOD; Agree with BIM?: gives QTL that agree with BIM and 

the corresponding BIM QTL names. 
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Table 2.8 CIM (HK method) QTL positions, peaks, and effect for merBC  

Window 
Size 

QTL 
Positio
n (cM) 

Peak Position 
(bp) Interval (bp) Size (Kb) 

 Peak 
LOD QTL 

Agree 
with 
BIM? 

5 17.8 2L: 23930605 22261621 – 25747005 3485.384 27.22 Major Yes(2.1) 

5 71.4 2R: 20342023 39538119 – 8340401 31197.72 44.71 Major Yes(2.5) 

5 80.7 2R: 4495703 4509751 – 4325394 184.357 2.47 Minor No 

5 82.5 2R: 3574072 4154295 – 3565163 589.132 2.59 Minor No 

5 35.7 3R: 48570579 
3L:1:14878355 – 
3R:44002275:53200684 24077.76 42.24 Major Yes(3.2) 

5 48.3 3R: 27414848 27827895 – 25413587 2414.308 3.22 Minor Yes(3.4) 

5 51.1 3R: 23349896 24080513 – 22717642 1362.871 2.71 Minor No 

5 53.2 3R: 21822088 22390806 – 20991534 1399.272 2.81 Minor No 

5 69.7 3R: 7881757 20739358 – 4819092 15920.27 4.84 Minor Yes(3.5) 

5 74.8 3R: 4627358 4627358 – 4619780 7.578 2.4 Minor No 

10 17.8 2L: 23930605 43855404 – 27360161 16495.24 27.22 Major Yes(2.1) 

10 71.4 2R: 20342023 41321049 – 6326449 34994.6 44.71 Major Yes(2.5) 

10 80.7 2R: 4495703 4509751 – 4325394 184.357 2.47 Minor No 

10 82.5 2R: 3574072 4154295 – 3565163 589.132 2.59 Minor No 

10 35.7 3R: 48570579 
3L:1:18478320 – 
3R:36393069:53200684 35285.93 42.24 Major Yes(3.2) 

10 48.3 3R: 27414848 27827895 - 25413587 2414.308 3.22 Minor Yes(3.4) 

10 51.1 3R: 23349896 24080513 – 22717642 1362.871 2.71 Minor No 

10 53.2 3R: 21822088 22390806 – 20991534 1399.272 2.81 Minor No 

10 69.7 3R: 7881757 20739358 – 4819092 15920.27 4.84 Minor Yes(3.5) 

10 74.8 3R: 4627358 4627358 – 4619780 7.578 2.4 Minor No 

20 17.8 2L: 23930605 45943399 – 31089522 14853.88 27.22 Major Yes(2.1) 

20 71.6 2R: 19355367 45777396 – 4197141 41580.25 44.71 Major Yes(2.5) 

20 82.5 2R: 3574072 4154295 – 3565163 589.132 2.59 Minor No 

20 35.7 3R: 49908327 
3L:1:24383380 – 
3R:31723160:53200684 45860.9 42.24 Major Yes(3.2) 

20 48.3 3R: 27414850 27827895 – 25413587 2414.308 3.22 Minor Yes(3.4) 

20 51.1 3R: 23349896 24080513 – 22717642 1362.871 2.71 Minor No 

20 53.2 3R: 21822088 22390806 – 20991534 1399.272 2.81 Minor No 

20 69.7 3R: 7881757 20739358 – 4819092 15920.27 4.84 Minor Yes(3.5) 

20 74.8 3R: 4627358 4627358 – 4619780 7.578 2.4 Minor No 
Interval: length of the QTL above threshold of 2.36 LOD; Agree with BIM?: gives QTL that agree with BIM 

and the corresponding BIM QTL names. 
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Table 2.9 BIM QTL and corresponding CIM QTL gene counts for merBC  

QTL 
name 

# of genes in BIM 
interval 

# of genes in CIM IMP 
interval 

# of genes in CIM HK 
interval 

2.1 (A) 103 230 257 

2.3 0 (1 predicted) N/A N/A 

2.5 (B) 0 (2 partial) 2065 2065 

2.6 0 (3mRNA hits) N/A N/A 

3.2 (C)  273 1259 1259 

3.4 0 (1 predicted) 104 95 

3.5 0 (2 partial) 984 975 

Intervals as described in previous tables. Only QTL intervals with the window size 
of 5 were used. 
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Table 2.10 GO Overrepresentation Test of for colBC BIM QTL genes 
A.) 

An. coluzzii orthologs 

GO name # in REF # in QTL # expected Fold Enrichment P-value 

Molecular Function           

unclassified 5062 324 321.83 1.01 0.00E+000 

Biological Process           

intracellular cholesterol transport 11 9 0.7 12.87 7.21E-005 

cholesterol transport 20 9 1.27 7.08 9.45E-003 

sterol transport 21 9 1.34 6.74 1.39E-002 

intracellular sterol transport 12 9 0.76 11.8 1.49E-004 

intracellular lipid transport 15 9 0.95 9.44 9.39E-004 

flavonoid glucuronidation 22 9 1.4 6.43 1.99E-002 

cellular glucuronidation 22 9 1.4 6.43 1.99E-002 

glucuronate metabolic process 22 9 1.4 6.43 1.99E-002 

uronic acid metabolic process 22 9 1.4 6.43 1.99E-002 

flavonoid metabolic process 22 9 1.4 6.43 1.99E-002 

flavonoid biosynthetic process 22 9 1.4 6.43 1.99E-002 

unclassified 5531 335 351.64 -0.95 0.00E+000 

Cellular Component           

unclassified 5667 351 360.29 -0.97 0.00E+000 
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B.) 
An. merus orthologs 

GO name # in REF # in QTL # expected Fold Enrichment P-value 

Molecular Function           

unclassified 5062 312 322.24 -0.97 0.00E+000 

Biological Process           

intracellular cholesterol transport 11 9 0.7 12.85 7.29E-005 

cholesterol transport 20 9 1.27 7.07 9.55E-003 

sterol transport 21 9 1.34 6.73 1.40E-002 

intracellular sterol transport 12 9 0.76 11.78 1.51E-004 

intracellular lipid transport 15 9 0.95 9.43 9.49E-004 

insecticide catabolic process 22 9 1.4 6.43 2.01E-002 

insecticide metabolic process 22 9 1.4 6.43 2.01E-002 

toxin metabolic process 22 9 1.4 6.43 2.01E-002 

xenobiotic metabolic process 23 9 1.46 6.15 2.84E-002 

cellular response to xenobiotic stimulus 23 9 1.46 6.15 2.84E-002 

response to xenobiotic stimulus 24 9 1.53 5.89 3.94E-002 

response to insecticide 22 9 1.4 6.43 2.01E-002 

toxin catabolic process 22 9 1.4 6.43 2.01E-002 

secondary metabolic catabolic process 22 9 1.4 6.43 2.01E-002 

xenobiotic catabolic process 23 9 1.46 6.15 2.84E-002 

response to DDT 22 9 1.4 6.43 2.01E-002 

unclassified 5531 315 352.1 -0.89 0.00E+000 

Cellular Component           

unclassified 5667 336 360.75 -0.93 0.00E+000 
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Table 2.11 GO Overrepresentation Test of for colBC CIM IMP QTL genes 
A.)  B.) 

An. coluzzii orthologs  An. merus orthologs 

GO name 
# in 
REF 

# in 
QTL 

# 
expected 

Fold 
Enrichment P-value  

GO name 
# in 
REF 

# in 
QTL 

# 
expected 

Fold 
Enrichment 

P-
value 

Molecular 
Function 

  
         

Molecular 
Function 

  
        

unclassified 5062 1679 1732.46 -0.97 
0.00E+

000  unclassified 5062 1615 1691.35 -0.95 
0.00E+

000 

Biological 
Process 

  
         

Biological 
Process 

  
        

unclassified 5531 1809 1892.97 -0.96 
0.00E+

000  unclassified 5531 1740 1848.05 -0.94 
0.00E+

000 

Cellular 
Component 

  
         

Cellular 
Component 

  
        

unclassified 5667 1879 1939.52 -0.97 
0.00E+

000  unclassified 5667 1817 1893.49 -0.96 
0.00E+

000 
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Table 2.12 GO Overrepresentation Test of for colBC CIM HK QTL genes 
A.)  B.) 

An. coluzzii orthologs  An. merus orthologs 

GO name 
# in 
REF 

# in 
QTL 

# 
expected 

Fold 
Enrichment P-value  

GO name 
# in 
REF 

# in 
QTL 

# 
expected 

Fold 
Enrichment 

P-
value 

Molecular 
Function 

  
         

Molecular 
Function 

  
        

unclassified 5062 1641 1691.35 -0.97 
0.00E+

000  unclassified 5062 1577 1644.25 -0.95 
0.00E+

000 

Biological 
Process 

  
         

Biological 
Process 

  
        

unclassified 5531 1768 1848.05 -0.96 
0.00E+

000  unclassified 5531 1702 1800.86 -0.95 
0.00E+

000 

Cellular 
Component 

  
         

Cellular 
Component 

  
        

unclassified 5667 1827 1893.49 -0.96 
0.00E+

000  unclassified 5667 1762 1845.15 -0.95 
0.00E+

000 
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Table 2.13 GO Overrepresentation Test of for merBC BIM QTL genes 
A.) 

An. coluzzii orthologs 

GO name # in REF # in QTL # expected Fold Enrichment P-value 

Molecular Function           

structural constituent of cuticle 156 30 2.28 13.17 2.13E-021 

structural molecule activity 375 35 5.48 6.39 2.21E-015 

unclassified 5062 52 73.92 -0.7 0.00E+000 

Biological Process           

unclassified 5531 95 80.76 1.18 0.00E+000 

Cellular Component           

extracellular space 297 20 4.34 4.61 8.92E-006 

extracellular region part 319 20 4.66 4.29 2.83E-005 

extracellular region  525 22 7.67 2.87 4.70E-003 

unclassified 5667 78 82.75 -0.94 0.00E+000 

 
B.) 

An. merus orthologs 

GO name # in REF # in QTL # expected Fold Enrichment P-value 

Molecular Function           

structural constituent of 
cuticle 156 19 2.03 9.34 3.16E-010 

structural molecule activity 375 25 4.89 5.11 2.46E-008 

unclassified 5062 52 66.03 -0.79 0.00E+000 

Biological Process           

unclassified 5531 84 72.14 1.16 0.00E+000 

Cellular Component           

extracellular space 297 16 3.87 4.13 9.94E-004 

extracellular region part 319 16 4.16 3.85 2.44E-003 

unclassified 5667 69 73.92 -0.93 0.00E+000 
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Table 2.14 GO Overrepresentation Test of for merBC CIM IMP QTL genes 
A.) 

An. coluzzii orthologs 

GO name # in REF # in QTL # expected Fold Enrichment P-value 

Molecular Function           

monooxygenase activity 127 60 30.27 1.98 9.31E-004 

heme binding 151 68 35.98 1.89 9.57E-004 

tetrapyrrole binding 152 68 36.22 1.88 1.19E-003 

iron ion binding 161 70 38.37 1.82 2.20E-003 

oxidoreductase activity 162 68 38.61 1.76 9.22E-003 

unclassified 5062 1118 1206.33 -0.93 0.00E+000 

Biological Process           

cellular protein metabolic process 1136 339 270.72 1.25 1.80E-002 

cellular macromolecule metabolic process 1921 558 457.79 1.22 4.82E-004 

cellular metabolic process 2725 760 649.39 1.17 9.32E-004 

cellular process 4277 1162 1019.25 1.14 2.73E-004 

Single-organism process 3201 864 762.83 1.13 1.76E-002 

unclassified 5531 1173 1318.09 -0.89 0.00E+000 

Cellular Component           

extracellular space 297 107 70.78 1.51 1.37E-002 

extracellular region part 319 112 76.02 1.47 2.51E-002 

cytoplasm 2147 592 511.65 1.16 3.18E-002 

unclassified 5667 1251 1350.5 -0.93 0.00E+000 
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B.) 

An. merus orthologs 

GO name 
# in 
REF 

# in 
QTL # expected 

Fold 
Enrichment P-value 

Molecular Function           

monooxygenase activity 127 59 30.31 1.95 1.97E-003 

heme binding 151 67 36.03 1.86 1.94E-003 

tetrapyrrole binding 152 67 36.27 1.85 2.40E-003 

iron ion binding 161 71 38.42 1.85 1.21E-003 

oxidoreductase activity 162 69 38.66 1.78 5.25E-003 

unclassified 5062 1093 1207.99 -0.9 0.00E+000 

Biological Process           

translation 259 97 61.81 1.57 2.16E-02 

cellular macromolecule biosynthetic 
process 704 230 168 1.37 2.06E-003 

macromolecule biosynthetic process 709 230 169.19 1.36 3.33E-003 

macromolecule metabolic process 2557 703 610.2 1.15 2.26E-002 

metabolic process 3885 1062 927.11 1.15 7.92E-005 

organic substance biosynthetic process 1078 328 257.25 1.28 6.10E-003 

biosynthetic process 1136 346 271.09 1.28 2.97E-003 

cellular biosynthetic process 1047 327 249.85 1.31 7.04E-004 

cellular metabolic process 2725 791 650.29 1.22 6.78E-007 

cellular process 4277 1183 1020.66 1.16 3.13E-007 

cellular macromolecule metabolic 
process 1921 582 458.42 1.27 8.41E-007 

gene expression 889 274 212.15 1.29 1.62E-002 

cellular protein metabolic process 1136 355 271.09 1.31 2.04E-004 

primary metabolic process 3100 846 739.78 1.14 5.76E-003 

peptide biosynthetic process 262 97 62.52 1.55 3.32E-002 

amide biosynthetic process 283 103 67.53 1.53 3.67E-002 

Single-organism metabolic process 1308 384 312.14 1.23 2.10E-002 

Single-organism process 3201 875 763.88 1.15 2.73E-003 

unclassified 5531 1141 1319.91 -0.86 0.00E+000 

Cellular Component           

intracellular organelle part 1433 430 341.97 1.26 2.55E-004 

intracellular part 3615 982 862.68 1.14 4.45E-004 

intracellular 3885 1053 927.11 1.14 1.89E-004 

cell part 4535 1199 1082.22 1.11 2.22E-003 

cell 4559 1206 1087.95 1.11 1.81E-003 

intracellular organelle 2840 773 677.73 1.14 9.95E-003 

organelle 2861 778 682.74 1.14 1.04E-002 

organelle part 1446 433 345.07 1.25 2.87E-004 

cytoplasmic part 1438 423 343.16 1.23 2.26E-003 

cytoplasm 2147 623 512.36 1.22 4.07E-005 

macromolecular complex 1489 428 355.33 1.2 1.62E-002 

intracellular membrane-bound organelle 2447 671 583.95 1.15 1.93E-002 
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membrane-bound organelle 2507 685 598.27 1.14 2.34E-002 

unclassified 5667 1217 1352.36 -0.9 0.00E+000 
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Table 2.15 GO Overrepresentation Test of for merBC CIM HK QTL genes 
A.) 

An. coluzzii orthologs 

GO name 
# in 
REF 

# in 
QTL 

# 
expected 

Fold 
Enrichment P-value 

Molecular Function           

monooxygenase activity 127 60 30.04 2 7.34E-004 

heme binding 151 68 35.71 1.9 7.41E-004 

tetrapyrrole binding 152 68 35.95 1.89 9.24E-004 

iron ion binding 161 70 38.08 1.84 1.70E-003 

oxidoreductase activity 162 68 38.31 1.77 7.27E-003 

unclassified 5062 1110 1197.19 -0.93 0.00E+000 

Biological Process           

cellular protein metabolic 
process 1136 337 268.67 1.25 1.66E-002 

cellular macromolecule 
metabolic process 1921 556 454.33 1.22 3.04E-004 

cellular metabolic process 2725 756 644.48 1.17 6.98E-004 

cellular process 4277 1154 1011.53 1.14 2.58E-005 

Single-organism process 3201 854 757.05 1.13 3.51E-002 

unclassified 5531 1166 1308.11 -0.89 0.00E+000 

Cellular Component           

extracellular space 297 105 70.24 1.49 2.47E-002 

extracellular region part 319 110 75.45 1.46 4.32E-002 

unclassified 5667 1248 1340.28 -0.93 0.00E+000 
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B.) 

An. merus orthologs 

GO name 
# in 
REF 

# in 
QTL # expected 

Fold 
Enrichment P-value 

Molecular Function           

monooxygenase activity 127 59 30.02 1.97 1.47E-003 

heme binding 151 67 35.69 1.88 1.41E-003 

tetrapyrrole binding 152 67 35.92 1.87 1.75E-003 

iron ion binding 161 71 38.05 1.87 8.69E-004 

oxidoreductase activity 162 69 38.29 1.8 3.84E-003 

unclassified 5062 1084 1196.36 -0.91 0.00E+000 

Biological Process           

translation 259 95 61.21 1.55 3.94E-002 

cellular macromolecule biosynthetic 
process 704 228 166.38 1.37 2.13E-003 

macromolecule biosynthetic 
process 709 228 167.57 1.36 3.43E-003 

macromolecule metabolic process 2557 697 604.32 1.15 2.13E-002 

metabolic process 3885 1051 918.19 1.14 1.07E-004 

organic substance biosynthetic 
process 1078 326 254.78 1.28 4.85E-003 

biosynthetic process 1136 344 268.48 1.28 2.26E-003 

cellular biosynthetic process 1047 325 247.45 1.31 5.56E-004 

cellular metabolic process 2725 784 644.03 1.22 6.93E-007 

cellular process 4277 1171 1010.83 1.16 4.40E-007 

cellular macromolecule metabolic 
process 1921 577 454.01 1.27 8.44E-007 

gene expression 889 270 210.11 1.29 2.63E-002 

cellular protein metabolic process 1136 352 268.48 1.31 2.04E-004 

primary metabolic process 3100 838 732.66 1.14 6.19E-003 

Single-organism metabolic process 1308 378 309.13 1.22 4.02E-002 

Single-organism process 3201 864 756.53 1.14 5.02E-003 

unclassified 5531 1134 1307.2 -0.87 0.00E+000 

Cellular Component           

intracellular organelle part 1433 425 338.68 1.25 3.64E-004 

intracellular part 3615 969 854.37 1.13 9.94E-004 

intracellular 3885 1039 918.19 1.13 4.58E-004 

cell part 4535 1183 1071.81 1.1 5.30E-003 

cell 4559 1189 1077.48 1.1 5.10E-003 

intracellular organelle 2840 762 671.21 1.14 2.06E-002 

organelle 2861 767 676.17 1.13 2.13E-002 

organelle part 1446 428 341.75 1.25 4.04E-004 

cytoplasmic part 1438 414 339.86 1.22 8.32E-003 

cytoplasm 2147 612 507.42 1.21 1.59E-004 

macromolecular complex 1489 423 351.91 1.2 2.14E-002 

intracellular membrane-bound 
organelle 2447 661 578.33 1.14 4.00E-002 
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membrane-bound organelle 2507 675 592.51 1.14 4.68E-002 

unclassified 5667 1213 1339.35 -0.91 0.00E+000 
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Chapter III 

Impaired silencing of the X chromosome during 
spermatogenesis in sterile hybrid malaria mosquitoes 

 

Abstract 

Over 40 years ago, Lifschytz and Lindsley hypothesized that disruption of meiotic 

sex chromosome inactivation (MSCI) in the male germline is a common cause of 

hybrid sterility.  While a compelling argument, empirical evidence supporting the 

hypothesis remains sparse.  Comparative transcriptomic profiling during 

spermatogenesis reveals that X-specific overexpression in the testes of 

mosquitoes is associated with not only male hybrid sterility, but also the large X-

effect. Dominance to additive ratios corroborate these results. Our results have 

extended the hypothesis of Lifschytz and Lindsley, emphasizing the importance 

of improper gene regulation in hybrid dysfunction. 

 

Introduction 

A long hypothesized, but oft neglected, mechanism that may partially 

explain both the rapid evolution of male sterility and the large-X effect is 

disruption of meiotic sex chromosome inactivation (MSCI) in the germline of the 

male heterogametes (Lifschytz and Lindsley, 1972). In diverse eukaryotes 

including mammals (Turner, 2007), grasshoppers (Cabrero et al., 2007) and 

nematodes (Kelly et al., 2002), the X chromosome is inactivated and 

transcriptionally silenced during gametogenesis in males. Interestingly, strong 



 

122 
 

repression of X-linked genes also occurs in the germline of male Drosophila, but 

through a mechanism that appears distinct from MSCI. Evidence suggests that in 

flies transcriptional repression begins in pre-meiotic cells and persists through 

meiosis (Meiklejohn et al., 2011). Regardless of the underlying cellular pathway, 

assuming that transcriptional silencing occurs via a chromosome-wide epigenetic 

mechanism, a simple verbal model explains how misregulation of the X could 

lead to hybrid male sterility in a diversity of eukaryotes.  In F1 hybrids, factors 

that regulate expression of the X in one species may not properly repress the 

‘foreign’ X from the alternate species resulting in widespread overexpression of 

X-linked genes and failure of spermatogenesis in hybrids (Lifschytz and Lindsley, 

1972). Recent studies of hybrid sterility between sub-species of the house mouse 

Mus musculus implicate breakdown of MSCI in the initial evolution of hybrid male 

sterility (Campbell et al., 2013; Good et al., 2010).  Also consistent with the 

misregulation hypothesis, sterile males from certain Drosophila crosses show 

modest overexpression of X-linked, but not autosomal, genes in the testes 

relative to their parents (Gomes and Civetta, 2014; Moehring et al., 2007). While 

evidence remains sparse, misregulation and subsequent overexpression of the X 

during gametogenesis could be an underappreciated cause of both hybrid 

sterility and the associated large X-effect (Good et al., 2010; Meiklejohn and Tao, 

2010). The intriguing hypothesis warrants investigation in additional taxa, which 

is now possible with the decreasing cost of next generation sequencing and 

increasing availability of computational analysis tools. 
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We used targeted transcriptomics to dissect the genetic basis of hybrid 

male sterility between two members of the An. gambaie complex: An. coluzzii 

(previously An. gambiae M form) and An. merus. Both species are synanthropic 

and highly efficient vectors of human malaria where present (Coetzee et al., 

2013; Cuamba and Mendis, 2009; Govere et al., 2000; Mwangangi et al., 2003; 

Pock Tsy et al., 2003; Temu et al., 1998). Currently, the two species have 

allopatric distributions; the range of An. coluzzii extends from Northern Senegal 

in the west to East-Central Africa and south to Angola (Coetzee et al., 2013), 

while the brackish water breeding An. merus is primarily restricted to the coasts 

of east Africa and Mozambique (Sinka et al., 2010). In addition to potential 

insights into the formation and maintenance of the species boundaries, 

elucidation of genes critical to proper Anopheles sperm development could 

enable population suppression through genetic-based sterile insect technique 

(Nolan et al., 2011; Wang and Jacobs-Lorena, 2013). Discovery of such novel 

malaria control tools will be critical to curbing disease transmission as 

physiological and behavioral resistance to insecticidal interventions continues to 

spread through mosquito populations (Ranson et al., 2011; Reddy et al., 2011). 

 

METHODS 

Mosquito Rearing and crosses 

All mosquitoes were reared and crossed in accordance with standard 

protocols (White et al., 2013). In brief, mosquitoes were maintained in insectaries 
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under controlled conditions of 27°C, 65% relative humidity, and a 12h:12h 

light:dark cycle with 1 h dawn and dusk transitions.  Anopheles coluzzii larvae 

were reared in freshwater (dH2O) at a density of 200 larvae/L of water, while An. 

merus larvae were reared in 25% saltwater (7.5 g NaCl/L) at the same density. 

F1 hybrid individuals were reared in dH20 with no adverse effects on survival. 

Each larval tray was fed ~100 mg per day of a 4:1 mixture of finely ground fish 

pellets to baker’s yeast. Reciprocal F1 crosses were performed with 200-400 

virgins from each parental colony.    

 

RNA isolation and cDNA library preparation 

A total of 23 different species/tissues/replicates were included in the 

experiment as follows: a) An. coluzzii carcass without testes - 4 biological 

replicates, b) An. merus carcass without testes – 4 biological replicates, c) An. 

coluzzii testes – 4 biological replicates, d) An. merus testes – 4 biological 

replicates, e) CxMF1 hybrid testes – 3 biological replicates, and f) MXCF1 hybrid 

testes – 4 biological replicates. Total RNA was extracted from pools of 200 

mosquito testes or 20 carcasses using Trizol (Life Technologies; Carlsbad, CA). 

RNA (13 ng per sample) was used to generate two adaptor-ligated double-

stranded cDNA libraries for RNA-seq using the NEB Next Ultra RNA library prep 

kit for Illumina following the manufacturer’s protocol. Samples were diluted to 2 

nM and pooled to generate two multiplexed cDNA libraries consisting of 11 or 12 

adaptor-tagged sample pools each. Samples were multiplexed to avoid having 
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more than two replicates for any species/tissue in a single library to counteract 

possible lane bias when sequencing. 

 

Transcriptomic analysis 

Paired-end 100bp sequencing was performed on each cDNA library using 

the Illumina HiSeq2500 platform in the UCR Genomics Core. Raw reads were 

imported into CLC Genomics Workbench (v6.5.1, CLC Bio) and trimmed for 

quality, adapter indexes, and poly (A) tails using the default settings (Ambiguous 

limit = 2, quality limit = 0.05). Redundant reads were removed using the 

Duplicate Removal plugin in CLC. The raw sequence reads can be retrieved from 

the NCBI short sequence read archive under the accession number SRP047496. 

Two cDNA libraries consisting of 23-pooled samples were sequenced, 

which generated 617 million raw 100 bp paired end reads. After demultiplexing, 

trimming poor quality reads, adapters and poly(A) sequences, and removing 

duplicate reads, ~72% of reads were retained (between 7 and 32 million non-

redundant reads per sample). The An. gambiae PEST [AgamP4.2; 13,624 

genes] and An. merus [AmerM1.2; 14,415 genes] reference gene sets were 

retrieved from VectorBase (Megy et al., 2012). Preprocessed reads were aligned 

to the reference gene sets using the map to reference function in CLC Genomics 

Workbench and the following parameters: Similarity Fraction = 0.95; Length 

Fraction = 0.95; default settings herein. Robustness of the read counting scheme 

was validated using BWA v1.2.3 (Li and Durbin, 2009) in the MCIC-Galaxy 
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pipeline (Goecks et al., 2010). 

Using the CLC Bio RNA-Seq Analysis tool, read counts for broken and 

paired reads were normalized by calculating the number of unique (i.e. 

unambiguous) reads per kilobase of exon model per million mapped reads 

(RPKM) (Mortazavi et al., 2008). Data from one An. coluzzii testes and one An. 

coluzzii whole body replicate were omitted prior to subsequent analysis due to 

low read mapping counts. Quality control parameters indicated the RPKM file for 

each Anopheles species contained samples that were normally distributed and 

homogenous. Principal component analyses (PCA) of the read counts derived 

from the 21 cDNA libraries revealed distinct clustering of samples by Anopheles 

species and tissue (Figure 3.1). Clustering of the parental species and reciprocal 

hybrid testes samples was less discrete. 

Genes differentially expressed between tissues were identified using the R 

module DESeq (Anders and Huber, 2010), which is based on a negative binomial 

distribution model. Additional DESeq analyses were carried out to examine 

differential expression between the parental species and the reciprocal hybrid 

crosses in each species genetic background. Significance was defined at a FDR 

< 0.05 (Benjamini and Hochberg, 1995) for all analyses. For each contrast, the 

dataset was filtered to contain only expressed genes, which were required to 

have a minimum RPKM value of four for all replicates in at least one 

species/hybrid. To determine testes-specific genes, we required each sample to 

have a carcass RPKM value of one or less. A multivariate ANOVA in R was 
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performed to determine the effect of tissue, species, and their interaction on 

chromosome-wide gene expression. To compare differences in expression 

between chromosomes, but within a species/tissue, we performed pairwise t-

tests with Holm-Bonferroni correction between the parental species and the 

reciprocal hybrid crosses in each species genetic background. Significance was 

defined at a FDR < 0.05 for all analyses. For each contrast, the dataset was 

filtered to contain only expressed genes, which were required to have a minimum 

RPKM value of four for all replicates in at least one species/hybrid. To determine 

testes-specific genes, we required each sample to have a carcass RPKM value 

of one or less. A multivariate ANOVA in R was performed to determine the effect 

of tissue, species, and their interaction on chromosome-wide gene expression. 

To compare differences in expression between chromosomes, but within a 

species/tissue, we performed pairwise t-tests with Holm-Bonferroni correction.                          

Hybrid-Parental Expression Pattern Classification 

Differentially expressed gene RPKM values of the F1 and parental testes 

were used to determine the dominance to additive effect of expression using the 

d/a ratio formula modified from Supar et al. (Stupar et al., 2008). Two ratios (d/a) 

were determine by looking at either High versus Low expression (T1 ratio) or 

Maternal versus Paternal expression (T2 ratio). To determine the T1 ratio, the d 

value = F1  – ((High expressing parent + Low expressing parent)/2), and the a 

value = High expressing parent - ((High expressing parent + Low expressing 

parent)/2). Additive expression would result in a d/a ratio of 0, parent-like 
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expression would be a d/a ratio of 1 or -1, where 1 is High expressing parent-like 

and -1 is Low expressing parent-like. Genes where the d/a ratio is greater than 1 

or less than -1 are non-additively expressed, which greater than 1 being 

expressed more than the High expressing parent, and less than -1 being 

expressed less than the Low expressing parent. The T2 ratio was determined by 

using the d value = F1 – ((Parental expression + Maternal expression)/2), and a 

value = Parental expression – ((Parental expression + Maternal expression)/2). 

Additive expression would result in a d/a ratio of 0, parent-like expression would 

be a d/a ratio of 1 or -1, where 1 is Paternal-like and -1 is Maternal-like. Non-

additive expression, where the d/a ratio is greater than 1 or less than -1, are 

expressed outside of the parental range. Using the arbitrary ranges set up in 

Renaut et al. 2009, the expression of a gene was considered additive if the d/a 

ratio fell between -0.5 and +0.5, dominant if the ratio was -1.5 to -0.5 (Maternally 

dominant) or +0.5 to +1.5 (Paternally dominant), and non-additive if the ratio was 

greater than +1.5 or less than -1.5. The ratios were applied to each chromosome 

separately. Outliers outside the 1.5 Interquartile range were identified using 

Tukey’s method and removed (Dhana, 2016). A t-test was used to find if Type I 

and Type II ratio means for each chromosome were significantly different than -1, 

0, and 1. The Gene Ontology terms of the genes that fell within each range for 

each hybrid were analyzed using PantherDB’s statistical overrepresentation test 

(Thomas et al., 2003). Genes were not separated by chromosome for Gene 

Ontology analysis. 
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Results and Discussion 

Transcriptional Repression in Parental Species 

From quantitative genomic analysis of backcross progeny we can infer 

that the X chromosome plays a critical role in the sterility of CxMF1 males, but a 

more minor role in MxCF1 sterility (Unpublished data Chapter II). As detailed in 

the introduction, improper inactivation/repression of the X chromosome in the 

male germline may be an underappreciated cause of sterility in hybrid males 

(Lifschytz and Lindsley, 1972). We hypothesized that the disproportionate role of 

the An. coluzzii X chromosome in sterility is due to impaired silencing of this 

chromosome during CxMF1 spermatogenesis. Under this model, dominant An. 

merus factors fail to properly repress the An. coluzzii X in CxMF1 hybrids resulting 

in widespread overexpression of X-linked genes and impaired sperm 

development.  To test the hypothesis, we performed RNA-SEQ on both testes 

and carcass (body without testes) of adult males from each species and testes of 

reciprocal F1 hybrid males. If DMIs cause misregulation and subsequent over-

expression of the An. coluzzii X chromosome, we make two key predictions 

concerning gene expression. First, X-linked, but not autosomal genes, should be 

highly down regulated in the testes of both An. coluzzii and An. merus, proving 

that the X chromosome is inactivated during normal sperm development. 

Second, X-linked, but not autosomal, genes should be widely overexpressed in 

the testes of CxMF1 males relative to both parent species. In MxCF1 males, where 
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the X plays a more minor role in sterility, sex-linked genes should not be 

overexpressed in the male germline. 

Illumina sequencing of 23 cDNA libraries followed by stringent quality 

filtering resulted in 444 million 100 bp, paired-end reads for downstream analysis. 

Preprocessed reads were mapped to the newest reference gene sets for each 

species and RPKM normalized transcript expression levels were calculated for 

each sample independently (Trapnell et al., 2010). Approximately 46% (n = 

6,198) and 43% (n = 6,142) of genes were expressed in An. coluzzii and An. 

merus testes, respectively. For the subset of genes expressed in An. coluzzii 

testes, 445 were testes-specific (i.e. expressed only in testes) and 2,567 were 

testes-enriched (i.e. upregulated in testes relative to carcass), while An. merus 

had 527 testes-specific and 1,641 testes-enriched genes. Fewer genes were 

carcass-specific and carcass-enriched in both An. coluzzii (n = 325 and 1,159, 

respectively) and An. merus (n = 431 and 847, respectively).  A chi-squared test 

with Yates correction revealed a significant underrepresentation of testes-

expressed, -enriched, and -specific genes on the X chromosome of both species 

(P < 1 x 10-4 for all comparisons; Table 3.1). 

Next, we calculated mean transcript abundance of testes-expressed 

genes for each chromosome.  As shown in Figure 3.2, average RPKM are similar 

for genes located on the two autosomes in both An. coluzzii and An. merus (P > 

0.2 for all comparisons). However, X-linked genes show much lower expression, 

with average RPKM values 50-75% lower than autosomal genes in both species 
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(P < 1 x 10-6 for all comparisons). No similar down-regulation of X-linked genes is 

observed in the carcass (P > 0.4 in all comparisons). Previous tissue-specific 

expression profiling of An. coluzzii using microarrays uncovered a near identical 

pattern, with X-linked genes being strongly repressed in the testes, but not 

somatic tissues (Baker et al., 2011). Additionally, Magnusson et al (Magnusson et 

al., 2012) recently utilized transgenic constructs to prove that when active testes 

autosomal promoters are transferred to the X they do not induce high male 

germline expression. Taken together with these two previous studies, our results 

demonstrate that – as in a diversity of eukaryotes – the X chromosome is 

inactivated/repressed in An. gambiae complex members during 

spermatogenesis. However, it is unclear if transcriptional silencing of the sex 

chromosomes in Anopheles occurs via mammalian-like MSCI or an alternative 

pathway as appears to be the case in Drosophila (Meiklejohn et al., 2011).   

 

Differential Expression in Hybrids 

Having established that the X chromosome is transcriptionally repressed 

during spermatogenesis in both parental species, we looked for evidence that the 

X-silencing process is impaired in hybrids. Examination of testes transcripts 

levels in reciprocal F1 hybrids revealed an exceptional pattern (Figure 3.2). As in 

the parental species, MxCF1 males show strong downregulation of X-linked, but 

not autosomal genes in the germline (P < 1 x 10-14). In striking contrast, mean 

expression levels of X-linked genes in the testes of CxMF1 hybrids are not 
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significantly different from the expression level of autosomal genes (P > 0.6). This 

pattern very strongly suggests that the An. coluzzii X chromosome is not properly 

repressed when in a hybrid autosomal background. Next, we identified genes 

that were differentially expressed between the testes of parents and CxMF1 

hybrids. On the X chromosome, 294 genes are significantly differentially 

expressed between the testes of An. coluzzii and CxMF1 hybrids; of these genes, 

a staggering 290 (98.6%) are overexpressed in the hybrid. A similar result is 

observed when comparing the testes of the CxMF1 hybrids to An. merus; of the 

226 X-linked genes differentially expressed in the testes, 220 (97.4%) are 

overexpressed in the hybrid. In support of X-specific misregulation, we do not 

observe an excess of overexpressed genes on either autosome (Table 3.2). In 

fact, when compared to either parent, CxMF1 hybrids show a slight excess of 

under-expressed autosomal genes.  Further, examination of volcano plots 

(Figure 3.3) shows that nearly all X-linked genes (significant and non-significant) 

show higher expression in CxMF1 hybrids relative to both parents, whereas 

autosomal gene expression is much more balanced between the hybrid and 

parents. 

As expected, the genomic distribution of differentially expressed testes 

genes between MxCF1 hybrids and parental species does not follow the same 

pattern. In fact, when differentially expressed, most X-linked genes are under-

expressed in MxCF1 hybrids relative to both parents (159/170 or 93.5% when 

compared to An. coluzzii; 98/114 or 86.0% when compared to An. merus; Table 
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3.2). Volcano plots also show a skew towards under-expression of most X-linked 

genes in the hybrid, albeit not as dramatic as the overexpression seen in MxCF1 

hybrids (Figure 3.4). The excess of under-expressed X genes is surprising as no 

significant difference is observed in mean X-linked transcript abundance between 

the testes of MxCF1 males and parents (Figure 3.2). In contrast to the X, 

differentially expressed autosomal genes show a bias towards over-expression in 

MxCF1 males. In sum, our RNA-SEQ results strongly support the possibility that 

improper repression of the An. coluzzii X chromosome by dominant An. merus 

autosomal factors underlies the large influence of the X on CxMF1 male sterility. 

 

Non-Additive Expression in Hybrids 

 We compared levels of additive, parental-like, and non-additive expression 

of all the genes expressed in the testes of each hybrid using two 

dominance/additive (d/a) ratio tests. As explained in the methods, both ratio 

types give the same F1 genes that are additively expressed. The Type I d/a ratio 

is used to determine if the F1 transcript level is closer to the higher-expressing 

parent or the lower-expressing parent, and if the non-additive expressing genes 

are more highly expressed than the high parent or lower than the low parent. 

Gene that were expressed above our cut-off for the high-expressing parent are 

considered over-expressed, and those genes expressing lower than the low-

expressing parent are considered under-expressed. The Type II d/a ratio gives us 

whether the F1 expression is like the Maternal or Paternal expression, or outside 
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the parental range. We see in Table 3.4 that the CxMF1 follows the pattern of 

expression that we found where, on the X chromosome, 93.9% of expressed 

genes are non-additively over-expressed. We do see a divergence from our 

volcano plots with the autosome expression, were we find that the highest 

percentage of gene were non-additively over-expressed, this is because we are 

taking into account both parental males, where our differential expression 

analysis looks at the comparisons between F1 and each individual parental. In 

Figure 3.5 we see the mean expression and find that chromosome 3’s average 

most closely resembles the high expressing parent (mean= 0.985, P = 0.8383, 

mu = 1) while chromosome 2 and the X chromosome have means that fall 

outside of the parental ranges no matter which ratio type was used (Figure 3.5 

and 3.6). In MxCF1 males we see the same pattern as found by our differential 

expression analysis, a larger percentage of X-linked genes are under-expressed 

(19.7% under-expressed versus 8.3% over-expressed) and a higher proportion of 

genes on the autosomes that are over-expressed (Chromosome 2 = 46.5%, 

Chromosome 3 = 40.2%). Interestingly, MxCF1 males also show a higher 

percentage of additively expressed genes on X than non-additive (37.9% additive 

versus 28% non-additive) and a higher percentage than either of the autosomes 

(Table 3.3). The Type II ratios show us that there is relatively even amounts of 

genes in CxMF1 males that are expressed either maternal-like or paternal-like, all 

chromosomes taken together 13.8% are expressed like paternal genes, and 

13.4% are expressed like maternal genes (Table 3.4).  The MxCF1 males show 
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slightly more variation, with 16.9% of genes expressing paternal-like and 14.6% 

expressing maternal-like. However, this is misleading because the X 

chromosome actually follows maternal expression more than paternal expression 

(20.4% maternal versus 14.9% paternal). While none of the chromosomal ratio 

means for the Type I ratio are similar enough to either parental or additive 

expression (Figure 3.5), the Type II ratio does show that the X chromosome is 

being expressed in a mostly additive fashion (mean= -0.103, P = 0.2229, 

mu=0)(Figure 3.6). This agrees with our finding that the X chromosome has a 

less important role in MxCF1 hybrid sterility. 

 

Gene Ontology analysis of Hybrid additive, non-additive, and parental-like 

expression 

 Given that the genes most likely to influence fertility in the hybrids are 

those that are non-additively expressed, we explored them further using an 

enrichment test (Renaut et al., 2009; Stupar et al., 2007). We also analyzed 

those genes that fell within the following categories for each hybrid: additively 

expressed, maternal-like expression, paternal-like expression and their results 

are in Table 3.5, 3.6, and 3.7, respectively.  For CxMF1 males we found that the 

most enriched genes for each GO category that were non-additively over-

expressed were structural constituent of ribosome (1.98 Fold Enrichment (FE), 

Molecular Function (MF)), vesicle-mediated transport (1.87 FE, Biological 

Process (BP)), and endoplasmic reticulum (2.14 FE, Cellular Component 
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(CC))(Table 3.8 A). There were also many under-represented GO terms involved 

in receptor activity, sensory perception, and unclassified genes (Table 3.8 A). 

Those genes that were non-additively under-expressed in CxMF1 males were 

enriched for nucleoside-triphosphatase activity (2.24 FE, MF), protein 

modification by small protein removal (4.46 FE, BP), and outer membrane (6.69 

FE, CC) (Table 3.9 A). The MxCF1 genes that were over-expressed were found to 

be enriched for NAD binding (3.23 FE, MF), vesicle-mediated transport (1.71 FE, 

BP), and intercellular organelle lumen (1.67 FE, CC) (Table 3.8 B). Like the 

CxMF1 over-expressed under-represented genes, the MxCF1 males were also 

under-represented for sensory perception. The under-expressed MxCF1 genes 

over-represented in our GO analysis were cellular protein metabolic process 

(2.03 FE, BP) and peptidase complex (6.48 FE, CC) (Table 3.9 B).  

 

Insights into the Rapid Evolution of Male Hybrid Sterility 

Based on our results, we argue that such misregulation of the X may 

partially explain why hybrid male sterility appears more rapidly than other types 

of post-zygotic isolation following lineage splitting. In males with heteromorphic 

sex chromosomes, both sex chromosomes are inactivated/repressed during 

male gametogenesis, although the cellular and molecular processes leading to 

transcriptional silencing may vary between taxa. Despite its ubiquity and clear 

importance to organism fitness, there is good reason to believe that the genes 

regulating sex chromosome expression in the germline may be rapidly evolving 
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relative to rest of the genome. It has been hypothesized that sex chromosome 

repression is a result of evolutionary pressures to suppress selfish genetic 

elements including both segregation distorters and transposable elements (Ellis 

et al., 2005; Haig and Grafen, 1991; Hamilton, 1967; Meiklejohn and Tao, 2010; 

Tao et al., 2007b). If the theory is correct, autosomal factors that recognize and 

repress conspecific X chromosomes may undergo rapid divergence after species 

split as they evolve to counteract genes on the X that attempt to circumvent the 

limits of normal Mendelian inheritance. When placed into a hybrid genetic 

background, the rapidly evolving autosomal factors that regulate expression of 

the X in the male germline may not properly repress the heterospecific X due to 

the independent ‘arms-races’ since the two species split (Lifschytz and Lindsley, 

1972; McDermott and Noor, 2010; Meiklejohn et al., 2011). In support of this 

hypothesis, hybrid mice with disrupted MSCI produce mostly daughters 

suggesting that silent distorters on the X are released in the absence on 

inactivation (Cocquet et al., 2009). Unfortunately, we cannot test for drive in our 

F1 hybrid males since even old males (14+ days) exhibit no signs of fertility.  

Indeed, disruption of X-repression is a very enticing explanation for hybrid 

male sterility and data from the CxMF1 male hybrids is consistent with the 

hypothesis. In contrast, interpreting the causes of hybrid male sterility in MxCF1 is 

not as straightforward. In this cross, it appears that sterility is caused by complex 

DMIs involving negative interactions between genes on all three chromosomes 

(Unpublished data, Chapter II). Overall, the X chromosome appears to be less 
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influential on the expression of hybrid sterility than either autosome. In the 

absence of major effect loci on the sex chromosomes, it is unclear why MxCF1 

male sterility evolved prior to male inviability or any type of female dysfunction. 

Without identification of specific DMI genes we cannot test the hypothesis that 

sexual selection on autosomal male fertility factors drove the rapid appearance of 

sterility in MxCF1 males (Malone and Michalak, 2008; Presgraves and Orr, 1998; 

Wu and Davis, 1993). Interestingly, we do observe an excess of under-expressed 

X-linked genes in MxCF1 hybrids. Although the misregulation is not as gross as 

that observed in CxMF1 hybrids it does warrant further investigation. In sum, our 

data demonstrates that male sterility may arise through different mechanisms 

and highlights improper sex chromosome gene regulation as a potentially 

underappreciated and taxonomically widespread (from mice to mosquitoes) 

mechanism underlying Haldane’s Rule.  

 

A Role for Z Misregulation in Female Sterility? 

In Aves (birds) and Lepidoptera females are heterogametic (ZW), while 

males are homogametic (ZZ). In crosses that display unisexual sterility, both taxa 

largely adhere to Haldane’s Rule with female sterility appearing first (Aves 24/27; 

Lepidoptera 17/18).  If either increased sexual selection on male fertility factors 

or spermatogenic sensitivity were a major driver of male sterility, one would 

predict that ZW taxa should violate Haldane’s rule with respect to sterility. As this 

is clearly not the case, we hypothesize that ZW female sterility could also be 
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caused by sex chromosome misregulation during gametogenesis. While the most 

recent cytogenetic study found no evidence of mammalian-like MSCI during 

chicken oogenesis (Guioli et al., 2012; Schoenmakers et al., 2009), various 

transcriptomic analyses do find that expression of Z-linked genes is highly 

repressed in female meiotic cells (Ellegren, 2011; Storchova and Divina, 2006), 

mirroring the pattern of X chromosome expression in the testes of XY males. It is 

possible that, like Drosophila males, female chickens utilize a non-canonical 

epigenetic pathway to as least transiently silence the Z chromosome during 

meiosis (Schoenmakers et al., 2010). Additional data from other taxa with 

heterogametic females, especially Lepidoptera, would allow for more definitive 

conclusions and potentially provide better insight into the evolutionary drivers of 

meiotic sex chromosome silencing. Although further evidence is needed, X (Z) 

misregulation potentially explains why both male and female heterogametic taxa 

so closely follow Haldane’s with respect to sterility.  

Overexpression and the Large X-Effect 

We have found evidence for a large X-effect in CxMF1 hybrids 

(Unpublished data, Chapter II) and targeted transcriptomics suggests it is a 

consequence of X chromosome overexpression during spermatogenesis. 

Improper repression of the X should lead to a higher density – but not necessarily 

increased effect size – of X-linked sterility factors, since most overexpressed 

chromosomal segments have the potential to cause defects in sperm 

development via misregulation of key fertility genes or the release of selfish 
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genetic elements. Thus, we argue that X-overexpression in the hybrid germline is 

an intriguing mechanistic explanation for the large X-effect and warrants further 

taxonomic and molecular exploration. 

 

Summary and Next Steps 

Using tissue-specific transcriptomics we provide evidence that disruption 

of X silencing underlies male sterility in one direction of a reciprocal cross 

between An. coluzzii and An. merus. Future efforts to profile gene expression in 

the testes of other sterile F1 hybrids within the An. gambiae complex would be 

helpful to test if this expression pattern is common within Anopheles species. If X 

overexpression were a common cause of male sterility, genes regulating X 

chromosome expression would be promising targets for malaria vector control 

through sterile insect technique (Lees et al., 2014; Nolan et al., 2011; Wang and 

Jacobs-Lorena, 2013).  
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FIGURES 

Figure Legends: 

Figure 3.1 RNA-SEQ samples from the same tissue cluster together. 

Principal component analysis shows tight clustering of parental samples by 

tissue, while hybrid samples show less discrete clustering.  

 

Figure 3.2 The X chromosome is not properly silenced in the testes of 

CxMF1 hybrids. Mean transcript abundance for expressed genes on each 

chromosome in 6 different species/tissue combinations are given. In parental 

carcass tissue (An. coluzzii carcass: orange, An. merus carcass: yellow), gene 

expression is equivalent regardless of chromosome. Contrastingly, in the 

parental testes (An. coluzzii testes: green, An. merus testes: teal), expression of 

the X chromosome is repressed relative to the autosomes.  Testes expression in 

MxCF1 mosquitoes (purple) follows a similar pattern with decreased transcript 

abundance of X-linked genes. In striking contrast, the testes of CxMF1 

mosquitoes (blue) show no downregulation of X-linked genes relative to 

autosomal genes. Species, tissue, and their interaction have a significant effect 

on chromosome-wide gene expression (P < 0.001). Red dots represent mean 

expression.  
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Figure 3.3 Nearly every X-linked gene is overexpressed in the testes of 

CxMF1 hybrids. Genes expressed in the testes are represented by a circle. 

Green circles are genes significantly differentially expressed (P < 0.05 after 

multiple test correction) between CxMF1 and parental mosquitoes. Genes on the 

right half of each graph are more highly expressed in the hybrid relative to the 

parent. The vast majority of genes located on the X chromosome show higher 

expression in CxMF1 hybrids relative to both An. coluzzii (top) and An. merus 

(bottom). In contrast, autosomal genes show a slight bias towards 

underexpression in the hybrid.  

 

Figure 3.4 Most X-linked genes are under-expressed in the testes of MxCF1 

hybrids. Genes expressed in the testes are represented by a circle. Green 

circles are genes significantly differentially expressed (P < 0.05 after multiple test 

correction) between MxCF1 and parental mosquitoes. Genes on the left half of 

each graph are under expressed in the hybrid relative to the parent. A majority of 

genes located on the X chromosome show lower expression in MxCF1 hybrids 

relative to both An. coluzzii (top) and An. merus (bottom). In contrast, autosomal 

genes show a slight bias towards overexpression in the hybrid.  
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Figure 3.5 Type I d/a ratio density plots. The density of Type I d/a ratios for 

each chromosome for each hybrid. The gene vertical line is at -1 and represents 

genes expressing like the low-expressing parent and the orange line is at 1 and 

represents high-expressing parent-like gene expression. The center black line is 

at zero, representing additive expression. 

 

Figure 3.6 Type II d/a ratio density plots. The density of Type II d/a ratios for 

each chromosome for each hybrid. The red line is for An. coluzzii-like expression 

and the blue line is for An. merus-like expression. The center black line is at zero, 

representing additive expression. 
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Figure 3.1  
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Figure 3.3 
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Figure 3.4  
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Figure 3.5 
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Figure 3.6 
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TABLES 

Table 3.1 Chromosomal distribution of testes transcripts.  
 

 Total Expr 
(Obs) 

Expr 
(Exp) 

Spec 
(Obs) 

Spec 
(Exp) 

Up 
(Obs) 

Up 
(Exp) 

col chrom 2 6925 3413 3226 222 232 1692 1572 

col chrom 3 4979 2403 2320 197 167 1222 1130 

col X chrom 1097 242 511 17 37 38 249 

mer chrom 2 5189 2961 2754 187 189 1012 933 

mer chrom 3 3556 1969 1887 155 1129 710 639 

mer X chrom 905 191 480 9 33 13 163 

Total, number of genes on each chromosome; Expr (obs), genes expressed in testes per  
chromosome; Exp (exp), genes expected to be expressed in testes per chromosome;  
Spec, testes specific genes per chromosome; Up, number of genes significantly  

upregulated in testes relative to carcass per chromosome. 
 

 

Table 3.2 Chromosomal distribution of genes differentially expressed between 
the testes of hybrids and parents.  

Comparison Chromosome 2 Chromosome 3 X chromosome 

 Over Under Over Under Over Under 

CxMF1 vs coluzzii 478 1054 364 784 290 4 

CxMF1 vs merus 535 974 376 685 220 6 

MxCF1 vs coluzzii 1112 674 669 597 11 159 

MxCF1 vs merus 564 988 572 442 16 98 

Over, number of genes significantly overexpressed in the hybrid; under, number of genes 
significantly underexpressed in the hybrid 
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Table 3.3 Type I d/a ratio 

 

 

Table 3.4 Type II d/a ratio 

 

 

 

 

 

 

 

 

 

Chromosome Additive High-like Low-like Non-additive >1.5 Non-additive < -1.5 Chromosome total

CxM F1 

2 585 (16.9%) 432 (12.4%) 532 (15.3%) 1291 (37.2%) 630 (18.2%) 3470

3 448 (18.3%) 285 (11.7%) 405 (16.6%) 872 (35.6%) 436 (17.8%) 2446

X 12 (2.6%) 13 (2.8%) 4 (0.9%) 432 (93.3%) 2 (0.4%) 463

total 1045 (16.4%) 730 (11.4%) 941 (14.8%) 2595 (40.7%) 1068 (16.7%) 6379

MxC F1

2 683 (19.4%) 766 (21.7%) 267 (7.6%) 1639 (46.5%) 172 (4.9%) 3527

3 576 (23.1%) 559 (22.4%) 226 (9%) 1004 (40.2%) 132 (5.3%) 2497

X 100 (37.9%) 41 (15.5%) 49 (18.6%) 22 (8.3%) 52 (19.7%) 264

total 1359 (21.6%) 1366 (21.7%) 542 (8.6%) 2665 (42.4%) 356 (5.7%) 6288

Non-additive > 1.5 is over-expressed; Non-additive < -1.5 is under-expressed.

Chromosome Additive Paternal-like Maternal-like Non-additive Chromosome total

CxM F1 

2 585 (17.6%) 489 (14.7%) 475 (14.3%) 1771 (53.3%) 3320

3 448 (18.8%) 348 (14.6%) 342 (14.4%) 1241 (52.2%) 2379

X 12 (2.7%) 11 (2.5%) 6 (1.4%) 411 (93.4%) 440

total 1045 (17%) 848 (13.8%) 823 (13.4%) 3423 (55.8%) 6139

MxC F1

2 683 (20.2%) 555 (16.4%) 478 (14.1%) 1663 (49.2%) 3379

3 576 (23.7%) 429 (17.7%) 356 (14.7%) 1067 (43.9%) 2428

X 100 (39.2%) 38 (14.9%) 52 (20.4%) 65 (25.5%) 255

total 1359 (22.4%) 1022 (16.9%) 886 (14.6%) 2795 (46.1%) 6062

Non-additive are genes expressing outside the parental range.



 

157 
 

Table 3.5 GO over-representation test results for additively expressed hybrid 

genes. 

 

A. CxMF1  

 

 

 

 

 

 

 

 

GO Term GO # # in REF # expected Fold Enrichment Pvalue

Molecular Function

RNA binding  (GO:0003723) 347 49 25.88 1.89 2.00E-02

Unclassified (UNCLASSIFIED) 5202 433 387.91 1.12 0.00E+00

signal transducer activity (GO:0004871) 401 11 29.9 -0.37 4.56E-02

serine-type peptidase activity (GO:0008236) 330 6 24.61 -0.24 5.59E-03

serine hydrolase activity (GO:0017171) 330 6 24.61 -0.24 5.59E-03

serine-type endopeptidase activity (GO:0004252) 306 5 22.82 -0.22 5.52E-03

Biological Process

cellular macromolecule metabolic process  (GO:0044260) 1854 184 138.25 1.33 3.27E-02

Unclassified (UNCLASSIFIED) 5766 452 429.97 1.05 0.00E+00

multicellular organismal process (GO:0032501) 460 12 34.3 -0.35 9.12E-03

system process (GO:0003008) 226 3 16.85  < -0.2 4.74E-02

sensory perception of smell (GO:0007608) 180 1 13.42  < -0.2 2.26E-02

sensory perception of chemical stimulus (GO:0007606) 195 1 14.54  < -0.2 7.82E-03

sensory perception  (GO:0007600) 211 1 15.73  < -0.2 2.50E-03

Cellular Component

macromolecular complex (GO:0032991) 1415 145 105.52 1.37 2.49E-02

nucleus (GO:0005634) 1429 145 106.56 1.36 3.93E-02

intracellular membrane-bounded organelle (GO:0043231) 2246 224 167.48 1.34 8.44E-04

membrane-bounded organelle (GO:0043227) 2308 229 172.11 1.33 8.97E-04

intracellular part  (GO:0044424) 3357 331 250.33 1.32 1.55E-06

intracellular organelle (GO:0043229) 2635 257 196.49 1.31 6.13E-04

organelle  (GO:0043226) 2655 258 197.98 1.3 7.76E-04

intracellular (GO:0005622) 3616 341 269.64 1.26 1.04E-04

cell part  (GO:0044464) 4141 363 308.79 1.18 4.45E-02

cell (GO:0005623) 4166 365 310.66 1.17 4.37E-02

Unclassified (UNCLASSIFIED) 6047 443 450.92 -0.98 0.00E+00

intrinsic component of membrane (GO:0031224) 2572 145 191.79 -0.76 2.31E-02

integral component of membrane (GO:0016021) 2563 144 191.12 -0.75 2.00E-02

extracellular region (GO:0005576) 356 6 26.55 -0.23 6.39E-04
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B. MxCF1 

 

 

 

 

 

 

GO Term GO # # in REF # expected Fold Enrichment Pvalue

Molecular Function

Unclassified (UNCLASSIFIED) 5202 496 514.65 -0.96 0.00E+00

olfactory receptor activity (GO:0004984) 124 1 12.27  < -0.2 4.88E-02

structural constituent of cuticle (GO:0042302) 154 1 15.24  < -0.2 2.97E-03

Biological Process

cellular macromolecule localization (GO:0070727) 265 49 26.22 1.87 4.16E-02

protein localization (GO:0008104) 295 54 29.19 1.85 2.22E-02

cellular localization (GO:0051641) 368 65 36.41 1.79 9.92E-03

organonitrogen compound biosynthetic process  (GO:1901566) 425 70 42.05 1.66 4.11E-02

organelle organization (GO:0006996) 607 93 60.05 1.55 3.46E-02

cellular component organization (GO:0016043) 830 122 82.11 1.49 1.30E-02

cellular component organization or biogenesis (GO:0071840) 950 137 93.99 1.46 9.20E-03

single-organism cellular process (GO:0044763) 1597 209 158 1.32 1.93E-02

cellular macromolecule metabolic process (GO:0044260) 1854 237 183.42 1.29 2.22E-02

cellular metabolic process (GO:0044237) 2553 326 252.58 1.29 3.19E-04

cellular process (GO:0009987) 4000 487 395.73 1.23 2.50E-05

Unclassified (UNCLASSIFIED) 5766 528 570.45 -0.93 0.00E+00

multicellular organismal process (GO:0032501) 460 18 45.51 -0.4 2.52E-03

sensory perception of smell (GO:0007608) 180 2 17.81  < -0.2 3.39E-03

sensory perception of chemical stimulus (GO:0007606) 195 2 19.29  < -0.2 8.76E-04

sensory perception (GO:0007600) 211 2 20.87  < -0.2 2.04E-04

neurological system process (GO:0050877) 219 2 21.67  < -0.2 9.80E-05

system process (GO:0003008) 226 2 22.36  < -0.2 5.15E-05

detection of chemical stimulus (GO:0009593) 132 1 13.06  < -0.2 3.24E-02

detection of chemical stimulus involved in sensory perception (GO:0050907) 132 1 13.06  < -0.2 3.24E-02

detection of stimulus involved in sensory perception (GO:0050906) 133 1 13.16  < -0.2 2.96E-02

detection of stimulus (GO:0051606) 143 1 14.15  < -0.2 1.16E-02

Cellular Component

ribosome (GO:0005840) 165 34 16.32 2.08 3.40E-02

cytoplasmic part (GO:0044444) 1281 196 126.73 1.55 3.27E-07

cytoplasm (GO:0005737) 1932 292 191.14 1.53 1.86E-11

intracellular non-membrane-bounded organelle (GO:0043232) 656 97 64.9 1.49 3.31E-02

non-membrane-bounded organelle (GO:0043228) 656 97 64.9 1.49 3.31E-02

macromolecular complex (GO:0032991) 1415 205 139.99 1.46 9.14E-06

organelle part (GO:0044422) 1363 192 134.85 1.42 1.93E-04

intracellular organelle part (GO:0044446) 1350 189 133.56 1.42 3.62E-04

intracellular part (GO:0044424) 3357 442 332.12 1.33 1.59E-09

intracellular organelle (GO:0043229) 2635 344 260.69 1.32 4.57E-06

organelle (GO:0043226) 2655 346 262.67 1.32 4.89E-06

intracellular (GO:0005622) 3616 469 357.74 1.31 2.14E-09

membrane-bounded organelle (GO:0043227) 2308 288 228.34 1.26 5.24E-03

intracellular membrane-bounded organelle (GO:0043231) 2246 280 222.2 1.26 7.81E-03

cell (GO:0005623) 4166 506 412.16 1.23 5.24E-06

cell part (GO:0044464) 4141 501 409.68 1.22 1.18E-05

Unclassified (UNCLASSIFIED) 6047 538 598.25 -0.9 0.00E+00
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Table 3.6 GO over-representation test results for maternally expressed hybrid 

genes. 

A. CxMF1 

  

 

GO Term GO # # in REF # expected Fold Enrichment Pvalue

Molecular Function

ribonucleotide binding (GO:0032553) 804 82 47.29 1.73 9.81E-04

purine ribonucleotide binding  (GO:0032555) 795 81 46.76 1.73 1.19E-03

purine nucleotide binding (GO:0017076) 796 81 46.82 1.73 1.25E-03

purine ribonucleoside triphosphate binding (GO:0035639) 793 80 46.64 1.72 2.01E-03

nucleotide binding  (GO:0000166) 1092 105 64.23 1.63 4.24E-04

nucleoside phosphate binding (GO:1901265) 1092 105 64.23 1.63 4.24E-04

carbohydrate derivative binding (GO:0097367) 904 85 53.17 1.6 1.33E-02

small molecule binding (GO:0036094) 1155 108 67.94 1.59 1.04E-03

anion binding (GO:0043168) 990 91 58.23 1.56 1.52E-02

heterocyclic compound binding (GO:1901363) 2368 190 139.28 1.36 2.07E-03

organic cyclic compound binding  (GO:0097159) 2376 190 139.75 1.36 2.58E-03

Unclassified (UNCLASSIFIED) 5202 298 305.97 -0.97 0.00E+00

serine-type endopeptidase activity (GO:0004252) 306 3 18  < -0.2 1.23E-02

Biological Process

organelle organization  (GO:0006996) 607 66 35.7 1.85 2.11E-03

cellular component organization (GO:0016043) 830 86 48.82 1.76 3.85E-04

cellular component organization or biogenesis (GO:0071840) 950 95 55.88 1.7 4.20E-04

cellular protein metabolic process  (GO:0044267) 1085 104 63.82 1.63 7.79E-04

nucleic acid metabolic process (GO:0090304) 881 82 51.82 1.58 3.75E-02

cellular macromolecule metabolic process (GO:0044260) 1854 168 109.05 1.54 5.86E-06

cellular metabolic process (GO:0044237) 2553 211 150.16 1.41 6.07E-05

cellular process (GO:0009987) 4000 305 235.27 1.3 3.91E-05

Unclassified (UNCLASSIFIED) 5766 321 339.15 -0.95 0.00E+00

system process (GO:0003008) 226 1 13.29  < -0.2 2.49E-02

Cellular Component

chromosome (GO:0005694) 161 28 9.47 2.96 2.84E-04

chromosomal part  (GO:0044427) 143 24 8.41 2.85 3.16E-03

intracellular organelle lumen (GO:0070013) 421 49 24.76 1.98 3.22E-03

membrane-enclosed lumen (GO:0031974) 421 49 24.76 1.98 3.22E-03

organelle lumen (GO:0043233) 421 49 24.76 1.98 3.22E-03

nuclear part (GO:0044428) 520 60 30.59 1.96 3.92E-04

catalytic complex (GO:1902494) 424 46 24.94 1.84 3.23E-02

protein complex (GO:0043234) 862 88 50.7 1.74 1.97E-04

macromolecular complex (GO:0032991) 1415 144 83.23 1.73 2.14E-08

nucleus (GO:0005634) 1429 141 84.05 1.68 2.86E-07

organelle part (GO:0044422) 1363 131 80.17 1.63 6.52E-06

intracellular organelle part (GO:0044446) 1350 129 79.41 1.62 1.21E-05

intracellular membrane-bounded organelle  (GO:0043231) 2246 214 132.11 1.62 4.00E-11

membrane-bounded organelle (GO:0043227) 2308 219 135.75 1.61 2.67E-11

cytoplasm (GO:0005737) 1932 173 113.64 1.52 2.88E-06

organelle (GO:0043226) 2655 235 156.16 1.5 3.23E-09

cytoplasmic part (GO:0044444) 1281 113 75.35 1.5 4.40E-03

intracellular organelle (GO:0043229) 2635 232 154.99 1.5 8.18E-09

intracellular part  (GO:0044424) 3357 294 197.45 1.49 2.55E-12

intracellular (GO:0005622) 3616 313 212.69 1.47 7.10E-13

cell  (GO:0005623) 4166 326 245.04 1.33 1.19E-07

cell part (GO:0044464) 4141 323 243.57 1.33 2.37E-07

cellular_component (GO:0005575) 6143 416 361.32 1.15 1.11E-02

Unclassified  (UNCLASSIFIED) 6047 301 355.68 -0.85 0.00E+00

cell periphery  (GO:0071944) 616 15 36.23 -0.41 1.80E-02

plasma membrane (GO:0005886) 592 13 34.82 -0.37 6.50E-03
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B. MxCF1 

 

 

 

 

 

 

 

GO Term GO # # in REF # expected Fold Enrichment Pvalue

Molecular Function

purine nucleoside binding (GO:0001883) 139 24 8.91 2.69 1.49E-02

guanyl ribonucleotide binding (GO:0032561) 139 24 8.91 2.69 1.49E-02

purine ribonucleoside binding (GO:0032550) 139 24 8.91 2.69 1.49E-02

GTP binding (GO:0005525) 139 24 8.91 2.69 1.49E-02

guanyl nucleotide binding (GO:0019001) 139 24 8.91 2.69 1.49E-02

ribonucleoside binding (GO:0032549) 142 24 9.1 2.64 2.08E-02

nucleoside binding (GO:0001882) 143 24 9.16 2.62 2.32E-02

heterocyclic compound binding (GO:1901363) 2368 197 151.72 1.3 3.56E-02

organic cyclic compound binding (GO:0097159) 2376 197 152.23 1.29 4.34E-02

Unclassified (UNCLASSIFIED) 5202 323 333.29 -0.97 0.00E+00

molecular transducer activity (GO:0060089) 382 6 24.47 -0.25 6.01E-03

receptor activity (GO:0004872) 382 6 24.47 -0.25 6.01E-03

transmembrane receptor activity (GO:0099600) 330 5 21.14 -0.24 2.07E-02

signaling receptor activity (GO:0038023) 335 5 21.46 -0.23 1.60E-02

Biological Process

regulation of macromolecule metabolic process (GO:0060255) 868 88 55.61 1.58 2.03E-02

regulation of primary metabolic process (GO:0080090) 821 83 52.6 1.58 3.93E-02

regulation of metabolic process (GO:0019222) 896 90 57.41 1.57 2.27E-02

cellular macromolecule metabolic process (GO:0044260) 1854 168 118.78 1.41 2.07E-03

cellular metabolic process (GO:0044237) 2553 217 163.57 1.33 3.86E-03

Unclassified (UNCLASSIFIED) 5766 319 369.42 -0.86 0.00E+00

sensory perception (GO:0007600) 211 1 13.52  < -0.2 2.03E-02

Cellular Component

catalytic complex (GO:1902494) 424 50 27.17 1.84 1.72E-02

macromolecular complex (GO:0032991) 1415 150 90.66 1.65 2.37E-07

intracellular non-membrane-bounded organelle (GO:0043232) 656 68 42.03 1.62 3.91E-02

non-membrane-bounded organelle (GO:0043228) 656 68 42.03 1.62 3.91E-02

intracellular organelle part (GO:0044446) 1350 126 86.49 1.46 5.53E-03

cytoplasmic part (GO:0044444) 1281 119 82.07 1.45 1.23E-02

organelle part (GO:0044422) 1363 126 87.33 1.44 8.59E-03

cytoplasm (GO:0005737) 1932 174 123.78 1.41 7.11E-04

intracellular part (GO:0044424) 3357 298 215.08 1.39 3.59E-08

intracellular (GO:0005622) 3616 320 231.67 1.38 5.20E-09

intracellular organelle (GO:0043229) 2635 227 168.82 1.34 2.82E-04

organelle (GO:0043226) 2655 228 170.1 1.34 3.34E-04

intracellular membrane-bounded organelle (GO:0043231) 2246 187 143.9 1.3 3.09E-02

membrane-bounded organelle (GO:0043227) 2308 191 147.87 1.29 3.53E-02

cell (GO:0005623) 4166 337 266.91 1.26 5.39E-05

cell part (GO:0044464) 4141 333 265.31 1.26 1.31E-04

Unclassified (UNCLASSIFIED) 6047 342 387.42 -0.88 0.00E+00
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Table 3.7 GO over-representation test results for paternally expressed hybrid 

genes. 

A. CxMF1 

 

 

 

 

 

 

 

 

 

 

GO Term GO # # in REF # expected Fold Enrichment Pvalue

Molecular Function

Unclassified (UNCLASSIFIED) 5202 286 309.82 -0.92 0.00E+00

Biological Process

Unclassified (UNCLASSIFIED) 5766 309 342.93 -0.9 0.00E+00

multicellular organismal process (GO:0032501) 460 9 27.36 -0.33 4.08E-02

Cellular Component

nucleoplasm (GO:0005654) 168 25 9.99 2.5 1.76E-02

nuclear lumen (GO:0031981) 335 47 19.92 2.36 4.52E-05

intracellular organelle lumen (GO:0070013) 421 55 25.04 2.2 3.67E-05

membrane-enclosed lumen (GO:0031974) 421 55 25.04 2.2 3.67E-05

organelle lumen (GO:0043233) 421 55 25.04 2.2 3.67E-05

nuclear part (GO:0044428) 520 55 30.93 1.78 1.72E-02

protein complex (GO:0043234) 862 79 51.27 1.54 4.80E-02

macromolecular complex (GO:0032991) 1415 128 84.16 1.52 4.97E-04

intracellular organelle part (GO:0044446) 1350 115 80.29 1.43 2.63E-02

organelle part (GO:0044422) 1363 116 81.06 1.43 2.52E-02

cytoplasm (GO:0005737) 1932 154 114.91 1.34 3.47E-02

intracellular (GO:0005622) 3616 287 215.06 1.33 3.36E-06

intracellular part (GO:0044424) 3357 263 199.66 1.32 8.08E-05

cell (GO:0005623) 4166 307 247.77 1.24 1.31E-03

cell part (GO:0044464) 4141 302 246.29 1.23 4.40E-03

Unclassified (UNCLASSIFIED) 6047 327 359.65 -0.91 0.00E+00



 

162 
 

B. MxCF1 

 

 

GO Term GO # # in REF # expected Fold Enrichment Pvalue

Molecular Function

structural constituent of ribosome (GO:0003735) 143 26 10.82 2.4 4.59E-02

Unclassified (UNCLASSIFIED) 5202 405 393.46 1.03 0.00E+00

signaling receptor activity (GO:0038023) 335 7 25.34 -0.28 1.22E-02

transmembrane signaling receptor activity (GO:0004888) 312 6 23.6 -0.25 1.24E-02

Biological Process

peptide biosynthetic process (GO:0043043) 247 44 18.68 2.36 3.47E-04

amide biosynthetic process (GO:0043604) 266 47 20.12 2.34 1.73E-04

translation (GO:0006412) 244 43 18.46 2.33 6.24E-04

peptide metabolic process (GO:0006518) 291 45 22.01 2.04 9.78E-03

organonitrogen compound biosynthetic process (GO:1901566) 425 64 32.15 1.99 3.12E-04

cellular amide metabolic process (GO:0043603) 323 48 24.43 1.96 1.36E-02

cellular nitrogen compound biosynthetic process (GO:0044271) 666 82 50.37 1.63 1.69E-02

macromolecule biosynthetic process (GO:0009059) 675 81 51.05 1.59 4.54E-02

cellular component organization (GO:0016043) 830 96 62.78 1.53 3.48E-02

gene expression (GO:0010467) 843 97 63.76 1.52 3.84E-02

cellular protein metabolic process (GO:0044267) 1085 124 82.06 1.51 3.82E-03

biosynthetic process (GO:0009058) 1039 116 78.59 1.48 2.28E-02

cellular biosynthetic process (GO:0044249) 989 110 74.8 1.47 4.45E-02

organic substance biosynthetic process (GO:1901576) 998 111 75.48 1.47 4.09E-02

cellular nitrogen compound metabolic process (GO:0034641) 1367 147 103.39 1.42 1.08E-02

cellular macromolecule metabolic process (GO:0044260) 1854 192 140.23 1.37 3.75E-03

cellular metabolic process (GO:0044237) 2553 247 193.1 1.28 1.54E-02

cellular process (GO:0009987) 4000 361 302.54 1.19 3.49E-02

Unclassified (UNCLASSIFIED) 5766 417 436.12 -0.96 0.00E+00

multicellular organismal process (GO:0032501) 460 11 34.79 -0.32 2.11E-03

sensory perception of smell (GO:0007608) 180 1 13.61  < -0.2 1.88E-02

sensory perception of chemical stimulus (GO:0007606) 195 1 14.75  < -0.2 6.42E-03

Cellular Component

ribosomal subunit (GO:0044391) 124 23 9.38 2.45 4.85E-02

ribosome (GO:0005840) 165 28 12.48 2.24 4.14E-02

membrane protein complex (GO:0098796) 211 33 15.96 2.07 4.72E-02

intracellular organelle lumen (GO:0070013) 421 55 31.84 1.73 3.98E-02

membrane-enclosed lumen (GO:0031974) 421 55 31.84 1.73 3.98E-02

organelle lumen (GO:0043233) 421 55 31.84 1.73 3.98E-02

nuclear part (GO:0044428) 520 66 39.33 1.68 1.89E-02

protein complex (GO:0043234) 862 109 65.2 1.67 6.43E-05

macromolecular complex (GO:0032991) 1415 176 107.02 1.64 1.40E-08

cytoplasmic part (GO:0044444) 1281 152 96.89 1.57 9.27E-06

organelle part (GO:0044422) 1363 159 103.09 1.54 1.23E-05

intracellular organelle part (GO:0044446) 1350 157 102.11 1.54 1.87E-05

cytoplasm (GO:0005737) 1932 212 146.13 1.45 4.58E-06

intracellular part (GO:0044424) 3357 341 253.91 1.34 1.24E-07

intracellular membrane-bounded organelle (GO:0043231) 2246 227 169.88 1.34 7.76E-04

membrane-bounded organelle (GO:0043227) 2308 232 174.57 1.33 8.47E-04

intracellular organelle (GO:0043229) 2635 264 199.3 1.32 1.48E-04

organelle (GO:0043226) 2655 266 200.81 1.32 1.30E-04

intracellular (GO:0005622) 3616 354 273.5 1.29 3.88E-06

cell (GO:0005623) 4166 377 315.1 1.2 5.68E-03

cell part (GO:0044464) 4141 373 313.21 1.19 1.04E-02

Unclassified (UNCLASSIFIED) 6047 401 457.37 -0.88 0.00E+00
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Table 3.8 GO over-representation test results for non-additively over-expressed 

hybrid genes. 

A. CxMF1 

 

GO Term GO # # in REF # expected Fold Enrichment Pvalue

Molecular Function

structural constituent of ribosome  (GO:0003735) 143 54 27.31 1.98 3.00E-03

transferase activity  (GO:0016740) 1008 248 192.5 1.29 2.75E-02

Unclassified (UNCLASSIFIED) 5202 935 993.46 -0.94 0.00E+00

peptidase activity, acting on L-amino acid peptides (GO:0070011) 560 69 106.95 -0.65 3.43E-02

signal transducer activity (GO:0004871) 401 38 76.58 -0.5 4.76E-04

molecular transducer activity (GO:0060089) 382 24 72.95 -0.33 1.23E-08

receptor activity (GO:0004872) 382 24 72.95 -0.33 1.23E-08

transmembrane receptor activity (GO:0099600) 330 16 63.02 -0.25 8.51E-10

signaling receptor activity (GO:0038023) 335 16 63.98 -0.25 4.06E-10

transmembrane signaling receptor activity (GO:0004888) 312 13 59.58 -0.22 1.65E-10

chitin binding  (GO:0008061) 86 2 16.42  < -0.2 8.84E-03

odorant binding (GO:0005549) 148 3 28.26  < -0.2 1.60E-06

structural constituent of cuticle (GO:0042302) 154 2 29.41  < -0.2 5.47E-08

Biological Process

vesicle-mediated transport (GO:0016192) 202 72 38.58 1.87 8.90E-04

cellular lipid metabolic process  (GO:0044255) 193 64 36.86 1.74 3.10E-02

organonitrogen compound biosynthetic process  (GO:1901566) 425 121 81.16 1.49 1.75E-02

biosynthetic process (GO:0009058) 1039 269 198.42 1.36 3.88E-04

organic substance biosynthetic process (GO:1901576) 998 254 190.59 1.33 3.01E-03

cellular biosynthetic process (GO:0044249) 989 251 188.88 1.33 4.23E-03

cellular protein metabolic process (GO:0044267) 1085 275 207.21 1.33 1.52E-03

single-organism metabolic process (GO:0044710) 1251 313 238.91 1.31 7.78E-04

cellular metabolic process (GO:0044237) 2553 606 487.56 1.24 2.79E-06

single-organism cellular process (GO:0044763) 1597 377 304.99 1.24 1.14E-02

cellular macromolecule metabolic process (GO:0044260) 1854 425 354.07 1.2 4.14E-02

cellular process (GO:0009987) 4000 880 763.9 1.15 2.60E-04

Unclassified (UNCLASSIFIED) 5766 1009 1101.17 -0.92 0.00E+00

multicellular organismal process  (GO:0032501) 460 42 87.85 -0.48 2.93E-05

system process (GO:0003008) 226 11 43.16 -0.25 5.32E-06

neurological system process (GO:0050877) 219 9 41.82 -0.22 8.50E-07

sensory perception (GO:0007600) 211 8 40.3  < -0.2 6.18E-07

chitin metabolic process (GO:0006030) 109 4 20.82  < -0.2 9.43E-03

glucosamine-containing compound metabolic process (GO:1901071) 111 4 21.2  < -0.2 6.88E-03

amino sugar metabolic process (GO:0006040) 114 4 21.77  < -0.2 4.27E-03

detection of stimulus (GO:0051606) 143 4 27.31  < -0.2 3.80E-05

sensory perception of chemical stimulus (GO:0007606) 195 4 37.24  < -0.2 5.43E-09

sensory perception of smell (GO:0007608) 180 3 34.38  < -0.2 8.09E-09

behavior  (GO:0007610) 67 1 12.8  < -0.2 4.27E-02

Cellular Component

endoplasmic reticulum  (GO:0005783) 201 82 38.39 2.14 1.93E-07

nuclear outer membrane-endoplasmic reticulum membrane network (GO:0042175) 131 50 25.02 2 2.74E-03

endoplasmic reticulum part (GO:0044432) 135 51 25.78 1.98 2.93E-03

endoplasmic reticulum membrane (GO:0005789) 130 49 24.83 1.97 4.64E-03

ribosome (GO:0005840) 165 59 31.51 1.87 2.97E-03

endomembrane system (GO:0012505) 447 156 85.37 1.83 6.73E-10

ribonucleoprotein complex (GO:1990904) 367 110 70.09 1.57 1.97E-03

intracellular ribonucleoprotein complex (GO:0030529) 367 110 70.09 1.57 1.97E-03

cytoplasmic part (GO:0044444) 1281 372 244.64 1.52 1.94E-13

cytoplasm (GO:0005737) 1932 519 368.97 1.41 1.24E-13

macromolecular complex (GO:0032991) 1415 353 270.23 1.31 6.66E-05

intracellular organelle part (GO:0044446) 1350 333 257.82 1.29 4.40E-04

organelle part (GO:0044422) 1363 333 260.3 1.28 1.01E-03

intracellular part (GO:0044424) 3357 786 641.11 1.23 1.16E-08

intracellular (GO:0005622) 3616 843 690.57 1.22 2.89E-09

intracellular organelle (GO:0043229) 2635 602 503.22 1.2 2.79E-04

organelle (GO:0043226) 2655 604 507.04 1.19 4.58E-04

membrane-bounded organelle (GO:0043227) 2308 513 440.77 1.16 4.30E-02

cell (GO:0005623) 4166 905 795.61 1.14 5.40E-04

cell part (GO:0044464) 4141 899 790.83 1.14 6.78E-04

cellular_component (GO:0005575) 6143 1281 1173.17 1.09 1.87E-03

Unclassified (UNCLASSIFIED) 6047 1047 1154.83 -0.91 0.00E+00
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B. MxCF1 

GO Term GO # 
# in 
REF # expected 

Fold 
Enrichme

nt Pvalue 

Molecular Function             

NAD binding  (GO:0051287) 28 17 5.26 3.23 2.96E-02 

nucleotide binding  (GO:0000166) 1092 290 205.14 1.41 1.96E-06 

nucleoside phosphate binding  (GO:1901265) 1092 290 205.14 1.41 1.96E-06 

purine nucleotide binding  (GO:0017076) 796 208 149.54 1.39 1.31E-03 

purine ribonucleotide binding  (GO:0032555) 795 207 149.35 1.39 1.74E-03 

ribonucleotide binding  (GO:0032553) 804 209 151.04 1.38 1.72E-03 

purine ribonucleoside triphosphate 
binding  (GO:0035639) 793 206 148.97 1.38 2.14E-03 

small molecule binding  (GO:0036094) 1155 297 216.98 1.37 2.54E-05 

anion binding  (GO:0043168) 990 250 185.98 1.34 1.38E-03 

nucleic acid binding  (GO:0003676) 1363 332 256.05 1.3 5.92E-04 

heterocyclic compound binding  (GO:1901363) 2368 547 444.85 1.23 6.84E-05 

organic cyclic compound binding  (GO:0097159) 2376 548 446.35 1.23 8.10E-05 

Unclassified  (UNCLASSIFIED) 5202 927 977.24 -0.95 0.00E+00 

signal transducer activity  (GO:0004871) 401 37 75.33 -0.49 4.43E-04 

heme binding  (GO:0020037) 151 9 28.37 -0.32 1.71E-02 

tetrapyrrole binding  (GO:0046906) 152 9 28.55 -0.32 1.50E-02 

molecular transducer activity  (GO:0060089) 382 22 71.76 -0.31 2.77E-09 

receptor activity  (GO:0004872) 382 22 71.76 -0.31 2.77E-09 

transmembrane receptor activity  (GO:0099600) 330 18 61.99 -0.29 2.54E-08 

transmembrane signaling receptor 
activity  (GO:0004888) 312 16 58.61 -0.27 2.44E-08 

signaling receptor activity  (GO:0038023) 335 17 62.93 -0.27 3.49E-09 

odorant binding  (GO:0005549) 148 5 27.8  < -0.2 1.04E-04 

olfactory receptor activity  (GO:0004984) 124 2 23.29  < -0.2 1.69E-05 

structural constituent of cuticle  (GO:0042302) 154 1 28.93  < -0.2 5.67E-09 

Biological Process             

vesicle-mediated transport  (GO:0016192) 202 65 37.95 1.71 3.99E-02 

RNA processing  (GO:0006396) 337 102 63.31 1.61 3.88E-03 

nucleic acid metabolic process  (GO:0090304) 881 235 165.5 1.42 7.68E-05 

RNA metabolic process  (GO:0016070) 706 186 132.63 1.4 4.13E-03 

gene expression  (GO:0010467) 843 222 158.37 1.4 4.59E-04 

cellular macromolecule metabolic 
process  (GO:0044260) 1854 471 348.29 1.35 5.17E-09 

macromolecule modification  (GO:0043412) 837 212 157.24 1.35 1.05E-02 

nucleobase-containing compound 
metabolic process  (GO:0006139) 1086 275 204.01 1.35 4.38E-04 

cellular nitrogen compound 
metabolic process  (GO:0034641) 1367 345 256.8 1.34 1.52E-05 

heterocycle metabolic process  (GO:0046483) 1131 284 212.47 1.34 5.50E-04 
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cellular protein metabolic process  (GO:0044267) 1085 270 203.83 1.32 2.18E-03 

organic cyclic compound metabolic 
process  (GO:1901360) 1165 288 218.86 1.32 1.60E-03 

cellular aromatic compound 
metabolic process  (GO:0006725) 1145 283 215.1 1.32 2.03E-03 

cellular component organization or 
biogenesis  (GO:0071840) 950 232 178.47 1.3 4.00E-02 

cellular metabolic process  (GO:0044237) 2553 622 479.6 1.3 9.54E-10 

nitrogen compound metabolic 
process  (GO:0006807) 1574 375 295.69 1.27 1.16E-03 

macromolecule metabolic process  (GO:0043170) 2488 548 467.39 1.17 2.63E-02 

primary metabolic process  (GO:0044238) 2983 651 560.38 1.16 9.35E-03 

organic substance metabolic 
process  (GO:0071704) 3183 684 597.95 1.14 3.42E-02 

metabolic process  (GO:0008152) 3793 809 712.55 1.14 1.05E-02 

cellular process  (GO:0009987) 4000 852 751.44 1.13 5.96E-03 

Unclassified  (UNCLASSIFIED) 5766 1043 1083.19 -0.96 0.00E+00 

single-organism developmental 
process  (GO:0044767) 278 26 52.22 -0.5 4.52E-02 

anatomical structure development  (GO:0048856) 246 21 46.21 -0.45 2.69E-02 

single-multicellular organism 
process  (GO:0044707) 236 20 44.33 -0.45 3.50E-02 

response to chemical  (GO:0042221) 300 25 56.36 -0.44 2.07E-03 

multicellular organismal process  (GO:0032501) 460 30 86.42 -0.35 1.18E-09 

neurological system process  (GO:0050877) 219 11 41.14 -0.27 2.46E-05 

system process  (GO:0003008) 226 11 42.46 -0.26 9.09E-06 

sensory perception  (GO:0007600) 211 9 39.64 -0.23 4.86E-06 

sensory perception of smell  (GO:0007608) 180 6 33.81  < -0.2 5.01E-06 

sensory perception of chemical 
stimulus  (GO:0007606) 195 6 36.63  < -0.2 4.59E-07 

detection of stimulus  (GO:0051606) 143 4 26.86  < -0.2 5.59E-05 

detection of chemical stimulus 
involved in sensory perception of 
smell  (GO:0050911) 124 2 23.29  < -0.2 2.35E-05 

detection of chemical stimulus  (GO:0009593) 132 2 24.8  < -0.2 5.82E-06 

detection of chemical stimulus 
involved in sensory perception  (GO:0050907) 132 2 24.8  < -0.2 5.82E-06 

detection of stimulus involved in 
sensory perception  (GO:0050906) 133 2 24.99  < -0.2 4.88E-06 

Cellular Component             

intracellular organelle lumen  (GO:0070013) 421 132 79.09 1.67 8.09E-06 

membrane-enclosed lumen  (GO:0031974) 421 132 79.09 1.67 8.09E-06 

organelle lumen  (GO:0043233) 421 132 79.09 1.67 8.09E-06 

ribonucleoprotein complex  (GO:1990904) 367 107 68.94 1.55 4.18E-03 

intracellular ribonucleoprotein 
complex  (GO:0030529) 367 107 68.94 1.55 4.18E-03 

nuclear lumen  (GO:0031981) 335 97 62.93 1.54 1.38E-02 

nuclear part  (GO:0044428) 520 142 97.69 1.45 4.31E-03 

endomembrane system  (GO:0012505) 447 122 83.97 1.45 1.84E-02 

cytoplasmic part  (GO:0044444) 1281 329 240.65 1.37 2.42E-06 
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intracellular non-membrane-
bounded organelle  (GO:0043232) 656 168 123.24 1.36 2.04E-02 

non-membrane-bounded organelle  (GO:0043228) 656 168 123.24 1.36 2.04E-02 

membrane-bounded organelle  (GO:0043227) 2308 573 433.58 1.32 1.91E-10 

intracellular organelle part  (GO:0044446) 1350 335 253.61 1.32 5.09E-05 

organelle part  (GO:0044422) 1363 335 256.05 1.31 1.24E-04 

intracellular membrane-bounded 
organelle  (GO:0043231) 2246 552 421.93 1.31 3.35E-09 

cytoplasm  (GO:0005737) 1932 473 362.94 1.3 3.22E-07 

macromolecular complex  (GO:0032991) 1415 346 265.82 1.3 1.23E-04 

nucleus  (GO:0005634) 1429 349 268.45 1.3 1.21E-04 

organelle  (GO:0043226) 2655 645 498.77 1.29 1.84E-10 

intracellular organelle  (GO:0043229) 2635 640 495.01 1.29 2.50E-10 

intracellular part  (GO:0044424) 3357 811 630.64 1.29 5.15E-14 

intracellular  (GO:0005622) 3616 872 679.3 1.28 1.89E-15 

cell  (GO:0005623) 4166 919 782.62 1.17 7.33E-07 

cell part  (GO:0044464) 4141 913 777.92 1.17 9.85E-07 

Unclassified  (UNCLASSIFIED) 6047 1095 1135.98 -0.96 0.00E+00 

membrane  (GO:0016020) 2905 460 545.73 -0.84 4.59E-03 

membrane part  (GO:0044425) 2732 427 513.23 -0.83 2.58E-03 

intrinsic component of membrane  (GO:0031224) 2572 393 483.17 -0.81 5.71E-04 

integral component of membrane  (GO:0016021) 2563 390 481.48 -0.81 3.89E-04 

cell periphery  (GO:0071944) 616 66 115.72 -0.57 8.79E-05 

plasma membrane  (GO:0005886) 592 63 111.21 -0.57 1.19E-04 
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Table 3.9 GO over-representation test results for non-additively under-expressed 

hybrid genes. 

A. CxMF1 

GO Term GO # 
# in 
REF # expected 

Fold 
 Enrichment Pvalue 

Molecular Function       

nucleoside-triphosphatase activity  (GO:0017111) 323 54 24.14 2.24 5.81E-05 

hydrolase activity, acting on acid 
anhydrides, in phosphorus-containing 
anhydrides  (GO:0016818) 339 55 25.33 2.17 1.13E-04 

pyrophosphatase activity  (GO:0016462) 337 54 25.19 2.14 2.16E-04 

hydrolase activity, acting on acid 
anhydrides  (GO:0016817) 344 55 25.71 2.14 1.79E-04 

ATPase activity  (GO:0016887) 233 37 17.41 2.12 1.97E-02 

ATP binding  (GO:0005524) 656 90 49.03 1.84 3.10E-05 

adenyl ribonucleotide binding  (GO:0032559) 658 90 49.17 1.83 3.54E-05 

adenyl nucleotide binding  (GO:0030554) 659 90 49.25 1.83 3.79E-05 

purine ribonucleoside triphosphate 
binding  (GO:0035639) 793 106 59.26 1.79 6.47E-06 

purine ribonucleotide binding  (GO:0032555) 795 106 59.41 1.78 7.36E-06 

purine nucleotide binding  (GO:0017076) 796 106 59.49 1.78 7.85E-06 

ribonucleotide binding  (GO:0032553) 804 106 60.09 1.76 1.30E-05 

nucleotide binding  (GO:0000166) 1092 134 81.61 1.64 1.01E-05 

nucleoside phosphate binding  (GO:1901265) 1092 134 81.61 1.64 1.01E-05 

anion binding  (GO:0043168) 990 119 73.99 1.61 2.16E-04 

small molecule binding  (GO:0036094) 1155 136 86.32 1.58 8.49E-05 

carbohydrate derivative binding  (GO:0097367) 904 106 67.56 1.57 3.13E-03 

nucleic acid binding  (GO:0003676) 1363 145 101.86 1.42 8.33E-03 

heterocyclic compound binding  (GO:1901363) 2368 238 176.97 1.34 4.21E-04 

organic cyclic compound binding  (GO:0097159) 2376 238 177.57 1.34 5.47E-04 

Unclassified  
(UNCLASSIFI

ED) 5202 388 388.76 -1 0.00E+00 

serine-type endopeptidase activity  (GO:0004252) 306 6 22.87 -0.26 2.17E-02 

signal transducer activity  (GO:0004871) 401 4 29.97  < -0.2 2.10E-06 

molecular transducer activity  (GO:0060089) 382 3 28.55  < -0.2 9.85E-07 

receptor activity  (GO:0004872) 382 3 28.55  < -0.2 9.85E-07 

transmembrane receptor activity  (GO:0099600) 330 2 24.66  < -0.2 3.97E-06 

transmembrane signaling receptor 
activity  (GO:0004888) 312 1 23.32  < -0.2 1.13E-06 

signaling receptor activity  (GO:0038023) 335 1 25.04  < -0.2 2.08E-07 

Biological Process       
protein modification by small protein 
removal  (GO:0070646) 36 12 2.69 4.46 2.82E-02 

DNA-dependent DNA replication  (GO:0006261) 44 13 3.29 3.95 4.49E-02 

DNA conformation change  (GO:0071103) 55 15 4.11 3.65 2.93E-02 

DNA replication  (GO:0006260) 70 19 5.23 3.63 2.78E-03 
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microtubule cytoskeleton organization  (GO:0000226) 63 16 4.71 3.4 3.72E-02 

DNA metabolic process  (GO:0006259) 190 48 14.2 3.38 9.58E-10 

cell cycle process  (GO:0022402) 115 29 8.59 3.37 3.32E-05 

DNA repair  (GO:0006281) 118 29 8.82 3.29 5.68E-05 

microtubule-based process  (GO:0007017) 128 30 9.57 3.14 9.21E-05 

cellular response to DNA damage 
stimulus  (GO:0006974) 132 30 9.86 3.04 1.75E-04 

modification-dependent 
macromolecule catabolic process  (GO:0043632) 147 33 10.99 3 5.63E-05 

ubiquitin-dependent protein catabolic 
process  (GO:0006511) 144 32 10.76 2.97 1.12E-04 

modification-dependent protein 
catabolic process  (GO:0019941) 144 32 10.76 2.97 1.12E-04 

cell cycle  (GO:0007049) 135 30 10.09 2.97 2.79E-04 

proteolysis involved in cellular protein 
catabolic process  (GO:0051603) 167 36 12.48 2.88 3.79E-05 

mitotic cell cycle  (GO:0000278) 93 20 6.95 2.88 4.24E-02 

cellular protein catabolic process  (GO:0044257) 168 36 12.56 2.87 4.38E-05 

protein catabolic process  (GO:0030163) 174 36 13 2.77 1.02E-04 

chromosome organization  (GO:0051276) 199 40 14.87 2.69 4.23E-05 

ncRNA processing  (GO:0034470) 182 35 13.6 2.57 8.09E-04 

cellular macromolecule catabolic 
process  (GO:0044265) 236 45 17.64 2.55 2.74E-05 

protein modification by small protein 
conjugation or removal  (GO:0070647) 190 34 14.2 2.39 5.35E-03 

cellular macromolecular complex 
assembly  (GO:0034622) 200 34 14.95 2.27 1.52E-02 

ncRNA metabolic process  (GO:0034660) 235 39 17.56 2.22 6.27E-03 

cellular response to stress  (GO:0033554) 199 33 14.87 2.22 3.28E-02 

macromolecule catabolic process  (GO:0009057) 281 46 21 2.19 1.32E-03 

organelle organization  (GO:0006996) 607 98 45.36 2.16 1.99E-09 

RNA processing  (GO:0006396) 337 54 25.19 2.14 3.01E-04 

nucleic acid metabolic process  (GO:0090304) 881 140 65.84 2.13 5.57E-14 

nucleobase-containing compound 
metabolic process  (GO:0006139) 1086 161 81.16 1.98 8.23E-14 

heterocycle metabolic process  (GO:0046483) 1131 166 84.52 1.96 6.00E-14 

cellular aromatic compound 
metabolic process  (GO:0006725) 1145 166 85.57 1.94 1.82E-13 

organic cyclic compound metabolic 
process  (GO:1901360) 1165 168 87.06 1.93 1.85E-13 

RNA metabolic process  (GO:0016070) 706 99 52.76 1.88 2.86E-06 

cellular component biogenesis  (GO:0044085) 450 63 33.63 1.87 2.77E-03 

cellular component organization  (GO:0016043) 830 115 62.03 1.85 2.50E-07 

cellular component organization or 
biogenesis  (GO:0071840) 950 131 71 1.85 1.54E-08 

cellular macromolecule metabolic 
process  (GO:0044260) 1854 251 138.56 1.81 1.34E-18 

cellular nitrogen compound metabolic 
process  (GO:0034641) 1367 184 102.16 1.8 3.43E-12 

macromolecule modification  (GO:0043412) 837 107 62.55 1.71 7.18E-05 

cellular protein modification process  (GO:0006464) 750 91 56.05 1.62 6.15E-03 

protein modification process  (GO:0036211) 750 91 56.05 1.62 6.15E-03 

cellular metabolic process  (GO:0044237) 2553 305 190.79 1.6 1.35E-15 

cellular protein metabolic process  (GO:0044267) 1085 129 81.09 1.59 1.59E-04 
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nitrogen compound metabolic 
process  (GO:0006807) 1574 186 117.63 1.58 2.02E-07 

gene expression  (GO:0010467) 843 97 63 1.54 2.42E-02 

macromolecule metabolic process  (GO:0043170) 2488 263 185.94 1.41 9.30E-07 

cellular process  (GO:0009987) 4000 413 298.93 1.38 3.14E-12 

primary metabolic process  (GO:0044238) 2983 303 222.93 1.36 1.74E-06 

organic substance metabolic process  (GO:0071704) 3183 316 237.88 1.33 7.49E-06 

metabolic process  (GO:0008152) 3793 341 283.46 1.2 3.36E-02 

Unclassified  
(UNCLASSIFI

ED) 5766 390 430.91 -0.91 0.00E+00 

signal transduction  (GO:0007165) 851 35 63.6 -0.55 4.61E-02 

response to chemical  (GO:0042221) 300 5 22.42 -0.22 1.06E-02 

multicellular organismal process  (GO:0032501) 460 7 34.38 -0.2 1.24E-05 

sensory perception  (GO:0007600) 211 1 15.77  < -0.2 2.42E-03 

neurological system process  (GO:0050877) 219 1 16.37  < -0.2 1.37E-03 

system process  (GO:0003008) 226 1 16.89  < -0.2 8.27E-04 

Cellular Component       

outer membrane  (GO:0019867) 16 8 1.2 6.69 1.56E-02 

peptidase complex  (GO:1905368) 46 15 3.44 4.36 1.43E-03 

microtubule  (GO:0005874) 47 13 3.51 3.7 3.33E-02 

mitochondrial membrane part  (GO:0044455) 91 22 6.8 3.23 1.13E-03 

microtubule cytoskeleton  (GO:0015630) 129 31 9.64 3.22 1.25E-05 

mitochondrial protein complex  (GO:0098798) 71 17 5.31 3.2 1.69E-02 

cytoskeletal part  (GO:0044430) 173 35 12.93 2.71 9.90E-05 

catalytic complex  (GO:1902494) 424 80 31.69 2.52 5.39E-11 

cytoskeleton  (GO:0005856) 213 39 15.92 2.45 2.43E-04 

mitochondrial envelope  (GO:0005740) 179 32 13.38 2.39 3.96E-03 

chromosome  (GO:0005694) 161 28 12.03 2.33 2.25E-02 

mitochondrial membrane  (GO:0031966) 169 29 12.63 2.3 2.10E-02 

nuclear lumen  (GO:0031981) 335 56 25.04 2.24 1.79E-05 

intracellular organelle lumen  (GO:0070013) 421 67 31.46 2.13 5.30E-06 

membrane-enclosed lumen  (GO:0031974) 421 67 31.46 2.13 5.30E-06 

organelle lumen  (GO:0043233) 421 67 31.46 2.13 5.30E-06 

transferase complex  (GO:1990234) 220 35 16.44 2.13 1.68E-02 

mitochondrial part  (GO:0044429) 247 39 18.46 2.11 7.28E-03 

protein complex  (GO:0043234) 862 136 64.42 2.11 1.14E-13 

nuclear part  (GO:0044428) 520 82 38.86 2.11 1.71E-07 

envelope  (GO:0031975) 222 35 16.59 2.11 2.00E-02 

organelle envelope  (GO:0031967) 222 35 16.59 2.11 2.00E-02 

intracellular non-membrane-bounded 
organelle  (GO:0043232) 656 96 49.03 1.96 2.37E-07 

non-membrane-bounded organelle  (GO:0043228) 656 96 49.03 1.96 2.37E-07 

intracellular organelle part  (GO:0044446) 1350 188 100.89 1.86 2.19E-14 

organelle part  (GO:0044422) 1363 189 101.86 1.86 2.70E-14 

mitochondrion  (GO:0005739) 394 54 29.44 1.83 9.90E-03 

macromolecular complex  (GO:0032991) 1415 189 105.75 1.79 1.03E-12 

nucleus  (GO:0005634) 1429 184 106.79 1.72 7.47E-11 
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intracellular organelle  (GO:0043229) 2635 315 196.92 1.6 8.46E-17 

organelle  (GO:0043226) 2655 317 198.42 1.6 7.21E-17 

intracellular membrane-bounded 
organelle  (GO:0043231) 2246 266 167.85 1.58 8.68E-13 

membrane-bounded organelle  (GO:0043227) 2308 271 172.48 1.57 1.18E-12 

intracellular part  (GO:0044424) 3357 377 250.88 1.5 7.88E-17 

intracellular  (GO:0005622) 3616 398 270.24 1.47 1.08E-16 

cytoplasm  (GO:0005737) 1932 194 144.38 1.34 4.01E-03 

cell part  (GO:0044464) 4141 412 309.47 1.33 6.06E-10 

cell  (GO:0005623) 4166 414 311.34 1.33 6.00E-10 

Unclassified  
(UNCLASSIFI

ED) 6047 411 451.91 -0.91 0.00E+00 

membrane  (GO:0016020) 2905 162 217.1 -0.75 2.64E-03 

membrane part  (GO:0044425) 2732 145 204.17 -0.71 2.89E-04 

integral component of membrane  (GO:0016021) 2563 121 191.54 -0.63 4.43E-07 

intrinsic component of membrane  (GO:0031224) 2572 121 192.21 -0.63 3.22E-07 

cell periphery  (GO:0071944) 616 23 46.04 -0.5 4.36E-02 

plasma membrane  (GO:0005886) 592 21 44.24 -0.47 2.59E-02 

extracellular region  (GO:0005576) 356 5 26.61  < -0.2 1.29E-04 
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B. MxCF1 

GO Term GO # 
# in 
REF # expected 

Fold  
Enrichment Pvalue 

Molecular Function             

Unclassified  (UNCLASSIFIED) 5202 154 139.55 1.1 0.00E+00 

Biological Process             

cellular protein metabolic 
process  (GO:0044267) 1085 59 29.11 2.03 1.85E-04 

cellular macromolecule 
metabolic process  (GO:0044260) 1854 83 49.73 1.67 1.45E-03 

cellular metabolic 
process  (GO:0044237) 2553 100 68.48 1.46 3.15E-02 

Unclassified  (UNCLASSIFIED) 5766 145 154.67 -0.94 0.00E+00 

Cellular Component             

peptidase complex  (GO:1905368) 46 8 1.23 6.48 1.87E-02 

respiratory chain  (GO:0070469) 53 8 1.42 5.63 4.94E-02 

mitochondrial membrane 
part  (GO:0044455) 91 11 2.44 4.51 2.00E-02 

mitochondrion  (GO:0005739) 394 30 10.57 2.84 1.88E-04 

catalytic complex  (GO:1902494) 424 30 11.37 2.64 8.28E-04 

cytoplasmic part  (GO:0044444) 1281 61 34.36 1.78 3.29E-03 

macromolecular complex  (GO:0032991) 1415 63 37.96 1.66 1.78E-02 

intracellular organelle 
part  (GO:0044446) 1350 60 36.21 1.66 2.97E-02 

organelle part  (GO:0044422) 1363 60 36.56 1.64 3.87E-02 

cytoplasm  (GO:0005737) 1932 79 51.83 1.52 2.90E-02 

intracellular organelle  (GO:0043229) 2635 107 70.68 1.51 9.97E-04 

organelle  (GO:0043226) 2655 107 71.22 1.5 1.43E-03 

intracellular membrane-
bounded organelle  (GO:0043231) 2246 89 60.25 1.48 2.70E-02 

membrane-bounded 
organelle  (GO:0043227) 2308 90 61.91 1.45 4.36E-02 

intracellular part  (GO:0044424) 3357 127 90.05 1.41 2.79E-03 

intracellular  (GO:0005622) 3616 135 97 1.39 2.27E-03 

Unclassified  (UNCLASSIFIED) 6047 141 162.21 -0.87 0.00E+00 
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Conclusion 

Summary 

 Once only studied through the manipulation of Drosophila, speciation and 

HI have recently seen an influx of research using non-model organisms due to 

increasing accessibility of solved genome sequences and a diminishing cost of 

sequencing. With sequencing technologies we can get closer to the mechanisms 

behind HI and the rules of speciation and find how conserved these rules and 

mechanisms are. Even the traditional crossing experiments can be seen in a new 

light as our knowledge has expanded since they were first conceived. This 

dissertation uses both traditional and current research techniques to discover if 

mosquitoes of the An. gambiae complex follow the known patterns of HI.  

Chapter I showed us that, while our current colonies do not show similar 

signs of sex-ratio distortion in the F1 generation compared Davidson’s original 

crosses, we did see male hybrid sterility in all crosses except for the hybrids 

between the two most recently speciated members of the complex (An. gambiae 

and An. coluzzii). The patterns of sex-ratio distortion in our current crosses look 

like “Darwin's Corollary”, or isolation asymmetry, a common pattern considered 

one of the “rules of speciation”, and a rejection of Haldane’s rule in multiple 

crosses that showed female inviability, though only one with major female 

inviability (Turelli and Moyle, 2006). We can hypothesize that one of the following 

contribute to both the asymmetric nature of HI and the female sterility: maternal 

effects (Sawamura, 1996; Turelli and Orr, 2000), chromosome imprinting (Kelsey 



 

173 
 

and Feil, 2013; Wolf et al., 2014), or simple chromosomal incompatibilities 

(Bateson, 1909; Dobzhansky, 1937; Muller, 1942). For the MAF x KGB cross that 

showed almost complete female inviability, we know that it is an incompatibility 

that acts before the larval stage and so is related to either fertilization or 

embryonic growth.  

In chapter II we used QTL analysis along with high-throughput genomics 

and found that the X chromosome has a large effect on sterility of An. coluzzii♀ 

by An. merus♂ hybrids, but the X plays an equal or lesser role in sterility for the 

reciprocal hybrid cross. For the cross that adheres to the large-X effect we 

hypothesize that dominant autosomal factors from An.merus influence the 

expression of the An. coluzzii X-linked genes during spermatogenesis. For the 

reciprocal cross we hypothesize that epistatic interactions between the 

autosomes plays a larger role than interactions with the X chromosome. 

Chapter III looked at the transcriptomics of reciprocal An. coluzzii by An. 

merus hybrids. We found that a disruption of sex chromosome inactivation during 

spermatogenesis is likely the cause of sterility in An. coluzzii♀ by An. merus♂ 

hybrid males, and this disruption is possibly a common cause of Haldane’s rule in 

terms of sterility (Campbell et al., 2013; Good et al., 2010; Lifschytz and Lindsley, 

1972). While the lack of sex chromosome inactivation causes massive 

misexpression of the X chromosome, we also see misexpression of the 

autosomes of both hybrids which may also be linked to sterility. 
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Taken together this dissertation has explored many different aspects of HI. 

The first chapter found that while hybrid male sterility is common in all except the 

most recently diverged mosquito species, major asymmetric inviability is also 

found in An. arabiensis by An. merus reciprocal crosses and one side of this 

same cross also shows a rejection of Haldane’s rule as the female hybrid has the 

most severe phenotype. Chapter II found that hybrid sterility between An. 

coluzzii♀ and An. merus♂ are largely influenced by X-linked genes while the 

reciprocal cross’s sterility is more likely due to interactions between the 

autosomes. The final chapter shows that in An. coluzzii♀ and An. merus♂ hybrid 

male testes almost all X chromosome genes are over-expressed when compared 

to either parentals’ testes gene expression, agreeing with the findings of Chapter 

II. In the reciprocal cross (An. merus♀ by An. coluzzii♂) we also see an 

agreement with Chapter II in that misexpression was more common on the 

autosomes than the X-chromosome. These findings have added new knowledge 

into how post-zygotic reproductive isolation is evolving in Anopheline 

mosquitoes. 

 

Future Directions 

 Each chapter of this dissertation has raised more research questions that 

can be further explored. The most interesting findings of Chapter I are the 

rejection of Haldane’s rule, asymmetric isolation, and the seeming evolution of 
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less extreme phenotype most of the colony hybrid sex-ratios. Each finding 

requires more experimentation to uncover the mechanisms at work. Maternal 

effects, either through cytoplasmic incompatibilities or piwiRNA mechanisms 

could be responsible for the rejection of Haldane’s rule, while differences in X 

chromosome – autosome interactions seems likely to be causing the asymmetric 

isolation. The colony evolution can be explored through hybrid sex-ratio 

comparisons between current colony populations and populations of wild 

mosquitoes. Chapters II and III, taken together, can narrow down candidate 

sterility genes. The list of genes found in Chapter II’s QTLs can be trimmed by 

making sure that they are expressed in the hybrid testes. Candidate genes are 

also likely to be misexpressed in the hybrid. This shortened list of candidate 

genes can then be searched for signatures of faster evolution as would be 

expected under the faster-male and faster-X theories (Coyne and Orr, 1997).  

The candidates of this small list can then be tested through genetic manipulation 

of the mosquito embryo with either RNAi to disrupt the genes’ expression or 

direct genetic editing (Iordanou et al., 2011). RNA-seq analysis of other An. 

gambiae complex hybrids can also show if disruption of sex chromosome 

inactivation is a common mechanism of hybrid sterility in mosquitoes.  
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