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Abstract 

THE GENETICS OF HYBRID INCOMPATIBILITY 

 EARLY IN THE ‘SPECIATION CONTINUUM’  

 

Eric T. Watson, PhD 

 

The University of Texas at Arlington, 2014 

 

Supervising Professor: Jeffery P. Demuth 

 

 Species are discrete groups of organisms that are reproductively isolated from 

other related groups of organisms. Variation in the strength of reproductive isolation 

between closely related taxa falls along a ‘speciation continuum’, from weakly isolated 

structured populations to fully isolated sister species. Efforts to understand the genetics 

of speciation have focused primarily on developmental defects in hybrids (intrinsic 

postzygotic isolation) leading to sterility or inviability. Once speciation is complete, 

species continue to diverge as a result of mutation, genetic drift, and selection, and new 

forms of reproductive isolation may continue to accumulate.  Therefore, at later stages in 

the ‘speciation continuum’, it is unclear whether a given isolating barrier is a cause, or a 

consequence of speciation. In my dissertation, I focus on the genetics of intrinsic 

postzygotic isolation occurring early in the ‘speciation continuum’ at the onset of 

speciation. In chapter 1, I highlight where the assumptions of dominance theory are 

particularly problematic in marsupials, where X inactivation uniformly results in silencing 

the paternal X. I then present evidence of Haldane’s rule for sterility but not for viability in 

marsupials, as well as the first violations of Haldane’s rule for these traits among all 

mammals. Marsupials represent a large taxonomic group possessing heteromorphic sex 
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chromosomes, where the dominance theory cannot explain Haldane’s rule. In this light, I 

evaluate alternative explanations for the pre- ponderance of male sterility in interspecific 

hybrids, including faster male evolution, X–Y interactions, and genomic conflict 

hypotheses. In chapter 2, I revisit three mechanisms highlighted by Rose and Doolittle 

(1983) as a convenient conceptual scaffold for understanding the variety of ways TEs 

might directly, or indirectly, cause reproductive incompatibility. In chapter 3, I describe an 

example of hybrid incompatibility (called “still”) segregating in F1 hybrids between 

populations of T. castaneum, whereby affected offspring exhibit a suite of maladaptive 

traits upon eclosion from the pupal stage. To investigate the genetic cause of the still 

phenotype, I sequenced the genomes of still and normal siblings using pooled-DNA and 

employed a genome scan approach that compares allele frequencies between extremely 

discordant sib pairs (still vs normal) to identify discordant alleles. In total, I identified 97 

genes with significantly discordant non-synonymous SNPs between still and normal 

siblings.  An additional 355 genes possess nucleotide changes that are either 

synonymous, or non-coding (i.e. occur in introns or within 1000kb upstream or 

downstream). Interestingly, a set of 19 candidate loci were recently identified as 

candidate phosphine resistance genes. Phosphine is an insecticidal fumigant which acts 

as a metabolic toxin by targeting redox reactions, and is used worldwide in grain storage 

and processing facilities. The Chicago population was collected over 7 decades aco, 

predating the use of phosphine, while Tanzania populations were potentially subjected to 

30 years, or roughly 330 generations of routine phosphine exposure before it was 

collected and kept in the laboratory. I discuss this observation in light of the role of 

genetic conflict in generating hybrid incompatibilities, especially where they are still 

segregating early in the ‘speciation continuum’. 
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Chapter 1  

Haldane’s Rule In Marsupials: 

What Happens When Both Sexes Are Functionally Hemizygous? 

  

 During the process of speciation, diverging taxa often hybridize and produce 

offspring wherein the heterogametic sex (i.e., XY or ZW) is unfit (Haldane’s rule). 

Dominance theory seeks to explain Haldane’s rule in terms of the difference in X-linked 

dominance regimes experienced by the sexes. However, X inactivation in female 

mammals extends the effects of hemizygosity to both sexes. Here, we highlight where 

the assumptions of dominance theory are particularly problematic in marsupials, where X 

inactivation uniformly results in silencing the paternal X. We then present evidence of 

Haldane’s rule for sterility but not for viability in marsupials, as well as the first violations 

of Haldane’s rule for these traits among all mammals. Marsupials represent a large 

taxonomic group possessing heteromorphic sex chromosomes, where the dominance 

theory cannot explain Haldane’s rule. In this light, we evaluate alternative explanations 

for the preponderance of male sterility in interspecific hybrids, including faster male 

evolution, X–Y interactions, and genomic conflict hypotheses. 

 

Haldane’s Rule Is A Pattern Based On Sex Chromosomes, Not Sex 

 
 Of the few major patterns recognized in speciation, perhaps none has enjoyed 

as much attention as Haldane’s rule. First noted by Haldane (1922), Haldane’s rule 

describes the phenomenon that whenever divergent taxa produce hybrid offspring, the 

heterogametic (XY or ZW) sex suffers a reduction in fitness more often than the 

homogametic (XX or WW) sex. Several studies now demonstrate that Haldane’s rule is a 
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preliminary, though perhaps not requisite, stage of speciation (Coyne and Orr 1989a; 

Sasa et al. 1998; Presgraves 2002; Demuth and Wade 2007; Malone and Fontenot 2008) 

and has come to be known as one of the ‘‘rules of speciation’’ (Coyne and Orr 2004; 

Demuth and Wade 2007; Turelli and Moyle 2007). 

 The study of Haldane’s rule has shaped our understanding of speciation by 

providing a broad pattern in which to study the mechanisms of population divergence and 

fixation of reproductive isolating barriers. Importantly, this pattern holds across the 

majority of taxa studied, with examples of male and female heterogamety both 

conforming to Haldane’s rule (Haldane 1922, 1932; Gray 1954, 1958; Hillis and Green 

1990; Schilthuizen et al. 2011). For this reason, it is often noted that Haldane’s rule 

cannot simply be explained by the general sensitivity of one sex over the other (Coyne 

and Orr 1989b). Instead, Haldane’s rule is thought to be the result of genetic 

incompatibilities that are exaggerated in the genome of the heterogametic sex. 

 

Dominance Theory And The Role Of X Chromosomes In The Expression Of Haldane’s 

Rule 

 

Among the early genetic explanations for Haldane’s rule, Muller (1940, 1942) put 

forth the X-autosome interaction hypothesis noting that, owing to hemizygosity, hybrid 

males suffer from both dominant and recessive X-linked incompatibilities, whereas 

females only suffer from dominant incompatibilities (for convenience, we use male for the 

heterogametic sex and female for the homogametic sex). Orr (1993a) formalized Muller’s 

theory mathematically and added that hemizygosity is a ‘‘double-edged sword’’: although 

males express every X-linked incompatibility, on average females contain twice as many 

because they possess 2 X chromosomes. If dominant and recessive incompati- bilities 
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are equally likely, these 2 factors cancel each other and cannot explain the consistently 

lower fitness of males (Orr 1993a). However, if recessive alleles are more likely to 

produce severe incompatibilities, Haldane’s rule will result (Muller and Pontecarvo 1942). 

Thus, somewhat ironically, the ‘‘dominance theory’’ relies on genetic incompatibilities 

being recessive on average. To further complicate matters, ‘‘dominance,’’ in the context 

of Haldane’s rule, refers only to the X-chromosome component of what is more precisely 

an epistatic interaction between X-linked and other (perhaps multiple) loci (Demuth and 

Wade 2007). 

Beginning in the 1980s, studies extending the dynamics of hemizygosity to 

females began to suggest forces in addition to dominance might contribute to Haldane’s 

rule. For instance, when females carrying both X chromosomes from one parent in an 

otherwise hybrid genome (unbalanced females) were made from Drosophila species 

pairs that normally obey Haldane’s rule for sterility, the unbalanced female hybrids 

remained fertile. However, if the species pair normally obey Haldane’s rule for viability, 

unbalanced females became inviable (Coyne 1985; Orr 1993b). Later observations 

exploring Aedes mosquitoes that lack hemizygous sex chromosomes found related 

results. Hybrids follow Haldane’s rule for sterility, but not viability (Presgraves and Orr 

1998). Although the mechanisms by which dominance effects in females are made 

equivalent to males is different in the unbalance female and Aedes studies, the 

conclusions are the same; when both sexes have the same dominance effects, fertility 

conforms to Haldane’s rule, but viability does not. 

The unbalanced female and Aedes studies are instructive to the situation in 

mammals because female X-chromosome inactivation (XCI) results in only one X 

chromosome being expressed. Genetic explanations invoking dominance assume that 

chromosomal hemizygosity is equivalent to functional hemizygosity in terms of gene 
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expression (Turelli and Orr 1995). Although this assumption is valid for Drosophila, where 

X-chromosome dosage compensation is achieved by the hypertranscription of the 

hemizygous X in males to equal the dosage expected of diploid autosomes and/or female 

Xs (Lucchesi 1973), it is clear that dosage compensation is not similarly achieved in other 

taxa (e.g., Caenorhabditis elegans and therian mammals—Xiong et al. 2010; 

Anopheles—Hahn and Lanzaro 2005; birds—Itoh et al. 2010; Lepidoptera—Zha et al. 

2009; stickleback—Leder et al. 2010; platypus—Deakin et al. 2009; Tribolium—Prince et 

al. 2010; reviewed in Mank et al. 2011). Indeed, in their original formulation of dominance 

theory, Turelli and Orr (1995) asked, ‘‘Does the dominance theory work given mammalian 

dosage compensation?’’ Dosage compensation in mammals is particularly problematic 

for dominance theory because it involves XCI in females wherein one X chromosome is 

transcriptionally silenced (i.e., females are functionally hemizygous). Conse- quently, the 

average transcript ratio from XX:AA females is approximately 0.5—equal to the ratio in 

X:AA males (Gupta et al. 2006; but see Nguyen and Disteche 2006; Xiong et al. 2010). 

Following, we revisit Turelli and Orr’s question highlighting data from marsupial hybrids 

that have not previously been appreciated for what they may tell us about the genetic 

mechanisms underlying Haldane’s rule. 

 

Dosage Compensation, X Inactivation, And The Role Of Dominance In Haldane’s Rule 

 

XCI is achieved by different means in metatherian (marsupial) and eutherian 

(placental) mammals. In placental mammals, one copy of the X is randomly inactivated, 

forming a mosaic of maternal and paternal X-chromosome expression (Lyon 1961). In 

marsupial cells, males and females, both experience functional hemizygosity of the same 

set of alleles because it is always the paternal X chromosome that is inactivated (Cooper 
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et al. 1971; Richardson et al. 1971; Al Nadaf et al. 2010). The consequences of mosaic 

XCI for dominance theory and Haldane’s rule in placentals depend on the degree of 

autonomy among cells, which is largely unknown in mammals. However, the consistent 

hemizygous expression of only the maternal X chromosome in marsupials has clear 

implications, providing a situation where, if Haldane’s rule is observed, dominance theory 

cannot be the explanation. 

 First, and perhaps more importantly, dominance theory assumes that all loci 

have diploid expression in F1 females, as is the case in Drosophila (Turelli and Orr 1995; 

Orr and Turelli 1996; Turelli and Orr 2000). Because hemizygous expression of the 

maternal X chromosome is shared in both sexes in marsupials (Figure 1-1), dominance 

effects are the same in males and females. Hence, under dominance theory, hybrid 

males and females are expected to suffer the same expected reduction of fitness due to 

X-linked incompatibilities, and Haldane’s rule is not expected to consistently result. 

Additionally, the idea that females should suffer twice the average number of X-linked 

incompatibilities of males (Orr 1993a) is moot, if both sexes express the same X-

chromosome complement. In sum, because X-linked alleles with strict paternal XCI are 

never functionally heterozygous, there is no X-linked dominance in either sex, and 

dominance theory predicts that Haldane’s rule should not hold in marsupial hybrids. 
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Figure 1-1 Expression of X-linked genes in therian mammals. Dosage inequality between 

the sexes is compensated in mammals by the inactivation of one X chromosome in 

females. Placental mammals inactivate either the maternal or paternal X chromosome at 

random, forming a mosaic of X-linked expression. Marsupial mammals inactivate only the 

paternal X chromosome, so that males and females only express the maternal X 

chromosome. Asterisk (*) indicates leaky expression.  
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Table 1-1 Summary of studies of Haldane’s rule in mammals. Data from eutherian 

mammals are from Schilthuizen et al. (2011). For a full list, see Appendix A 

 
 

 
 

Haldane’s Rule For Sterility And Inviability In Hybrid Marsupials 

 

Despite the prediction from dominance theory, published accounts show that 

Kangaroos (Macropus), Rock Wallabies (Petrogale), and Pademelons (Thyogale) obey 

Haldane’s rule for fertility in most cases (Close and Lowry 1990 and references therein; 

Sharman et al. 1990; Eldridge and Close 1993). In 10 of 11 species pairs, males are 

sterile while females are fertile. However, in the remaining species pair, females are 

sterile while males remain fertile, representing the only reported exception to Haldane’s 

rule for fertility among mammals (Table 1-1). When corrected for nonindependence 

among species pairs, the number obeying Haldane’s rule becomes 6 of 7 for sterility. 

Incomplete data for an additional 12 species pairs also suggest that fertility is more 

frequently disturbed in males than in females (Appendix A). 

Despite the paucity of the female viability data reported, it remains possible to 

draw conclusions about Haldane’s rule for inviability. The probability of having exactly k 

offspring of a particular sex is (n k)pk, where n is the total number of offspring observed 

Group Asymmetric 
phenotype 

Crosses with 
asymmetric 
effects 

Crosses 
obeying 
Haldane’s rule 

Percentage of 
obeying 

Eutheria Sterility 34 34 100.0 
 Inviability 5 5 100.0 
Metatheria Sterility 7 6 85.7 
 Inviability 2 1 50 
Combined Sterility 41 40 97.6 
 Inviability 7 6 85.7 
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and p = 0.5. Two species pairs exhibit a >95% chance that one sex is rare or absent 

(Petrogale assimilis x P. penicillata, and P. i. mareeba x P. assimilis). The first species 

pair produced 9 females and 1 male, conforming to Haldane’s rule for inviability, whereas 

the second species pair produced 8 males and no females—a violation of Haldane’s rule 

for inviability (Sharman et al. 1990). Interestingly, the reciprocal to this cross produced 6 

females and 1 male, following Haldane’s rule, although the result is nonsignificant (p 

=0.05469). The majority of other interspecific crosses do not show significant asymmetry 

in viability between sexes (0.5 ≤ p ≤ 0.05469). 

In placental mammals, Haldane’s rule is obeyed in all 34 species pairs that 

produce sterile hybrids and in all 5 species pairs that produce only viable female hybrids 

(Laurie 1997; Schilthuizen et al. 2011). Marsupial crosses (reviewed in Close and Lowry 

1990; Sharman et al. 1990; Eldridge and Close 1993) bring the overall therian mammal 

total for hybrid sterility to 40 of 41 species pairs and potentially add support for an 

additional 12 species pairs where data are limited (Appendix A). Although marsupials 

contain the only exceptions to Haldane’s rule for both sterility and inviability among 

mammals, 52 of 53 hybridizations obeying the rule is still overwhelming support. If, as we 

propose, dominance theory cannot explain Haldane’s rule in marsupials, why does the 

pattern still hold so regularly? 

 

Alternative Hypotheses For Haldane’s Rule In Marsupials 

 

 A key insight following the unbalanced female experiments pointed out that the 

genetic basis for viability is likely to involve the same set of loci in both sexes, whereas 

the loci governing fertility are probably different in males and females (Wu and Davis 

1993). Since then, many evolutionary biologists have viewed Haldane’s rule as a 
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composite phenomenon (Coyne 1992; Johnson et al. 1992; Orr 1993b; Wu and Davis 

1993). This recognition, along with the observation that male sterility evolves faster than 

female sterility and faster than inviability in both sexes despite male fertility being less 

sensitive than viability to mutagenic disruption, led Wu and colleagues to propose that 

either sexual selection may drive rapid evolution of genes that contribute to male sterility 

or spermatogenesis may be inherently more sensitive than oogenesis to perturbation (Wu 

and Davis 1993, Wu et al. 1996). This so called ‘‘faster male’’ hypothesis has since been 

supported by diverse lines of evidence in plants and animals (Brothers and Delph 2010; 

Schilthuizen et al. 2011), including rapid evolution of male reproductive proteins by 

positive selection in placental mammals (Torgerson et al. 2002; Swanson et al. 2003; 

Clark and Swanson 2005; Good and Nachman 2005; Khaitovich et al. 2005). The data for 

marsupials is thus far consistent with the composite view of Haldane’s rule. Evidence for 

Haldane’s rule for viability is lacking, as expected under dominance theory with strict 

paternal XCI. Evidence for Haldane’s rule for sterility is abundant, which is consistent with 

faster male evolution. Future studies of marsupial reproductive protein evolution may 

provide additional support for faster male evolution. 

Importantly, dominance and faster male theories need not be mutually exclusive. 

Indeed, Turelli and Orr (2000) discuss their relative roles under the same mathematical 

framework, where the influence of dominance scales with the proportion of the genome 

that is X linked, and the role of faster male evolution scales as the relative number and 

severity of male versus female incompatibilities. In marsupials, this interplay between 

dominance and faster male theories may remain, depending on the degree to which 

paternal X inactivation is leaky. Unfortunately, detailed mechanistic understanding of 

paternal XCI is still poorly understood. The most detailed study to date shows that 

paternal alleles escape XCI in 5–65% of cell lines (Al Nadaf et al. 2010). However, it 
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remains unclear what proportion of transcripts at the surveyed loci belonged to the 

paternal X (i.e., it is unknown whether paternal alleles ever attain full expression) and 

furthermore, escape from inactivation may be stochastic (Al Nadaf et al. 2010). 

An additional source of incompatibilities that may explain Haldane’s rule in 

marsupials includes X–Y interactions, which have been suggested as a possible cause of 

male sterility in marsupials (Graves 1996; Graves and ONeill 1997). In placental 

mammals, proper meiotic pairing of the X and Y is facilitated by pseudoautosomal 

regions (PARs). Disruption of pairing in the PAR blocks meiosis and results in male 

infertility due to abnormal sperm development (Burgoyne et al. 1992) and is a suggested 

explanation for Haldane’s rule in placental mammals (Graves 1996). However, because 

marsupials do not possess a PAR region (X and Y pair at the tips in the absence of 

homology), X–Y interactions are suggested to be genic (Sharp 1982; Graves and ONeill 

1997). In hybrid males, the X and Y chromosomes are derived from different species, and 

heterospecific interactions or loss of gene complement may contribute to Haldane’s rule 

for fertility in marsupials. 

Additionally, genomic conflict, in the form of competition among oo ̈tids for 

inclusion into the pronucleus, potentially plays a role in Haldane’s rule in marsupials 

(reviewed in McDermott and Noor 2010). Centromeric sequences involved in spindle fiber 

attachment have been shown to be involved in such competition in mammals (Henikoff et 

al. 2001; Pardo-Manuel de Villena and Sapienza 2001). Separated by 1–2 My (Gifford et 

al. 2005), 2 wallaby sister species, Macropus rufogriseus and M. eugenii, differ greatly in 

the repeat content of their centromeric sequences (O’Neill et al. 1998; Metcalfe et al. 

2007). Interspecific crosses between these species produce infertile male and female 

hybrids that display extensive chromosomal remodeling and genomic instability, for 

example, changes in chromatin structure and the amplification of satellite repeats and 
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transposable elements (Metcalfe et al. 2007). The effects of genomic instability may 

contribute to Haldane’s rule in marsupials if centromeric misalignment of the X and Y 

chromosomes during metaphase in hybrids leads to the failure of spermatogenesis 

(McKee 1997; Zwick et al. 1999; Henikoff et al. 2001). Furthermore, meiotic inactivation 

of sex chromosomes in male hybrids, a process crucial for male fertility in mammals 

(Royo et al. 2010), could be delayed or derailed by the decondensation or amplification of 

centro- meric regions. In marsupials, meiotic sex chromosome inactivation occurs before 

the X–Y associations that lead to the formation of the sex chromatin beginning at mid- 

pachytene (Namekawa et al. 2007). A delay in the formation of the sex chromatin may 

trigger the late-pachytene meiotic checkpoint and lead to spermatocyte apoptosis and 

reduced fertility, a phenomenon attributable to chromosomal asynapsis in placental 

mammals (Luan et al. 2001). If true, this mechanism would be consistent with more 

general ‘‘faster heterogametic sex’’ hypotheses that propose the XY sex evolves faster 

because of the conflicting pressures that the X and Y chromosomes experience to distort 

the sex ratio (Frank 1991; Hurst and Pomiankowski 1991; Tao and Hartl 2003). 

 

Prospects For Future Research 

 

In marsupial mammals, nature provides us with a system analogous to the 

unbalanced female experiments in Drosophila (Coyne 1985; Orr 1993b) and Aedes 

mosquito lacking hemizygous sex chromsomes (Presgraves and Orr 1998). In each case, 

the X-chromosome contribution to reproductive isolation is the same in males and 

females. In most species, dominance theory and faster male theory cannot be 

disentangled to reveal the cause of hybrid male sterility where they act simultaneously 

(Wu et al. 1996; Coyne and Orr 2004). However, because dominance theory cannot 
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explain Haldane’s rule in marsupials, understanding the genetics of hybrid male sterility 

and the evolutionary dynamics of sex chromosomes in this large group of diverse 

organisms will provide useful insight into one of the most sweeping empirical 

observations in evolutionary biology. 

 A major current limitation is that no records exist for hybridizations in non-

macropodid marsupials such as opossums and possums (Didelphidae and 

Caenolestidae), gliders (Petauridae), bandicoots (Peramelemorphidae), and marsupial 

moles (Notoryctidae). While macropods, such as kangaroos, typically produce one 

offspring per season, many species in these families are highly fecund and produce 

anywhere from 4 to 10 offspring in a litter making them highly amenable to studying 

biases in sex ratio. Future research involving marsupials with high fecundity will 

potentially provide excellent candidates for studying the evolution of hybrid male sterility 

in nonplacental mammals. 
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Chapter 2  

The Role Of Transposable Elements In Speciation 

 
With innovative DNA sequencing technologies has come a new appreciation for 

the content of animal and plant genomes. Overwhelmingly, a picture has been painted in 

which mobile and repetitive elements dominate the genomic landscape. Mobile genetic 

elements have recently been shown to contribute coding and regulatory sequences 

during their proliferation, leading to functional and regulatory novelty as well as element- 

mediated rearrangements coinciding with speciation events. Additionally, dormant 

elements occasionally erupt in bouts of excision and transposition in interspecific hybrids, 

resulting in a suite of maladaptive traits. The potential for mobile elements as key players 

in the evolution and diversification of genomes and species is immense yet in many 

respects transposable elements still remain the “dark matter” in the genome. This is 

particularly true of their role in speciation, and in order to fully appreciate their role, much 

work is still needed. In this chapter, we investigate the evidence for transposable 

elements as drivers of diversification and speciation. 

 

Introduction 

Transposable elements (TEs) are a diverse group of genetic sequences that 

share the common ability to move within a genome. The broadest distinction among TEs 

classifies them based on whether or not transposition involves an RNA intermediate 

(Wicker et al., 2007). Retrotransposons (class I TEs) transpose through a replicative 

“copy and paste” mechanism, which involves the production of a processed mRNA 

transcript that becomes re-inserted into the host genome after being reverse transcribed 

into complimentary DNA by an element-encoded reverse transcriptase. In contrast, DNA 
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transposons (class II TEs) rely on a non-replicative “cut and paste” mechanism, involving 

a diversity of element-encoded enzymes, such as transposase, C-integrase, and tyrosine 

recombinase. Both class I and class II TEs are prone to proliferative bursts and exist as 

either autonomous elements, which encode the proteins necessary to catalyze there own 

transposition; or non-autonomous elements, which use the replication machinery of 

autonomous TEs.  

TEs are often considered “parasitic” and “selfish” due to their ability to invade a 

genome despite imposing a fitness cost to their hosts in the process. By inserting 

themselves into coding or regulatory regions, TEs often have deleterious consequences, 

but their impact varies among taxa. For instance, TE mobilization is associated with over 

100 human diseases (Goodier and Kazazian 2008; Belancio, Hedges, and Deininger) but 

this represents a relatively low percentage of pathogenic mutations (~0.3%; (Callinan and 

Batzer 2006; Kazazian 1998). In mouse and Drosophila, TE insertions constitute a much 

larger proportion of deleterious mutations (10% and 50% respectively; Maksakova et al. 

2006; Finnegan 1992). The variation in the fitness consequences of TEs likely reflects an 

interaction between host genome defense and variation in the composition of TE types 

(Eickbush and Furano 2002).  

While transposable elements (TEs) are perhaps best known for their capacity to 

disrupt host gene function, speculation about their potential evolutionary benefits as 

drivers of diversity have been around almost since their discovery in the 1940s 

(McClintock 1950; 1956; Britten and Davidson 1971). However, it was not until the 

genomic era that the ubiquity, abundance, and diversity of TEs has been fully 

appreciated (Kidwell and Lisch 2001; Fedoroff 2012). For example, variation in TE 

abundance between the genomes of different species reveals lineage specific dynamics 

in the composition and abundance of different classes of TEs. Recent large-scale 
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sequencing projects and advances in the screening of genomic sequences for hallmarks 

of repetitive elements reveal that TEs comprise 10-90% of plant nuclear genomes (Li et 

al. 2004; Haas et al. 2005), up to 20% of fungal genomes (Wicker et al. 2007), 9% of the 

chicken genome (International Chicken Genome Sequencing Consortium 2004), 15-22% 

of the Drosophila melanogaster genome (Kapitonov and Jurka 2003;Biemont and Vieira 

2005), 6-17% of the Tribolium castaneum genome (Wang et al. 2008), and 50-66% of the 

human genome (International Human Genome Sequencing Consortium 2001; Koning et 

al. 2011). However, given that identifying TEs and their copy number from genomic 

sequence is fraught with computational difficulties, some of these values likely remain 

underestimates (e,g., Koning et al. 2011). Across eukaryotes, TEs are a much better 

predictor of genome size than protein coding gene content (Feschotte and Pritham 

2007a). In addition to their abundance, a handful of well-annotated genomes illustrate 

that the TEs present in eukaryotes are very diverse (Wicker et al. 2007; Mandal and 

Kazazian 2008; Venner et al. 2009; Jurka et al. 2011; Chénais et al. 2012). 

The diversity of genetic novelty infused by TE invasion and proliferation has been 

a fundamental argument for their role in driving organismal diversity (reviewed in Fedoroff 

1999; Kazazian 2004; Biémont and Vieira 2006; Oliver and Greene 2009; 2011) and 

there are a growing number of specific examples where TE domestication has 

contributed coding and/or regulatory sequences implicated in adaptive novelty (Brandt et 

al. 2005; Feschotte and Pritham 2007b; Feschotte 2008; Butter et al. 2010). Furthermore, 

the burst dynamics of TEs wherein they invade, rapidly proliferate, and then are silenced 

by host defense has been hypothesized to explain broad evolutionary patterns from 

geological time scales to contemporary biodiversity (Zeh et al. 2009; Oliver and Greene 

2011; Table 2-1). 
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Table 2-1 Mobile genetic elements and speciation in geologic time. Adapted from: 

Rebollo et al. 2010 and Kim et al. 2004.Transposable element activity in the following 

examples is concordant with phylogenetic activity of their hosts. Additional examples 

describe intraspecific diversity in numbers of TE families 

TE event/Species history Reference 
Reduced L1 and SINE accumulation during radiation of African apes 
(14–15 Mya). 

Intl Hum Gen Seq Consort 
(2002) 

Expansion of L1 subfamilies parallels intense speciation in Rattus 
sensu stricto. Verneau et al. (1998) 

Lx family amplification is concomitant to the radiation of murine 
mammals. Pascale et al. (1990) 

Rapid speciation in the genus Taterillus (gerbil) occurred along with 
intense activity of TEs in nascent lineages. Dobigny et al. (2004) 

Intense DNA elements transposition during the Myotis radiation. Ray et al. (2008) 
DNA transposon bursts parallel speciation events in pseudotetraploid 
salmonids and occurred after genome duplication. de Boer et al. (2007) 

Acquisition and consequent transposition of an endogenous retrovirus 
(ERV) element and lineage specific enrichment of TEs in Entamoeba 
histolytica. 

Lorenzi et al. (2008) 

Repeated bouts of Haplochromine-specific SINE insertions followed 
by extensive radiations found in all inhabited lakes. Shedlock et al. (2004) 

Peak L2 and MIR activity coincides with marsupial-placental split 
120-150 MYA. Kim et al. 2004 

Peak L1 activity corresponds to the eutherian radiation 100MYA. Kim et al. 2004 
Unprecedented LTR activity on the Y-chromosome corresponds to 
the K-T ecological disturbance 70 MYA Kim et al. 2004 

Alu and young L1 activity is restricted to the radiation of Old World 
and New World monkeys 40 and 25 MYA, respectively. Kim et al. 2004 

Diverse species exhibit different numbers of TE families between 
subpopulations with relatively low amounts of sequence divergence 
(0-561 families at < 1% and 5-1093 families at < 5% divergence) 

Jurka et al. 2011 

Tourist-like MITE, miniature Ping (mPing), present in 14 copies in 
Oryza indica and 70 copies in O. japonica. Jiang et al. 2003 

Ty3/gypsy-like retrotransposon expansion in hybrid species H. 
anomalus, H. deserticola, and H. paradoxus occurred near the time of 
their origin 0.5 to 1 Mya. 

Ungerer et al. 2009 
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Despite evidence suggesting a role for TEs as drivers of organismal diversity, it 

does not necessarily follow that TE sare important to the process of speciation. In 

sexually reproducing species, speciation is the process of converting segregating 

variation within a species to fixed differences between species through the evolution of 

reproductive isolation (Dobzhansky 1937; Mayr 1942). Darwin’s theory of natural 

selection, while providing an elegant mechanism for adaptation, did not fully explain how 

speciation per se occurs. The logical difficulty that arises is that selection should weed 

out variants causing reduced fitness in conspecific matings (Orr 1996). For this reason, 

even if we assume that TEs are broadly important to biodiversity, it is also worthwhile to 

address whether they might play a special role in generating isolation. 

Thirty years ago Rose and Doolittle (1983) authored a paper in Science titled 

“Molecular Biological Mechanisms of Speciation” in which they examined the empirical 

evidence for repetitive DNA’s role in the formation of reproductive isolation. It marked an 

early synthetic effort to relate TEs to the process of speciation. In their review, the 

mechanisms by which TEs might facilitate the origin of species were subdivided into 

three general categories: I) Genomic Disease, II) Mechanical Genome Incompatibility, 

and III) Genome Resetting. Based primarily on what was then recent data demonstrating 

hybrid dysgenesis between P and M strains of Drosophila melanogaster, Rose and 

Doolittle concluded that Genomic Disease, while seemingly least plausible, had more 

empirical support than the other two categories. We have learned much in the intervening 

three decades and in this chapter we will revisit the categories of Rose and Doolittle as a 

convenient conceptual scaffold for understanding the variety of ways TEs might directly, 

or indirectly, cause reproductive incompatibility. 
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Mechanism I: Genomic Disease 

 

The view that TEs are genomic parasites lends itself naturally to the hypothesis 

that antagonistic coevolution between disease (the TEs) and immunity (the host’s 

genomic defenses) might promote speciation. Much like how B and T cells of the 

vertebrate adaptive immune system recognize and remember specific pathogens, a 

host’s need to suppress the deleterious effects of selfishly proliferating TEs may drive 

specificity of host genomic defenses against their particular compliment of TEs (Ironically, 

TE domestication contributes to the V(D) J recombination system that makes adaptive 

immunity to pathogens possible; Market and Papavasiliou 2003; Zhou et al. 2004; 

Kapitonov and Jurka 2005; reviewed in Litman et al. 2010). Consequently, populations 

evolving in allopatry that are exposed to different TE pressures may diverge in genomic 

defense as well. 

There are a few ways this genomic disease model could result in reduced fitness 

for F1 hybrids. First, since F1s are haploid for both parental genomes, to the extent that 

defense mechanisms are haploinsufficient, TEs from both parental types may escape 

suppression. Second, if the contribution to defense is inherited primarily from one parent 

but not the other, TEs from the non-contributing parent might be freed from suppression. 

Uniparental inheritance of defense is particularly intriguing because it predicts 

asymmetries in hybrid breakdown. For instance, it is straightforward to imagine that 

uniparental defense could result in “Darwin’s corollary”, which observes that hybridization 

barriers are often asymmetric (i.e. the degree of isolation depends on which population is 

the maternal vs paternal parent; see Turelli and Moyle 2007). If a population that has 

adapted to invasion by a novel TE hybridizes with a naïve population, hybrids in only one 

direction will suffer. Additionally, since sex-limited chromosomes (Y or W) tend to 
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accumulate TEs disproportionately relative to the rest of the genome (Charlesworth et al. 

1994; Abe et al. 2000; Bachtrog 2005; Charlesworth et al. 2005) the heterogametic sex 

may be more likely to suffer in the F1. For example, if XX mothers contribute to defense, 

XY hybrid sons might be affected disproportionately because they will not be guarded 

against TEs originating from their father’s Y chromosome. The expected pattern of 

heterogametic F1 hybrids suffering disproportionately is consistent with a “rule of 

speciation”, Haldane’s rule (Haldane 1922). 

 

TE Suppression by Small RNAs: A Molecular Mechanism for Speciation 

 

While it is not the only mechanism by which TE activity can be controlled, the 

small RNA “immune response” to TEs represents an ancient, pan-eukaryotic, genomic 

defense against TE mobilization, and provides the kind of host-pathogen specificity 

necessary for antagonistic coevolution (reviewed in Aravin et al. 2007; Girard and 

Hannon 2008; Malone and Hannon 2009; Michalak 2009; Bourc'his and Voinnet 2010; 

Castillo and Moyle 2012). Small RNA-mediated TE control happens in three basic 

phases: detection, amplification, and repression (Girard and Hannon 2008). First, the 

detection phase relies on TE’s propensity to produce anti-sense, double-stranded, or 

aberrant RNAs, which are recognized by core RNAi machinery (e.g. Dicer RNase III 

family proteins) and are cleaved into small RNAs such as endogenous siRNAs (siRNAs). 

During the amplification phase, the primary pool of siRNAs is copied by an RNA 

dependent RNA polymerase and associated with Argonaute proteins (Ghildiyal et al. 

2008). These siRNA - Argonaute complexes then recognize complimentary RNA 

sequences, guiding cleavage of additional transcripts. Depending on the taxon and 

tissue, TE repression is ultimately achieved by a combination of transcript degradation 
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(post-transcriptional silencing) and/or siRNA target directed methylation and/or histone 

modifi- cation (transcriptional silencing). 

In animals, there is an additional detection mechanism that provides protection to 

the germline and takes advantage of TE’s unique ability to move within the genome, the 

piwiRNA pathway. Rather than relying on Dicer dependent dsRNA recognition as above, 

detection begins with antisense transcription of TEs that have transposed into special 

RNA gene clusters (e.g. the flamenco locus in Drosophila contains sequences that 

repress Gypsy, Idefix and ZAM family TEs; Pelisson et al. 1994; Prud'homme et al. 1995; 

Sarot et al. 2004). Processed transcripts from these clusters, called piRNAs, associate 

with members of the Piwi subfamily of Argonaute proteins (e.g. Drosophila: Piwi, 

Aubergine, AGO3; Mouse: Miwi, Mili, Miwi2). Amplification occurs by a “ping pong” cycle 

wherein the antisense piRNAs direct cleavage of sense strand TE RNAs which also 

associate with Piwi proteins that then target cleavage of additional antisense 

piRNAs…and so on. Post-transcriptional and transcriptional repression is ultimately 

achieved similarly to that of the siRNA pathway above. 

While we have provided only the coarsest overview, it should be clear that the 

genomic disease. Immune response analogy is an apt one despite predating discovery of 

small RNA mediated TE control by more than a decade (Bingham et al. 1982; Rose and 

Doolittle 1983; Ginzburg et al. 1984). Breakdown at any of the three stages of small RNA 

mediated TE control could result in hybrid problems. At detection, uniparental inheritance 

of small RNA is predicted to be particularly problematic, and haploinsufficiency could 

follow from problems in the amplification phase. Inadequacy of either of these phases 

would be expected to result in breakdown of repression. 
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Figure 2-1 Sense and anti-sense orientation of matching TEs are indicated by black and 

red arrows. Sense (A locus) and antisense (B locus) transcription are indicated by 

squiggle lines. Here the B locus produces antisense transcripys which initiate small RNA 

production and target silencing of the A locus. For simplicity only the haploid genome is 

illustrated except in hybrids. 
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 If we further abstract the genomic disease model to a two locus genetic 

interaction model wherein A1 and A2 represent TE variants, and B1 and B2 represent 

matching variants at a host defense locus, the history of work surrounding the 

Dobzhansky-Muller (DM) model of post- zygotic isolation become immediately relevant 

(Figure 49). While a complete reconciliation of the genomic disease model with DM is 

outside our scope, it is a potentially interesting avenue for future work. The mathematical 

framework surrounding DM is well developed (e.g. Turelli and Orr 2000; Orr and Turelli 

2001; Demuth and Wade 2005) as is the population genetic theory for TE proliferation 

(Charlesworth and Charlesworth 1983; Charlesworth and Langley 1989; Ribeiro and 

Kidwell 1994; Brookfield and Badge 1997), reconciling the two may facilitate more 

specific predictions about the strength of asymmetry and consequences of lineage 

specific divergence. 

 

Evidence for Mechanism I 

 
Drosophila Hybrid Dysgenesis 

 
Early evidence (in fact motivation) for the genomic disease model came from two 

independent systems in Drosophila (P-M and I-R) where crossing different strains of D. 

melanogaster resulted in hybrids with a suite of maladaptive traits such as sterility, gonad 

hypertrophy, extensive chromosomal aberrations, male recombination, and elevated 

germline mutation (Picard and L’Héritier 1971; Kidwell and Kidwell 1975; Picard 1976; 

Engels and Preston 1979; Schaefer et al. 1979; Hiraizumi et al. 1973; Yamaguchi, 1976; 

Kidwell et al. 1977; Woodruff and Thompson, 1977; Thompson et al. 1978) These studies 

also revealed that age and rearing temperature impact the degree of hybrid phenotypes 
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(Picard 1976; Bucheton et al. 1976) and collectively the consequences of these crosses 

was termed “hybrid dysgenesis” (Kidwell et al. 1977). 

The underlying cause of hybrid dysgenesis was eventually traced to TE activity in 

offspring of P x M crosses and I x R crosses (Pelisson 1981; Rubin et al. 1982; Bingham 

et al. 1982; Kidwell 1983; Bucheton et al. 1984). In both cases strains more recently 

collected from the wild had active TEs that were not present in long-time lab strains. 

Hybrid dysgenesis only occurred in these crosses when the paternal parent carried the 

autonomous TE and the maternal parent did not. In the I-R system dysgenesis only 

arises when inducer (I) strain males are crossed to reactive (R) strain females. In the P-M 

system dysgenesis only occurs when paternal (P) strain males are crossed with maternal 

(M) strain females (Kidwell et al. 1977; Bingham et al. 1982; Kidwell 1983). The 

asymmetry in consequences of these crosses, particularly I-R sterile hybrid females, 

suggested that a maternal factor is responsible for offspring’s ability to control inherited 

TEs (Bregliano et al. 1980). Discovery that members of the Piwi subfamily of Argonaute 

proteins are maternally loaded into the pole plasm that will give rise to the future 

germline, and are necessary for TE silencing (Reiss et al. 2004; Sarot et al. 2004), added 

to early evidence for maternal inheritance of TE repression (Jensen et al. 1999). Later, 

small RNAs were also shown to be inherited maternally (Blumenstiel and Hartl 2005) and 

the protein-RNA complexes are responsible for TE silencing through females. Since the 

cytoplasm is mostly discarded from sperm there is little opportunity for male transmission 

of small RNAs. Thus, the hybrid dysgenesis observed in P-M and I-R hybrids appears to 

result from uniparental (maternal) inheritance of piRNA based TE control and the 

consequent inability to silence paternally derived TEs (Brennecke et al. 2008). 

Furthermore, maternal piRNA mediated suppression of TEs in the germline appears to be 

widely conserved among animals (reviewed in O'Donnell and Boeke 2007). 
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TE Derepression In Interspecific Animal Hybrids 

 

Even before the mechanisms of small RNA based TE silencing were well worked 

out, researchers sought to test predictions of TE-mediated speciation in a comparative 

framework by looking for similar phenotypes in additional Drosophila hybrids (Coyne 

1986; Hey 1988; Coyne 1989). These experiments assayed hybrids from isofemale lines 

derived from natural populations, as well as hybrids between natural and laboratory 

mutant lines. Enthusiasm over the role of TEs in speciation subsided, when it appeared 

that hybrid dysgenesis was not a ubiquitous feature of interspecific hybrids from the D. 

melanogaster or D. affinis subgroups (Coyne 1985; 1986; 1989; Eanes et al. 1988). 

Additionally, even in Drosophila systems where hybrid dysgenesis occurs, 

sterility often varies with temperature and age. This provides an opportunity for previously 

naïve populations to adapt to new elements; perhaps mirroring the invasion of novel TEs 

within populations. For example, by repeatedly crossing males from an I strain to older 

dysgenic females that had regained some fertility, Pélisson and Bregliano (1987) were 

able to introduce repression of I element proliferation in a previously reactive genome 

within 15 generations. Based primarily on the Drosophila findings, Coyne (1986) 

suggested that to demonstrate a convincing case for TEs causing speciation requires: 

 

• a difference in the distribution of element families among species, 

• that these differences cause reproductive isolation (temperature-

sensitive gonadal dysgenesis or elevated mutation and recombination 

rates do not themselves result in isolation) 
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• the existence of reciprocal sterility effects of the elements in cases where 

sterility occurs in reciprocal crosses between species. 

 

Despite early pessimism, new findings from D. melanogaster x D. simulans 

hybrids have helped fuel renewed interest in TEs role in speciation. For example, 

Kelleher et al. (2012) recently showed that in contrast to intraspecific D. melanogaster 

crosses where maternal transmission of piRNAs fails to silence active paternal TEs, the 

interspecific hybrids have widespread activation of both maternally and paternally derived 

TEs. The study also showed that hybrid offspring are phenotypically most similar to flies 

with mutations in piRNA pathway genes (e.g. Piwi, Aubergine and Argonaut3). Ten 

proteins in the piRNA pathway showed excess amino acid changes between D. 

melanogaster and D. simulans suggesting a model wherein divergence in piRNA effector 

proteins between species is responsible for TE derepression in hybrids (Kelleher et al. 

2012 ). 

Several other studies also now provide evidence for both lineage-specific 

evolution of TE families (Table 18) and elevated activity of TEs in interspecific animal 

hybrids. For example, hybrids between Drosophila koepferae and D. buzzati experience 

increased Osvaldo transposition, a TE present in a repressed state in both parent 

genomes (Labrador et al. 1999). In mammals, hybrids between the kangaroo species 

Macropus rufogriseus and M. agilis exhibit unstable centromeres due to the expansion of 

KERV-1 TEs (Metcalfe et al. 2007). Hybrids between the Wallaby species M. eugenii and 

Wallabia bicolor also experience elevated TE activity, leading to the expansion of 

centromeric heterochromatin (O'Neill et al. 1998). In lake whitefish (Coregonus spp.), 

evidence for an increase in TE activity was revealed by sequencing the transcriptomes of 

hybrids between normal and dwarf species (Renaut et al. 2010). 
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TE Derepression In Plant Hybrids 

 

There are also several examples of TE proliferation in hybrid plants that are 

consistent with the genomic disease model. Indeed, Mclintock’s original observations of 

mosaic maize kernels that lead to the discovery of TEs and motivated her genomic shock 

hypothesis (McClintock 1950; 1984), are broadly compatible with the genomic disease 

model. Furthermore, the first mechanistic example of genomic defense induced by 

antisense TE transcription was also found in maize; silencing of the MuDR element 

involves transcription of Mu killer, which is the inverted duplicate of a partially deleted 

MuDR and induces heritable silencing through the small RNA pathway (Slotkin et al. 

2003; 2005). 

The best-studied and most suggestive link between TE derepression and 

speciation involves crosses between Arabidopsis thaliana and A. arenosa, which show 

postzygotic isolation mediated at least in part by proliferation of the pericentromeric 

ATHILA retrotransposon. Typically, A. thaliana ovules fertilized by A. arenosa pollen 

result in 95-100% seed abortion, and the reciprocal cross is impossible because A. 

thaliana pollen do not germinate on the A. arenosa stigma (Comai et al. 2000). Josefsson 

et al. (2006) demonstrated that seed abortion is significantly reduced when the A. 

thaliana female parent has higher ploidy than the A. arenosa pollen parent. In this cross, 

hybrid viability is correlated with the expression of only paternally derived ATHILA 

elements, which are more abundant in the A. arenosa (the paternal parent) genome than 

in A. thaliana (Josefsson et al. 2006). To explain this Josefsson et al. (2006) proposed 

the dosage dependent induction (DDI) model suggesting that increased relative maternal 

ploidy (i.e. dose) increases protection of the embryo and endosperm by balancing 

maternal suppressive factors with the paternal ATHILA copy number. 
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Since not all TE families are mobilized in the A. thaliana x A. arenosa cross, it 

remains unclear to what extent quantity and or specificity of repressors are important to 

hybrid inviability (Josefsson et al. 2006; Michalak 2009; Calarco and Martienssen 2011; 

Castillo and Moyle 2012). Furthermore, Martienssen and colleagues also suggest that 

both paternal and maternal factors may be involved (Slotkin et al. 2009; Martienssen 

2010; Calarco and Martienssen 2011). Unlike animals, which only contribute small RNAs 

maternally, in Arabidopsis (and other angiosperms) both sexes contribute small RNAs 

that impact TE silencing. However, the two sexes produce distinct classes of small RNAs. 

Females produce 24-bp RNAs that interact with ARGONAUT9 in a manner reminiscent of 

the Piwi family - piRNA pathway in animals (Olmedo-Monfil et al. 2010). In males, pollen 

consists of three haploid cells - two identical sperm cells within an encompassing 

vegetative cell (McCormick 1993). TEs are derepressed via a regulated loss of DNA 

methylation in the vegetative nucleus and give rise to a distinct class of 21-bp small 

RNAs that are then passed to the sperm cells where they contribute to silencing their 

cognate elements (Slotkin et al. 2009). If it is necessary to have appropriate constituents 

from both the 21 and 24-bp small RNA pathways to silence TEs in hybrid offspring, the 

inviability of A. thaliana x A. arenosa hybrids may result from mismatches in suppression 

from either or both parental genomes. 

Other examples that circumstantially tie TE derepression in plant hybrids to 

speciation include sunflower and rice. In sunflowers, three diploid species have arisen by 

ancient hybridization between Heliantus annuus and H. petiolaris. The hybrid species H. 

anomalus, H. deserticola, and H. paradoxus independently experienced large increases 

in retrotransposon content that are broadly consistent with the time of the species’ origins 

(Welch and Rieseberg 2002; Schwarzbach and Rieseberg 2002; Gross et al. 2003; 

Ungerer et al. 2006; 2009). Interestingly, in five current natural hybrid zones between H. 
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annuus and H. peteolaris, TE copy number in hybrid plants does not exceed the parental 

species values despite active transcription of the same TE families that are expanded in 

the three species derived from ancient hybridization (Kawakami et al. 2011). This finding 

suggests that post-transcriptional regulation currently limits TE proliferation in Helianthus 

hybrids. The fact that the three hybrid species are each adapted to extreme 

environmental conditions is consistent with the ‘genomic shock’ and ‘epi-transposon’ 

ideas where TE proliferation in hybrids is promoted by a combination of biotic and abiotic 

stressors (in this case hybridization and harsh environmental conditions) upsetting the 

epigenetic defenses that normally keep TE activity suppressed (McClintock 1984; 

Wessler 1996; Lisch 2009; Zeh et al. 2009). 

In rice, the genomic distribution and abundance of the miniature inverted-repeat 

transposable element (MITE) mPing differs within and between indica and japonica 

subspecies of Oryza sativa (Jiang et al. 2003), reflecting multiple rounds of differential 

amplification (Lu et al. 2012). Additionally, it has been shown in laboratory crosses that a 

hybridization signal provided by pollination with wild rice, Zizania litifolia remobilizes 

mPing, its supposed autonomous partner Pong, and at least two other TE families (Tos17 

and Dart; Shan et al. 2005; Wang et al. 2010). This suggests that bursts of TE 

proliferation in rice may be a consequence of hybridization; however, it remains far from 

illustrating a direct role in speciation. 

 

Mechanism II: Mechanical Incompatibility 

 
Rose and Doolittle’s (1983) focus on Mechanical Incompatibility dealt with two 

potential roles that TEs might play in hybrid infertility and inviability. First, rapid sequence 

turnover, particularly in heterochromatic repeats, could result in meiotic nondisjunction 
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due to failure of homologous chromosomes to recognize each other during meiosis. 

Second, differential proliferation among chromosomes could disrupt necessary spatial 

relationships among nonhomologous chromosomes that are based on relative 

chromosome arm length (see Rose and Doolittle 1983). They concluded that there was 

little evidence for these types of mechanical isolation despite ample evidence for 

sequence turnover and proliferation. In fact they noted how little sequence homology was 

actually necessary for chromosomes to segregate properly. Somewhat ironically, the first 

“speciation gene” identified in animals, Odysseus, is now known to be a coevolutionary 

result of genomic conflict driven by the need to bind with rapidly changing 

heterochromatic repeats (see chapter by Phadnis and Malik in this volume); and this 

interplay between heterochromatin associated factors is emerging as a common cause of 

Drosophila incompatibilities (e.g. Brideau et al. 2006, Bayes and Malik 2009, Ferree and 

Barbash 2009, Cattani and Presgraves 2012). 

Another way that TE activity might result in mechanical incompatibility is by 

generating structural variation (e.g. inversions, translocations, duplications, or deletions). 

Isolation due to chromosomal rearrangements could arise as a direct consequence of 

underdominance (i.e. lower heterozygote fitness than either homozygote) in 

heterokaryotypic hybrids. For instance, crossovers within inversion heterozygotesmay 

result in gametes that do not contain a complete gene complement. If such crossovers 

were common, hybrids between populations or species with different inversions would be 

expected to show underdominance for fertility. A major difficulty with the potential for 

rearrangements to cause isolation directly is that fixation of an underdominant 

rearrangement is unlikely except in situations where genetic drift is strong (Walsh 1982; 

Lande 1985). If, on the other hand, there is no underdominance so that rearrangements 

are more likely to fix, then they are expected to have little effect on isolation. 
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Although direct responsibility for isolation seems unlikely, structural variants 

(particularly inversions) may indirectly facilitate isolation by reducing or eliminating 

regional recombination near breakpoints in heterokaryotypic individuals (Rieseberg 2001; 

Noor et al. 2001; Hoffmann and Rieseberg 2008; Brown and O'Neill 2010; McGaugh and 

Noor 2012). Recombination plays a critical role in the shaping of integrated systems 

within species, forming adaptive peaks in the potential field of gene combinations and 

holding the species as a cohesive unit (Wright 1931; 1932; Gavrilets 2004). Reduced 

recombination facilitates the maintenance of linkage among genes involved in adaptive 

divergence and reproductive isolation (Rieseberg 2001; Noor et al. 2001; Navarro and 

Barton 2003). Under this scenario, mechanical isolation is only indirectly responsible for 

what is more accurately a genic model of speciation. The so-called “genomic islands of 

divergence” that arise in regions of low recombination only contribute to speciation when 

they contain factors contributing to reproductive isolation (Feder and Nosil 2009). For TEs 

to be implicated in speciation via this mechanism requires: 1) identifying TEs as the 

cause of inversion, and 2) showing that loci within the inversion cause isolation. 

 

Evidence For Mechanism II 

 
Structural Variation Caused By TE Activity 

 
Besides normal transposition events, which depending on the type of TE, may or 

may not involve duplication, TE mediated structural variants arise when: 1) homologous 

TEs at different genome locations recombine (ectopic recombination), 2) when TE 

excision results in ectopic sequences being incorporated during double strand break 

repair (non-homologous end joining), or 3) when the ends from two TEs synapse and 

engage in complete or partial simultaneous transposition (alternative transposition; 
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reviewed in Gray 2000; Feschotte and Pritham 2007b). There is abundant evidence that 

each of these are common causes of structural variation (Collins and Rubin 1984; Engels 

and Preston 1984; Lister et al. 1993; Lim and Simmons 1994; E L Walker 1995; Hua-Van 

et al. 2002; Zhang et al. 2009; Xing et al. 2009; Quinlan et al. 2010; Guillén and Ruiz 

2012). 

In some cases TEs may occur near breakpoints as a consequence of inversion 

rather than a cause because they tend to accumulate in regions of low recombination. 

However, TEs are clearly causative in other cases; perhaps the best examples coming 

from Drosophila buzzatii, where Ruiz and colleagues have mapped members of the class 

II TE families, FoldBack (FB) and hAT, to breakpoints of several inversions that occur in 

natural populations (Caceres et al. 1999; Casals et al. 2003; Delprat et al. 2009; Guillén 

and Ruiz 2012). 

 
Structural Variations Associated With Reproductive Isolation 

 
Studies in Drosophila spp. (Noor et al. 2001; Machado et al. 2007a), Sorex 

shrews (Basset et al. 2008), Anopheles mosquitos (Michel 2006), Rhagoletis flies (Feder 

et al. 2003), and Mimulus monkeyflower ecotypes (Lowry and Willis 2010) all 

demonstrate that rearranged regions diverge more quickly than collinear ones, or 

maintain greater divergence in the presence of gene flow between closely related races 

or species. However, the association between islands of divergence and speciation is not 

necessarily straightforward, as patterns of nucleotide differentiation are not sufficient 

evidence in and of themselves to infer a causal link with speciation (Noor and Bennett 

2009; Turner and Hahn 2010). Additionally, regional differentiation may be maintained by 

selection even without chromosomal rearrangements (e.g. Turner et al. 2005; Harr 2006; 

Feder and Nosil 2009; Nadeau et al. 2012). 
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There are at least two examples where divergence in inversions has been tied to 

reproductive isolation. First, Noor and colleagues have mapped isolating barriers to 

inversion differences between D. pseudoobscura and D. persimilis (Ortiz-Barrientos et al. 

2004; Ortiz-Barrientos and Noor 2005). These two species diverged within the last 

500,000 years and are fixed differently for two inversions, but have experienced 

extensive introgression in other parts of the genome. Differences in cuticular 

hydrocarbons, mating preference, hybrid male sterility and inviability, and hybrid 

courtship dysfunction all map wholly or in part to the two fixed inversions (reviewed in 

Noor et al. 2001; Machado et al. 2007b; McGaugh and Noor 2012). 

Second, Lowry and Willis (2010) discovered a geographically widespread 

inversion polymorphism responsible for local adaptation and prezygotic isolation in 

Mimulus guttatus. In a reciprocal transplant experiment wherein they isolated the effect of 

the inversion in nature by reciprocally introgressing into the genetic background of 

alternate ecotypes (perennial vs. annual) they showed that the inversion affects 

morphology, flowering time, survivorship, and prezygotic isolation. 

 

A TE Induced Structural Variant That Causes Isolation 

 
Clearly there is independent evidence for both TE’s role in generating structural 

variation, and structural variation being tied to isolation. There is also at least one case 

where a TE induced variant is at least partially responsible for originating postzygotic 

isolation; the maternal effect dominant embryonic arrest (Medea) system in the red flour 

beetle Tribolium castaneum. Four Medea factors have been isolated from nature, but 

only 2 are stable in lab culture (M1 and M4; Beeman et al. 1992; Beeman and Friesen 

1999). M1 is found in most regions of the world and has a selfish advantage when 
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invading naïve populations because offspring of heterozygous mothers who do not 

receive a copy of M1 all die early in development (Wade and Beeman 1994). M4 has an 

even broader geographic range, and produces a very similar phenotype, but M1 and M4 

do not cross rescue. The causative locus for M1 has been mapped to a 21.5 kb 

composite Tc-1 like transposon insertion containing several defective Tribolium gene 

duplicates (Lorenzen et al. 2008). The insertion occurs in the ~700 bp intergenic region 

between the 3’ UTR of two functional genes and while the mechanistic cause of the 

maternal phenotype remains unknown preliminary data show that the insertion may 

disrupt cis-natural antisense transcription that occurs in wildtype beetles (Demuth et al. 

unpublished data). 

What makes Medea relevant to the present discussion of speciation is that 

offspring from crosses between M1 (or M4) and a second, hybrid incompatibility factor 

(H-factor), do not fully develop. H-factor is found widely distributed in India, and 

represents a strong postzygotic isolating barrier despite Medea and H-factor each 

producing viable, fertile offspring in combination with wildtype populations (Thomson et 

al. 1995; Thomson and Beeman 1999). Recently, H-factor was mapped to variation within 

the introns of an ecdysone receptor homolog, but the functional mechanisms underlying 

interaction between Medea and H-factor remain a mystery (Drury et al. 2011). 

 

Mechanism III: Genomic Resetting 

 

The last potential mechanism by which Rose and Doolittle suggested TEs might 

play a role in speciation involves their capacity to contribute regulatory sequences. 

Autonomous TEs encode the proteins and regulatory information necessary to catalyze 

their own transcription. There is now abundant evidence that proteins and regulatory 
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sequences derived from TEs, have been exapted to perform functions for their host 

(Britten 1997; Feschotte 2008). Transposases in particular have been a recurrent source 

of “domesticated” genes. Because they are DNA binding proteins, typically with self-

specificity, as a TE disperses throughout a genome it has the potential to “rewire” 

regulatory circuits if the transposase becomes domesticated (Cordeaux et al. 2006; 

Feschotte 2008). In addition to abundant evidence for isolated recruitment of functional 

coding and non-coding sequences originating from TEs, there is growing evidence for 

their role in large scale rewiring of transcriptional modules (Bourque et al. 2008; Kunarso 

et al. 2010; Lynch et al. 2011; Schmidt et al. 2012), but no evidence that we are aware of 

for this mechanism in speciation. 

Despite a lack of evidence for this mechanism in its original formulation, the 

mechanistic details of genome defense against TE activity discussed above have several 

facets that could easily fall under the heading “genomic resetting” though it begins to blur 

the line with the genomic disease model. For instance, growing evidence shows that in 

the germline of plants and animals, safeguarding gametes and embryonic cells involves 

wholesale changes in the heterochromatin of “companion” cells such that TEs are 

derepressed in order to provide templates for small RNA that will go on to re-establish TE 

silencing in cells that form the offspring (Chambeyron et al., 2008; Slotkin et al. 2009; 

Calarco and Martienssen, 2011). This is genome resetting, or reprogramming, in a literal 

sense. Indeed the newfound interplay between small RNAs, TEs, methylation and 

histone modification has prompted a call for a chromatin model of speciation (Michalak 

2009). 
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Conclusion 

 
 

As we stated in introducing this chapter, we have learned much in the 30 years 

since Rose and Doolittle’s “Molecular Biological Mechanisms of Speciation”. However, in 

many respects TEs belong to the “dark matter” of genomes and their role in speciation 

remain obscure. Because of their repetitive nature they are typically viewed as a 

nuisance to genome sequencing projects, remaining in bins of unassembled “junk” reads. 

Surveying them individually poses its own challenges, so getting good estimates of 

variety and copy number among taxa requires significant effort and purposeful 

investigation. Given that the decades old search for “speciation genes” has provided few 

candidates and even fewer where early causation can be inferred, it would be premature 

to draw strong positive or negative conclusions about TEs role as causative agents in 

speciation. Additionally, since our ability to assay epigenetic mechanisms of genome 

defense (e.g. small RNA, methylation, histone modification) on a genome-wide scale in 

non-model organisms are still nascent technological advances, perhaps it is not 

surprising that we lack many strong examples. As our mechanistic understanding of TEs 

and ability to survey them improves, we fully expect to find additional evidence for the 

role of TEs in speciation. 
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Chapter 3  

Dissecting The Genetic Basis Of Hybrid Incompatibility Within Species:  

A Neuromuscular Disorder At The Onset Of Speciation In Tribolium castaneum 

 

Species are discrete groups of organisms that are reproductively isolated from 

other related groups of organisms. Thus, in sexually reproducing species, speciation is 

the process of splitting one species into two or more, and occurs through the origin of 

reproductive isolating barriers which permit the maintenance of genetic and phenotypic 

distinctiveness in geographical proximity. Reproductive isolation, including Haldane’s 

rule, in Tribolium castaneum is among the earliest reported with respect to genetic 

divergence, making it an excellent model for speciation research. Here, we describe an 

example of hybrid incompatibility (called “still”) segregating in F1 hybrids between 

populations of T. castaneum, whereby affected offspring exhibit a suite of maladaptive 

traits upon eclosion from the pupal stage. Still hybrids exhibit a neuromuscular disorder 

resulting in paralysis, ataxia, and severely reduced life span. To investigate the genetic 

cause of the still phenotype, we sequenced the genomes of still and normal siblings using 

pooled-DNA and employed a genome scan approach that compares allele frequencies 

between extremely discordant sib pairs (still vs normal) to identify discordant alleles. Our 

approach uncovered two genomic regions located on chromosomes 3 and 9, which 

harbor the majority of candidate genes underlying the still hybrid neuromuscular disorder. 

In total, we identified 97 genes with significantly discordant non-synonymous SNPs 

between still and normal siblings.  Interestingly, a set of 19 candidate loci were recently 

identified as candidate phosphine resistance genes (Jagadeesan et al. 2013). Phosphine 

is an insecticidal fumigant which acts as a metabolic toxin by targeting redox reactions, 

and is used worldwide in grain storage and processing facilities. The Chicago population 
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was collected over 7 decades aco, predating the use of phosphine, while Tanzania 

populations were potentially subjected to 30 years, or roughly 330 generations of routine 

phosphine exposure before it was collected and kept in the laboratory. Strong selection 

acting on mitochondrial function imposed by phosphene fumigants have potentially driven 

changes in mitochondrial and nuclear-encoded metabolic enzyme complexes, such as 

the phosphine resistance mutant, resulting in mitonuclear coadaptation that is disrupted 

in hybrids possessing Chicago mitochondria and Tanzania nuclei. I discuss this 

observation in light of the role of genetic conflict in generating hybrid incompatibilities, 

especially where they are still segregating early in the ‘speciation continuum’. 

 

Introduction 

 

Identifying the genetic changes and evolutionary forces underlying the reduction 

in gene exchange between populations is the central problem of speciation research, and 

has proven to be a challenging industry. Most cases can only be studied at a single stage 

in the speciation process, which operates on timescales beyond several human 

generations. Genetic analysis is also precluded once reproductive isolation is complete 

and in examples where speciation is ongoing, fitness reductions in hybrids make 

identifying the genes underlying speciation challenging. Further complicating matters, 

speciation results from a composite of reproductive isolating barriers, which act in concert 

to reduce or eliminate gene flow between incipient species. Efforts to understand the 

genetics of speciation have focused primarily on developmental defects in hybrids 

(intrinsic postzygotic isolation) leading to sterility or inviability (Coyne and Orr 1989; 1997; 

Presgraves 2010; Rabosky and Matute 2013). This is perhaps due to the unexpected 

pattern noted by J.B.S. Haldane that whenever divergent taxa produce hybrid offspring, 
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the heterogametic sex (XY males in mammals and Drosophila) is either absent, rare, or 

sterile (Haldane 1922).  Subsequently, much of what we know about the genetics of 

speciation results from our efforts to explain the evolution of hybrid male sterility or 

inviability in the light of  ‘Haldane’s rule’.  The predominant genetic model of postzygotic 

hybrid incompatibility was independently developed by Bateson, Dobzhansky, and Muller 

(BDM model) (Bateson 1909; Dobzhansky 1937; Muller 1940; 1942). The BDM model 

predicts that hybrid incompatibilities (BDMIs; although hereafter we use the more 

common abbreviation, DMIs) result from negative epistasis between populations: alleles 

present in one population cause developmental defects in the genetic background of 

another population, leading to hybrid sterility and inviability. However, despite decades of 

mapping and massive sequencing projects, central questions about these epistatic 

interactions remain. For example, how many genes are required for speciation? What is 

the minimum contribution to isolation for a gene to be considered a “speciation gene”? 

Are changes more likely to be regulatory, or in coding regions? What is the role of 

particular classes of mutations, such as transposable element insertions, gene 

duplications, or structural rearrangements? Are certain functional classes more likely to 

contribute to speciation than others? 

Elegant and detailed genetic mapping experiments have led to the discovery of 4 

loci each for hybrid male sterility, and inviability in Drosophila, along with a roughly equal 

number in fish, mice, yeast, plants, and copepods (Presgraves 2010; Maheshwari and 

Barbash 2011; Nosil and Schluter 2011).  Yet in every case, DMIs require interaction with 

several unidentified genes in order to produce hybrid sterility and inviability phenotypes 

(Presgraves 2010). For example, recent evidence suggests that hybrid male sterility in 

Drosophila may predominantly evolve as a polygenic threshold trait through the 

combined action of many interacting genes of small-effect (Moran and Fontdevila 2014).  
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Once speciation is complete, species continue to diverge as a result of mutation, genetic 

drift, and selection, and newly derived alleles may be involved in DMIs in the laboratory.  

Therefore, at later stages in the speciation process, it is unclear whether the fixation of 

many previously identified DMIs were a cause, or a consequence of speciation 

(Presgraves et al. 2003; Coyne and Orr 2004; Mallet 2006). Additionally, many regions of 

the genome that don’t contribute to reproductive isolation may diverge between allopatric 

populations. To understand the genetics of hybrid incompatibilities, an appeal for 

increased focus on DMIs acting early in species divergence and in non-model organisms 

has been made (Johnson 2010; The Marie Curie SPECIATION Network 2011; 

Maheshwari and Barbash 2011; Nosil and Schluter 2011; Seehausen et al. 2014). Hybrid 

incompatibilities arising at early stages of the speciation process are of particular interest, 

since they likely involve fewer interacting loci, and may still be segregating. Although it is 

often assumed that DMIs are fixed between species, both Bateson and Muller recognized 

that hybrid sterility and inviability may remain segregating for some time, and that this 

variation could be leveraged to understand the genetics of speciation (Bateson 1909; 

Muller 1942; Orr 1995). The role of segregating incompatibilities in speciation is poorly 

understood, despite documented examples of variation in reproductive compatibility in a 

diverse array of taxa (reviewed in: Cutter 2012). Here, we examine a novel example of 

hybrid incompatibility in the flour beetle, Tribolium castaneum, and present a high-

resolution genomic study of variation between extremely discordant sibling pairs, 

resulting in a set of candidate incompatibility genes putatively involved in incipient 

speciation. 

   

 



 

 40 

Methods 

Study Organism 

 
The red flour beetle, T. castaneum Herbst (Coleoptera: Tenebrionidae), is a 

widespread human commensal and major pest of stored grain products. While presently 

most abundant in structures used to process and store grain, T. castaneum are also 

associated with rotting logs and leaf-cutter bee nests, feeding on plant and animal 

detritus (Linsley 1942; 1944; Sokoloff 1974). Tribolium is a model organism for 

ecological, genetic, and developmental studies with a wealth of genetic tools, such as 

classical mutation studies, whole-genome molecular maps, transcriptome studies, and 

RNA interference, as well as a recently published draft genome (Wang et al. 2007; 

Richards et al. 2008; Kim et al. 2010). Tribolium is also an excellent model for speciation 

research. Variation for the severity of reproductive isolation segregates within and among 

populations of T. castaneum when mated with its sister species, T. freemani as well as 

between populations of T. castaneum (Wade and Johnson 1994; Wade et al. 1997; 

Demuth and Wade 2007a,b; Drury et al. 2011). Haldane’s rule observed between 

populations of T. castaneum in the form of temperature dependent male deformities is 

the earliest with respect to genetic divergence among well studied animals (Demuth and 

Wade 2007b). Here, we describe an example of hybrid incompatibility (called “still”) 

segregating in F1 hybrids between populations of T. castaneum, whereby affected 

offspring exhibit a suite of maladaptive traits upon eclosion from the pupal stage. Still 

hybrids exhibit a neuromuscular disorder resulting in paralysis, ataxia, and severely 

reduced life span.  
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Populations And Crosses 

 
The beetles used in this study were derived from two populations. One 

population was derived from more than 50 adults collected from Dar es Salaam, 

Tanzania and has been maintained in laboratory culture since 1989 (Drury and Wade 

2010).  The second population, c-SM (Chicago), is an outbred laboratory population 

created in 1977 by mass mating four inbred strains, originally collected around the late 

1950’s from Brazil and Chicago (Park et al. 1961; Wade 1977). Previous studies show 

that the productivity of Tanzania sires is reduced by roughly 20% in crosses with Chicago 

dams compared to conspecific females, suggesting epistatic interactions as a component 

of hybrid fitness (Drury and Wade 2010). Still individuals are seen in roughly three out of 

every four crosses and not in the reciprocal cross indicating that the alleles responsible 

for hybrid incompatibility are segregating in one or both populations, and may result from 

epistatic interactions involving uniparentally inherited genetic factors (i.e. cytoplasmic 

organelles and maternal transcripts and proteins).  

To assess parent-of-origin effects and larval rearing temperature on the 

expression of still, a total of 48 reciprocal crosses were made by placing a virgin male 

and a virgin female into eight dram vials containing about 8 grams of standard medium 

(20:1, flour: brewers yeast, by weight). Each pair mated and laid eggs for one week under 

standard environmental conditions for stock maintenance (24 h dark, 29˚C, approx. 70% 

relative humidity) after which, the mating pair was removed and placed in a fresh vial of 

medium. Each mating pair was maintained for four weeks in four separate vials. To 

mitigate potential confounding effects of age and mating duration, vials containing eggs 

and medium from the first and third weeks were immediately incubated at 29˚C, and the 
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second and fourth vials were incubated at 35˚C. Upon eclosion from the pupal stage, we 

scored the offspring as 'still' or 'normal' in a blind design by placing them on top of an 

overturned smooth porcelain bowl. Taxis is almost completely abolished in still hybrids, 

so they remain on the top of the bowl, whereas normal hybrids are able to right 

themselves if overturned and walk off the edge of the bowl into a catchment. We counted 

the number of each phenotype, their sex, larval rearing temperature, and individual 

sire/dam origin. 

 

Genome Sequencing Of Discordant Siblings 

 
To investigate the genetic cause of the still phenotype, we sequenced the 

genomes of still and normal siblings using pooled-DNA and employed a genome scan 

approach that compares allele frequencies between extremely discordant sib pairs (still 

vs normal) to identify discordant alleles. Crosses were conducted by placing a 1-2 week 

old virgin Tanzania male and a similar age virgin Chicago female, in an eight-dram vial 

with 8 grams of standard medium. Each pair mated and laid eggs for 2 weeks under 

standard environmental conditions for stock maintenance after which the parents were 

transferred to a clean vial and offspring were allowed to mature to adulthood. Parents 

continued to mate and lay eggs for up to 12 weeks (6 vials). We selected two families 

producing roughly equal proportions of still and normal F1 hybrids (one quarter of all 

families) for our mapping experiment, and all offspring from these families were frozen at 

20˚C. DNA was purified from whole adult individuals by sodium acetate and ethanol 

precipitation. For each family, DNA extractions were ranked by quality score (260/280) 

and pooled in equimolar amounts by phenotype for genome sequencing. In family 1, 57 

normal and 57 still individuals were sequenced, while 54 normal and 54 still individuals 
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were sequenced in family 2.  Each sample was split into two technical replicates and 

libraries were constructed for sequencing on the Illumina Hi-seq 2000 platform using the 

100 base pair, paired-end protocol.  Samples were barcoded and run 4 per lane. 

 

Genome Sequencing Of Parent Populations 

 
To determine lineage specificity of discordant sites, we sequenced the genomes 

of pooled-DNA from both the Chicago and Tanzania parental populations. Virgin adults 

aged roughly 7-10 days were frozen at 20˚C and DNA was purified from whole individuals 

by sodium acetate and ethanol precipitation. The top 100 highest quality DNA extractions 

were pooled in equimolar amounts by sex for genome sequencing (50 individuals per 

sex). DNA pools were sequenced using the same protocol as for hybrids.  

 

Extreme Discordant Sib-Pair Analysis (Pool-GWAS) 

 
Paired-end reads were quality trimmed (Phred 20, min 50bp) and mapped to the 

T.castaneum reference genome (version 3.0 ;(Richards et al. 2008)) using the Burrows-

Wheeler aligner (BWA) v0.7.5 with the “mem” option and the following parameters: -Mak 

12 (Li	  and	  Durbin	  2010).  Sequence alignment/maps were converted to binary 

alignment/map (BAM) for all sites with nucleotide and read quality of 20 using SAMtools 

v0.1.19 (Li	  et	  al.	  2009;	  Li	  and	  Durbin	  2010). Indels, along with flanking nucleotides on 

either side, were masked from alignment if present in at least one populations and 

covered by at least two reads. Each BAM was converted to a multi-pileup file and 

synchronized for allele frequency calculations. Individual per-site allele frequencies from 

technical and biological replicates were compared using the Cochran-Mantel-Haenszel 

test as implemented in PoPoolation2 v1.201 (Kofler	  et	  al.	  2011). Sites with significant 
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differences between technical and or biological replicates were discarded from 

downstream analysis. P-value cutoffs were adjusted to take into account the normal error 

rate of raw reads from an Illumina Hi-Seq 1000 sequencer (Margraf	  et	  al.	  2010) ) and 

corrected for false discovery rate at  p ≤ (0.05 – 0.0125) (Benjamini	  and	  Hochberg	  1995).  

We used Fisher’s exact test to reveal SNPs with significant allele frequency 

differences between still and normal genomes. P-value cutoffs were error rate and FDR 

adjusted as above. We calculated the fixation index (FST) for discordant sites using an 

approach adapted to digital data and allowing for differences in read depth between 

populations as implemented in PoPoolation2 v1.201  (Karlsson	  et	  al.	  2007).  Outlier loci 

(discordant sites) were identified to be at least four standard deviations from the average 

genome-wide Fst. Discordant sites were inspected for their potential effects on annotated 

genes, such as coding effects (synonymous or non-synonymous amino acid 

replacement, start codon gains or losses, stop codon gains or losses, or frame shifts) 

based on position (intronic, untranslated region, upstream, downstream, splice site, or 

intergenic regions) as implemented in SnpEff v3.4 (Cingolani	  et	  al.	  2012). This produced a 

list of candidate genes involved in the ‘still’ hybrid incompatibility phenotype.  

 

Detecting The Signature Of Selection In Candidate Regions 

 
Genes containing significantly discordant SNPs in coding regions were 

investigated for patterns of DNA variation potentially caused by selection. Statistical tests 

follow the standard neutral model, where molecuar genetic variation is assumed to be 

selectively neutral in a panmictic population at equilibrium between mutation and genetic 

drift, and held at a constant size. First, we calculated Tajima’s D as implemented in 

PoPoolation2 v1.201 (Karlsson	  et	  al.	  2007) for each gene (including introns), which 
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compares the observed, sample size corrected number of polymorphisms with the 

observed nucleotide heterozygosity (Tajima 1989). The test statistic, D, takes on negative 

values when low-frequency mutations are overrepresented – consistent with the 

reduction of variation following positive directional selection (or weak negative selection) 

preceding the accumulation of low-frequency polymorphisms. Negative values of D are 

consistent with an excess of intermediate frequency polymorphisms, consistent with 

balancing selection. Alternative, demographic explanations for values of Tajima’s D exist, 

but may be ruled out in genome-wide studies, since values for a given locus may be 

compared with the overall distribution of D across the genome. For example, negative 

values of D are also consistent with population expansion, where low frequency alleles 

are preserved at many loci across the genome.  

We also explored patterns of molecular evolution between the Chicago and 

Tanzania populations at candidate genes. We counted the number of synonymous and 

nonsynonymous sites, which are expected to occur proportionally to the numbers of each 

kind of site. The ratio on nonsynonymous substitutions per nonsynonymous site (KA) to 

synonymous substitutions per synonymous site (KS),expressed as KA/KS, should 

therefore equal 1 if substitution patterns are selectively neutral. Values exceeding 1 are 

indicative of positive directional selection driving the fixation of alternative amino acids. 

Sites exceedingly lower than 1 have likely evolved under purifying selection to maintain 

amino acid composition.  

 
Detection Of Structural Variation 

 
The potential for structural variation leading to the still hybrid incompatibility was 

investigated using read depth analysis.  Depth measures were averaged across each 

chromosome in sliding windows of 10,000 base pairs , with 200 base pair steps.  
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Structural variants inherited from either parent population are revealed as increases 

(duplication) or decreases (deletion) relative to the average of sliding windows across a 

chromosome. Depth of coverage measurements at each site were normalized as a 

proportional deviation from the chromosomal maximum depth. A proportional deviation of 

1 means that a given site is equal to the maximum depth of coverage for that 

chromosome, representing a potential duplication across individuals, whereas a value of 

~ 0 means that the site was not sequenced, due to a deletion in all individuals in a library.  

 
 

Results 

 
The ‘Still’ Hybrid Incompatibility Phenotype 

 
Hybridization between geographically isolated populations of T. castaneum is 

known to result in negative phenotypes, ranging from inviability, developmental arrest, 

deformities, and Haldane’s rule (Beeman et al. 1992; Thomson et al. 1995; Demuth and 

Wade 2007a,b; Drury et al. 2011). Hybrids produced by Chicago dams and Tanzania 

sires show no difference from wildtype parents in larval locomotion. However, upon 

eclosion from their pupal casing, some offspring show symptoms of a neuromuscular 

disorder that causes them to be paralyzed or ataxic leading to behavioral sterility. Others 

fail to completely separate from their pupal casing and die as young adults, while some 

appear to be asymptomatic and have wild type locomotion. To investigate the prevalence 

of affected, or ‘still’ offspring within and among families, sex-ratio effect, and temperature 

effects, we reared 24 sets of reciprocal crosses at 29˚C and 35˚C.  While all 24 crosses 

with Tanzania dams and Chicago sires resulted in some premature deaths upon 

eclosion, the average proportion of prematurely dead offspring per family was low 

(mean= 0.08 ± 0.062 std. dev., n=94) compared to crosses with Chicago dams and 
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Tanzania sires (mean=0.53 ± 0.371 std. dev., n=96).  No still offspring were seen in these 

families. The proportion of families producing still or prematurely dead offspring from 

Chicago dams and Tanzania sires was distinct. The median proportion of still offspring 

across families was 0.51, while the 90% quantile produced all still offspring, and the 10% 

quantile produced all normal offspring. Additionally, about 23% of families produced only 

normal offspring and about 30% of families produced mostly still offspring while the 

remaining 47% of families followed a normal distribution from 14% to 89% still offspring 

(Shapiro-Wilk Goodness-of-fit test,  p = 0.1942) suggesting a simple, Mendelian 

architecture with the possibility of several modifiers. There was no effect of rearing 

temperature on the prevalence of still offspring (ANOVA, F = 0.29, p = 0.59) or any 

difference in prevalence between male and female hybrids (ANOVA, F = 0.17, p = 0.689). 

Attempts to generate backcrosses using still males failed due to death or physical 

inability to copulate with wild-type mates, and only one still female was able to produce a 

few viable offspring. 

 

Genome Scan For Discordant Alleles (Pool-GWAS) 

 
We sequenced pooled-DNA from discordant F1 siblings, as well as from the 

Chicago and Tanzania populations using Illumina paired-end libraries with HiSeq, 100-

cycle. After quality trimming, a total of 1,718,518,410 out of 1,723,349,990 reads 

(99.27%) were mapped to the reference genome at an average depth of coverage 

ranging from 54x to 74x per library. Since the number of individuals sequenced per 

phenotype per library exceeds the targeted depth of coverage of 40x, we can expect one 

read per individual per site on average across the genome, resulting in unbiased allele 

frequency estimates (Futschik and Schlötterer 2010). Genetic distances between 
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Chicago and Tanzania were low (0.009 substitutions per site in the nucleus and 0.0025 in 

the mitochondrion) and genetic distances between normal and still siblings was about 

half of the parental genetic distance (0.004 substitutions per site in the nucleus). Genetic 

differentiation between Chicago and Tanzania (Fst = 0.372) is higher than the average 

between-population differentiation (Fst = 0.180) observed by Drury et al. (Drury et al. 

2009).   

Performing a Cochran-Mantel-Haenszel (CMH) test to remove SNPs with 

frequency differences between technical and or biological replicates resulted in 2,051,351 

polymorphic sites within the still or normal pools.  To uncover discordant alleles, we 

performed a CMH scan between normal and still pools, resulting in 83,422 significantly 

differentiated SNPs (mean –log p-value = 6.06, mean FST=0.19).  Using an FST cutoff of 2 

standard deviations (FST ≥ 0.29) gives us the 5% most differentiated SNPs (n=14,669 

within 1kb of a gene, mean depth of coverage per SNP= 95.9x). There were 5,596 

shared SNPs between still and normal pools, while 5,119 SNPs were present only in the 

still pool, and 3,954 SNPs were present only in the normal pool.  Of these significantly 

discordant SNPs, 99.8% are found in outlier regions on chromosome 3 (11.9%), 

chromosome 9 (48.3%) and in unassigned scaffolds (39.6%, Figure 3-1). An additional 

200 kb region in unassigned genomic scaffold 7 (DS497671, Uns-7) was recently 

mapped to chromosome 9 at position 3,529,571 between scaffolds NW_001093382.1 

and NW_001093536.1, and contains 20 genes recently identified as candidate insecticide 

resistance genes (Jagadeesan et al. 2013), Figure 3-2.  In total, there are 89 genes with 

significantly discordant non-synonymous SNPs between still and normal siblings.  An 

additional 355 genes possess nucleotide changes that are either synonymous, or non-

coding (i.e. occur in introns or within 1000kb upstream or downstream) Table 3-1. 
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Figure 3-1 Distribution of the still phenotype in 48 reciprocal crosses with quantile plots. A 

total of 24 crosses were constructed with Chicago dams and Tanzania sires (a)  and also 

with Tanzania dams and Chicago sires (b) with both replicates for each temperature 

pooled. Quantile plots indicate a range of 0-100% still in panel a, with a mean of 53% and 

median of 51% still, whereas panel (b) ranged from 0-27% with a mean of 7.8% and 

median of 7.6% still offspring per family.  
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Tests For Neutrality 

 
The parent of origin (POO) for nonsynonymous changes in candidate genes 

were assigned by comparing shared alleles among the reference genome (GA2), 

Chicago, and Tanzania populations (e.g. the POO for an allele shared between Tanzania 

and Chicago is GA2; if shared between GA2 and Tanzania, then POO=Chicago; and if 

shared between GA2 and Chicago, then POO=Tanzania, Table 3-1).  Average gene-wise 

FST between normal and still siblings ranged from 0.29 to 0.64. When we assayed the 

parental populations, several of our candidate genes show departures from neutrality, 

exhibiting nonzero values of the Tajima’s D statistic. In Chicago, Tajima’s D values for 

candidate genes ranged from -1.28 to 1.2 (mean = -0.28, stdev= 0.53), whereas 

candidate genes were more negatively skewed in Tanzania, ranging from -1.34 to 0.88 

(mean = -0.26, stdev= 0.41) although the skew was nonsignificant (p=0.77, df=193). 

Candidate loci also showed nonneutral patterns of amino acid replacements in parental 

populations, with KA/KS ranging from 0.08 to 3.39 (mean= 1.02) for 25 genes with 

shared replacements between Chicago and Tanzania. Additionally, 28 genes had amino 

acid replacements in Tanzania, with KA/KS  ranging from 0.09 to 2.69 (mean=0.87) and 

10 genes had replacements in the Chicago population, ranging from 0.18 to 0.58 

(mean=0.18, Table 3-1). Several additional genes had amino acid replacements, but no 

synonymous substitutions, precluding analysis of substitution rates.  In summary, tests 

for neutrality suggest evidence for strong, directional selection for 12 genes shared 

between Tanzania and Chicago populations (differentiating them from the GA2 reference  

strain), and at loci found only in the Tanzania population for 11 genes, with no evidence 

for selection in the Chicago lineage.   
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Figure 3-2 Genome-wide scan of divergent SNPs between extremely discordant sib-pairs.  83,422 significantly differentiated 

SNPs mapped to the 10 assembled T. castaneum reference chromosomes, with 14,669 SNPs showing FST≥ 0.29. Candidate 

genes are located on the X chromosome (1 gene), chromosome 3 (11 genes), chromosome 8 (1 gene), chromosome 9, (45 

genes), chromosome 10 (1 gene), and unassembled contigs (30 genes, not shown). 
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Figure 3-3 Divergent SNPs mapping to Uns-7 scaffold, containing 19 predicted genes 

shown below the x-axis. 
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Table 3-1—Continued      

Table 3-1 List of candidate genes for ‘still’ hybrid incompatibility. Genes with asterisk (*) are on the Uns-7 scaffold recently 

mapped to chromosome 9. (POO: parent of origin [C=Chicago, T=Tanzania]) 

  POO POO   Ch Ta Shared Chicago Tanzania 

Ch Gene Nor. Still p FST D D Ka Ks Ka/Ks Ka Ks Ka/Ks Ka Ks Ka/Ks 

1 TC001728 CCCC TTTT 7.31 0.50 0.40 -0.62 0.0007   0.0003   0.0010     

3 TC002697 CC TTTT 17.43 0.43 0.04 0.53 0.0018   0.0009   0.0009 0.0016 0.5668 

3 TC002698 T T 17.43 0.42 0.06 -0.32  0.0021      0.0011    

3 TC002699 CT T 22.49 0.48 -0.22 -0.49  0.0093  0.0050   0.0050    

3 TC003729 T C 23.64 0.43 -0.01 -0.18        0.0023    

3 TC003732 TT T 16.26 0.41 -0.88 -0.99 0.0004 0.0020 0.1844     0.0008 0.0007 1.1063 

3 TC003733 C T 12.67 0.44 0.18 0.25 0.0017 0.0060 0.2802       0.0060   

3 TC010489 TTTTT CCC 20.50 0.46 -0.56 -0.07 0.0014       0.0029 0.0026 1.1060 

3 TC010495 TTTTT CCTC 19.84 0.48 0.38 -0.14 0.0017   0.0009   0.0017    

3 TC010509 C TT 13.45 0.45 -0.92 -0.73 0.0006   0.0006        

3 TC010557 TC TT 17.17 0.36 0.05 0.02        0.0011    

3 TC010559 TTT TT 13.94 0.59 -0.08 -0.17        0.0018 0.0016 1.1190 
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Table 3-1—Continued      

8 TC002178 T C 15.21 0.35 0.19 -0.71 0.0005            

9 TC001643 TTT C 19.11 0.45 -0.50 -0.20 0.0025       0.0025    

9 TC001651 TTC CCTT 18.00 0.51 -0.17 -0.27 0.0032         0.0012   

9 TC001654 T TTT 20.57 0.36 -0.23 -0.55 0.0021   0.0011   0.0011    

9 TC001660 T T 17.66 0.50 -1.06 -0.69        0.0015    

9 TC001664 T T 12.74 0.38 -0.38 -1.01 0.0005     0.0010       

9 TC001667 
CTTTT

T 
TTCTC 21.26 0.45 

-0.80 
-0.37 0.0008 0.0005 1.6135     0.0013 0.0005 2.6891 

9 TC001668 TT C 15.81 0.48 -1.27 0.00  0.0102      0.0006 0.0068 0.0923 

9 TC001669 TTTTT TTCC 16.53 0.43 0.14 0.04  0.0011      0.0019 0.0023 0.8344 

9 TC001670 T T  18.10 0.48 0.08 0.06        0.0040    

9 TC001672 TTT TTTC 15.35 0.37 -0.41 -0.28  0.0014    0.0014  0.0008 0.0014 0.5625 

9 TC001674 T C 18.85 0.35 -0.99 0.18 0.0014 0.0184 0.0769   0.0053  0.0014 0.0105 0.1346 

9 TC001677 TT CC 15.86 0.41 -0.55 -0.24 0.0008 0.0014 0.5497 0.0008 0.0014 0.5497      

9 TC001914 C T 16.29 0.59 -1.12 -0.61 0.0211 0.0204 1.0316          

9 TC001915 T C 9.77 0.33 -1.05 -1.19        0.0030 0.0051 0.5804 

9 TC001916 CCTCC TTTTT 18.81 0.52 -0.22 -0.23 0.0064 0.0039 1.6445 0.0032   0.0032 0.0020 1.6445 
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Table 3-1—Continued      

C CTTTT 

9 TC001918 
TTTTTT

TTTTTT 

CCCCC

CCC 
19.95 0.55 

-0.58 
-0.32 0.0072 0.0021 3.3876 0.0012   0.0072    

9 TC001920 
TTTTTT

T 
CC 19.40 0.47 

-0.32 
0.04 0.0007 0.0024 0.2794 0.0013   0.0027 0.0048 0.5587 

9 TC001922 T C 26.45 0.45 -0.21 -0.51  0.0016  0.0009        

9 TC001927 

TTTTTT

TCCCC

CCT 

CTTTT

TCTTT

TTT 

12.22 0.46 

-0.54 

-0.15 0.0026 0.0013 1.9424 0.0011   0.0019 0.0013 1.3874 

9 TC001933 
TTCCC

TTT 

TCCCT

TTTC 
18.68 0.49 

-0.01 
0.37 0.0015 0.0017 0.8854 0.0003 0.0011 0.2656 0.0009 0.0028 0.3187 

9 TC001937 TTT T 15.54 0.40 -0.14 -0.41    0.0006 0.0024 0.2737 0.0016 0.0024 0.6844 

9 TC001938 TTTC TTTTT 19.62 0.47 -0.71 -0.31 0.0014 0.0013 1.1017 0.0014 0.0050 0.2754 0.0028 0.0038 0.7345 

9 TC001939 TCTT TTTC 16.48 0.43 -1.25 -0.54 0.0007 0.0013 0.5530 0.0028        

9 TC001941 
CCTTT

TT 

TTTTT

C 
20.24 0.46 

-0.75 
-0.57 0.0006 0.0010 0.5465 0.0006   0.0039 0.0021 1.9129 

9 TC001944 T T 32.44 0.48 0.54 -0.08        0.0009    

9 TC001946 TTC CT 14.14 0.41 0.31 -0.42 0.0034 0.0063 0.5383     0.0051    

9 TC004315 TCTT C 10.20 0.43 1.20 -1.21 0.0029   0.0043        
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Table 3-1—Continued      

9 TC005213 
TTCTT

T 

CTCTC

T 
19.22 0.43 

-0.53 
-0.32        0.0011 0.0056 0.1885 

9 TC005217 
TTTTTT

TT 
TCC 18.12 0.41 

-0.83 
-0.61 0.0006 0.0011 0.5723     0.0024 0.0016 1.5262 

9 TC005218 TT CC 17.90 0.44 -1.13 -0.58  0.0038      0.0043    

9 TC005219 
TTCTT

T 

CCTCC

TTC 
15.34 0.43 

0.03 
-0.45 0.0026       0.0026 0.0012 2.2107 

9 TC005222 T T 21.67 0.50 -0.30 -0.47    0.0002   0.0006    

9 TC010964 T C 11.15 0.31 -0.97 -0.06             

9 TC010969 T C 12.56 0.34 -1.09 -0.63          0.0062   

9 TC010973 C T 10.95 0.33 -0.22 -0.52             

9 TC012081 TT CC 15.59 0.38 -1.13 0.22 0.0019       0.0006    

9 TC012125 T C 8.42 0.30 -0.27 0.26 0.0004            

9 TC012188 TT TT 7.84 0.54 -0.80 -0.28 0.0030 0.0028 1.0627          

9 TC012205 T C 2.97 0.38 -0.44 -0.04 0.0006         0.0010   

9 TC012221 C T 13.41 0.29 -0.09 -0.08  0.0003    0.0003       

9 TC012222 C T 11.04 0.30 -0.35 -0.21             

9 TC012268 T T 28.40 0.45 -1.01 0.08 0.0011       0.0011    
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Table 3-1—Continued      

9 TC012284 C T 7.77 0.29 0.43 -0.33  0.0004           

9 TC012313 C T 11.96 0.32 -0.36 0.03             

9 TC012344 TT TTT 7.68 0.30 0.45 0.23 0.0007            

10 TC011220 T C 13.19 0.38 -1.24 -1.27    0.0003        

U TC001985 T TTT 19.91 0.38 -0.41 -0.54        0.0021    

U TC002162 CC TT 18.57 0.58 -0.36 -0.28        0.0025 0.0023 1.0788 

U TC002165 
TTCTT

TTC 

TCCTT

T 
17.24 0.41 

-0.64 
-0.19 0.0012 0.0020 0.5731 0.0004   0.0023 0.0020 1.1462 

U TC002166 TT TTT 12.29 0.38 -0.81 -0.46 0.0020       0.0013    

U TC002258 T TTTC 16.72 0.39 -0.74 -0.43 0.0020 0.0012 1.5970 0.0007 0.0037 0.1774 0.0007 0.0012 0.5323 

U TC002260 CCT TTT 16.46 0.46 0.10 0.04 0.0038 0.0093 0.4110     0.0013 0.0070 0.1827 

U TC002262 TT TC 21.07 0.44 -0.61 0.88        0.0031 0.0109 0.2798 

U TC002263 TTTTTT TTTTC 21.42 0.51 0.28 0.02 0.0016   0.0065   0.0016    

U TC002265 TT C 22.05 0.49 0.43 -0.23  0.0010  0.0006   0.0017    

U TC002308 CT TT 19.12 0.45 -0.44 0.50 0.0015 0.0013 1.1248     0.0007 0.0066 0.1125 

U TC002309 TCC TT 15.69 0.50 0.54 -0.21 0.0024 0.0020 1.1773     0.0012 0.0020 0.5887 

U TC002318 T C 12.78 0.33 0.67 0.24  0.0062      0.0017    
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Table 3-1—Continued      

U TC002694 T T 21.33 0.51 -0.26 -0.26    0.0017        

U TC003735 C T 7.98 0.34 -0.30 -0.86        0.0019    

U TC004170 CCCCC 
TTTTTT

T 
13.94 0.49 

0.12 
-0.52 0.0026 0.0011 2.2890 0.0006 0.0011 0.5723      

U TC004173 C CT 7.40 0.48 0.28 -0.09  0.0049  0.0028 0.0049 0.5807      

U TC004256 TC 
TTCTC

T 
16.58 0.42 

-0.07 
-0.35 0.0055   0.0014        

U TC006821* CC TT 6.77 0.31 -0.38 -0.38 0.0008            

U TC006825* TT TTC 13.87 0.40 -0.22 -0.41 0.0008   0.0008 0.0043 0.1959 0.0008    

U TC008534 TT CC 8.33 0.30 0.93 0.03 0.0039 0.0034 1.1417          

U TC008535 T C 23.20 0.44 0.17 -0.23        0.0007 0.0012 0.5542 

U TC008548 T C 19.72 0.44 -0.07 0.48        0.0026    

U TC010622 TTT CC 18.27 0.46 -0.17 -0.17 0.0015   0.0005        

U TC011596 C T 23.22 0.46 0.55 -0.16 0.0012                 

U TC006827*   7.31 0.50 -0.39 -1.17          

U TC006828*     17.43 0.43 0.30 0.02                   

U TC006829*     17.43 0.42 -1.16 -1.34                   

U TC006835*     22.49 0.48 -0.22 -0.41                   
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Table 3-1—Continued      

U TC006836*     23.64 0.43 -1.28 -0.66                   

U TC006838*     11.16 0.31 -0.46 -0.76                   
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Structural Variation 

The potential for structural variation leading to the still hybrid incompatibility was 

investigated using read depth analysis.  Structural variants inherited from either parent 

population are revealed as increases (duplication) or decreases (deletion) relative to the 

average of sliding windows across a chromosome. Figure 3-2 shows the difference in the 

proportion of mapped reads between normal and still siblings. The read depths for normal 

and still siblings were remarkably similar across the whole genome.  The expectation for 

a causative structural variant is that it would be shared by most of the individuals in either 

the still or normal pool, but absent in the other pool, leading to a minimum expected 

difference of 50% in mapped read depth between the pools. Because read depths were 

so similar between pools, several peaks across the genome were greater than 4 standard 

deviations from the average of sliding windows (i.e. we had great power to detect non-

zero differenc in read depth); however, the maximum deviation between pools was at a 

locus on chromosome 10 where normal siblings had only 7.4% greater depth than still 

(normal = 24.4% and still = 16.9% greater than the chromosome maximum). Such a low 

differentiation between pools seems very unlikely to be causative. 
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Figure 3-4 Structural variation across the genomes of hybrid siblings. Percent difference in proportional deviation (dpd) was found 

by subtracting the measurement from still siblings from the normal siblings giving a positive value where fewer reads mapped in 

still, and negative values where fewer reads mapped to normal (see methods for proportional deviation calculation).  
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Figure 3-5 Models of hybrid incompatibility in a genomic conflict scenario. Circles 

represent derived alleles. In co-evolutionary models, DMIs are continually fixed either at 

the same loci (that is, two-locus, two-allele) or at different loci (that is, four-locus, two-

allele) (see the table). In all examples with two substitutions in a lineage, the selfish locus 

(left) drives the evolution of the restorer locus (right). Grey arrows indicate negative 

epistatic interactions between complementary loci. In all models, the ancestral state is 

wild type except for the two-locus two-allele co-evolutionary model. In this model, the 

ancestral state is a co-evolving selfish element-restorer system; numbers represent the 

lineages in which the derived alleles originated. (from (Seehausen et al. 2014) 
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Discussion 

 

Identifying the genetic changes underlying hybrid incompatibility phenotypes is a 

central problem of speciation research and a formidable task. One reason for this 

difficulty is that newly derived alleles may be involved in DMIs in taxa where speciation is 

already complete. Polymorphic DMIs are likely over the course of speciation, but are of 

particular interest when operating at early stages in the ‘speciation continuum’, where 

their relevance to speciation is direct and causative. In the present study, we have used 

the polymorphic nature of hybrid incompatibility in Tribolium castaneum to our advantage, 

by comparing the genomes of siblings with extremely discordant phenotypes. This 

effectively increases the percentage of the genome that is shared between the 

sequenced individuals without the need to construct introgression lines. Our results also 

demonstrate that it is possible to rapidly identify hybrid incompatibility loci with F1 

individuals, where maladaptive hybrids are unable to mate.  

Our approach uncovered two genomic regions located on chromosomes 3 and 9, 

which harbor the majority of candidate genes underlying the still hybrid neuromuscular 

disorder (Figure 3-1). The results of our SNP analysis showed these regions to contain 

highly discordant allele frequencies between full siblings distinguished only by their 

expression of the still phenotype.  

 

A Potential Role For Pesticide Resistance In Tribolium Speciation 

 

A set of 19 candidate loci that we mapped to a 200 kb unassigned genomic 

scaffold (DS497671, Uns-7) were recently linked to chromosome 9 between scaffolds 
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NW_001093382.1 and NW_001093536.1, and identified as candidate phosphine (PH3) 

resistance genes(Jagadeesan et al. 2013). Phosphine is an insecticidal fumigant which 

acts as a metabolic toxin by targeting redox reactions, and is used worldwide in grain 

storage and processing facilities. It has been common and recurrent selective force for 

T.castaneum for over 50 years, leading to the evolution of highly heritable resistance 

alleles (Chaudhry 1999; Bell 2000; Jagadeesan et al. 2012; 2013). Resistance in 

phosphine gas has evolved repeatedly in insects (T. castaneum and Rhyzopertha 

dominica) and in nematodes (Caenorhabditis elegans) and is due to polymorphisms at 

the dihydrolipoamide dehydrogenase (dld) gene, an essential metabolic enzyme involved 

in four multienzyme complexes in the mitochondrion: pyruvate dehydrogenase a-

ketagutarate dehydrogenase, branced-chain ketoacid dehydrogenase, and glycine 

cleavage (Schlipalius et al. 2012). Despite the convergence of phosphine resistance at 

the dld locus across taxa, an additional locus in T.castaneum on chromosome 8 (rph1) 

containing 17 genes was found to interact epistatically with Uns-7, resulting in a 100-fold 

increase in phosphine resistance, and showing a selective fitness advantage in the 

absence of phosphine selection over 18 generations. In contrast, Uns-7 showed a fitness 

cost associated with resistance alleles in the absence of selection, with a reduction of 

homozygous resistance alleles and an increase in heterozygotes and homozygous 

sensitive alleles (Jagadeesan et al. 2013). Thus Uns-7 would seem to be under balancing 

selection in nature and perhaps we should see an increase in heterozygosity leading to 

positive Tajima’s D across the region. Instead, the average Tajima’s D for this region in 

Tanzania is -0.37. One explanation for this is that balancing selection at this locus is due 

to fluctuating selection, where it experiences positive selection in the presence of 

phosphine and purifying selection in its absence.  Under long term balancing selection, 

allele frequencies should change at a slower rate than they would under neutral genetic 
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drift, yet under fluctuating selection, allele frequency change should be rapid in 

comparison. This should lead to negative Tajima’s D values, since both purifying and 

positive directional selection have the same effect of reducing variation near the selected 

locus via hitchhiking.  An alternative explanation is that recurrent bottlenecks have 

shaped the allele frequency spectrum, leading to an abundance of low frequency alleles 

and overall negative values of Tajima’s D. Little is known about the maintenance of the 

Tanzania stock, however the Chicago stock has historically been maintained in the 

laboratory as large populations (n > 200), without a rigorous program of mating sibs for 

many generations to create inbred lines. In contrary, the Chicago stock has been 

historically maintained with efforts to increase or maintain it’s high level of heterozygosity 

(Sokoloff 1974; Drury and Wade 2010).  

In C. elegans, phosphine treatment results in aberrant mitochondrial 

morphology, a 70% reduction in oxidative respiration, and a severe drop in 

mitochondrial membrane potential (∆Ψm) within several hours (Zuryn et al. 2008). 

Additionally, phosphine-resistant mutants had more mitochondrial genome copies than 

wild-type animals. Strong selection acting on mitochondrial function imposed by 

phosphene fumigants have potentially driven changes in mitochondrial and nuclear-

encoded metabolic enzyme complexes, such as the dld phosphine resistance mutant, 

resulting in mitonuclear coadaptation and thus hybrid incompatibility in crosses between 

Chicago mitochondrial genes and Tanzania nuclear genes.  Although it is difficult to 

determine the potential role of each candidate, many are involved in oxidative stress 

pathways (Appendix A). One such gene, TC002698 on chromosome 3, is predicted to be 

a Thioredoxin reductase (Trx2), a redox-active enzyme that helps protect cells from 

damage due to reactive oxygen species in the mitochondria (Conrad et al. 2004; Meyer 

et al. 2009). Additionally, many mitochondrial genes were nearly fixed for allelic 
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differences between Chicago and Tanzania, with 21 alleles in 9 genes all fixed for 

alternate alleles, where Chicago populations all had the reference (GA-2) allele 

(Appendix D).  

Because the Chicago population has been in laboratory culture for nearly seven 

decades, it was likely collected well before the widespread use of phosphine fumigants, 

whereas the Tanzania population was potentially subjected to 30 years, or roughly 330 

generations of routine phosphine exposure before it was collected and kept in the 

laboratory. Our genomic survey of the T. castaneum populations revealed a 350% 

increase in genetic polymorphisms in Tanzania relative to Chicago at mitochondrial loci 

(0.0053 vs 0.0015 polymorphisms per site) and a 120% increase at nuclear loci (0.023 vs 

0.019 polymorphisms per site), suggesting a potential for cytonuclear coadaptation driven 

by increased a mitochondrial mutation rate. However, it remains a curiosity that divergent 

mitochondrial genes from Tanzania remain functional in the reciprocal cross. Perhaps the 

presence of the two outlier families shown in figure 3-1 with close to 27% dead offspring  

hint at a small degree of negative mitonuclear epistasis in the reciprocal cross.  

 

Other Candidate Genes 

Our mapping results uncovered several additional candidate genes that potential 

contribute to the still incompatibility in T.castaneum.  Most of the additional candidate 

genes were identified on genomic scaffolds that are not present in the assembled 

reference genome.  The unassembled scaffolds in T. castaneum include approximately 

22 megabases (~10% of the estimated genome size).  These scaffolds remains 

unassembled largely due to their very high repetitive element content (simple repeats and 

transposons (Wang et al. 2008).  
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Analysis of predicted biological function and identity revealed three major types 

of gene in our remaining candidate list: transposable element – derived genes (n=21),  

membrane-associated genes (n=20), and genes involved in neural pathways (n=9, 

Appendix C). Of the 89 identified candidates segregating between Chicago and Tanzania 

populations for amino acid changes, 21 contained hits to transposable elements in 

Repbase with alignment scores greater than s=80. Of these, 13 were Gypsy elements; 6 

were LINEs;  and Polinton, Poseidon, and Rehavkus elements were each represented 

twice. The gene with the best hit (s=6020), TC003732 was previously identified in 

T.castaneum as Rehavkus-3, a DNA transposon encoding a 1200 amino acid 

transposase, a C-terminal Ulp1 cysteine protease and Cys4-His-Cys3 plant homeodomain 

(PDH) finger involved in chromatin-mediated gene regulation in Drosophila and C. 

elegans (Kapitonov et al. 2006; Iwase et al. 2007).  

 

The Potential General Role Of Genetic Conflict In Driving Hybrid Incompatibility Genes 

 

Many authors have recently pointed to the role of selection in driving the fixation 

of DMIs in Drosophila and Xiphophorus, and a role for genetic conflict in speciation has 

emerged in Drosophila and mouse(Presgraves 2010; Johnson 2010; Crespi and Nosil 

2012). Genetic conflict arises in individuals that inherit DNA sequences with antagonistic 

fitness interests, and can contribute to speciation by generating genetic divergence 

between populations in sets of antagonistically-interacting loci that interact epistatically as 

DMIs in hybrid genomes (McClintock 1980; COSMIDES and TOOBY 1981; HURST and 

POMIANKOWSKI 1991)(Thompson & Beeman 1995??, NRG-paper). In the classic 

model, DMIs are envisioned as two-locus, two-allele interactions, in which 

incompatibilities arise either between an ancestral allele and an allele that is derived in 
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one lineage or between alleles that are derived in two separate lineages (figure 3-3). A 

special case of the model with separately derived alleles can refer to maternal-effect 

'selfish' loci in which maternal 'poison' and zygotic 'antidote' are both due to divergence in 

developmental expression of the same locus. In a co-evolutionary framework, DMIs are 

continually fixed either at the same loci (that is, two-locus, two-allele) or at different loci 

(that is, four-locus, two-allele, figure 3-3). Insights into the role of genomic conflict in 

speciation reveal the potential for further development of models of hybrid incompatibility. 

In evolutionary models, fitness landscapes define the relationship between genotype and 

fitness. Individual genotypes in the adaptive landscape have to evolve to keep up with 

fluctuations in the adaptive landscape due to changing environments, but at a given time 

will lag behind potential optimal genotypes. The lag-load defines the degree in which 

contemporaneous genotypes fall below the potential local maximum. Models that 

incorporate the possibility for increased lag-load due to ongoing co-evolution predict 

successively more severe incompatibilities as the lag load increases. Additional 

theoretical work is needed to investigate such co-evolutionary models.  

Many forms of genetic conflict have been putatively linked with speciation in 

diverse taxa where DMIs are yet to be identified (e.g. chromosomal conflicts, drive, 

imprinting, transposable elements, and cytonuclear conflicts; reviewed in (Crespi and 

Nosil 2012; Seehausen et al. 2014). A clear role in speciation for epistasis between 

cytoplasmic (usually mitochondrial) and nuclear genomes has emerged in 

Saccharomyces yeast, Mimlus monkeyflowers, and Tigriopus copepods (Willett and 

Burton 2001; Lee et al. 2008; Barr and Fishman 2010).  Additional evidence for 

cytonuclear barriers has also been shown in cases where DMIs have not yet been 

physically mapped in Passer sparrows and in many species of Angiosperms(Tiffin et al. 

2001; Turelli and Moyle 2007; Trier et al. 2014).Essentially all mitochondrial processes 
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(replication, transcription, translation) and functions (oxidative phosphorylation, 

OXPHOS) require interaction with nuclear-encoded genes. These include protein 

interactions, protein-DNA, and protein-RNA interactions (Gaspari et al. 2004; Ballard and 

Melvin 2010; Meiklejohn et al. 2013). The potential for negative epistasis exists for all of 

these interactions in crosses between individuals from parent populations that have 

diverged in cytoplasmic factors, since nuclear-encoded DMIs in one population interact 

with cytoplasmic factors of the other population. (Grun 1976; Burton and Barreto 2012).  

Genetic conflicts also provide an explanation for the evidence of many well 

known ‘speciation genes’ that are still segregating between species (e.g. Hybrid male 

rescue (Hmr), Lethal hybrid rescue (LHR), Odysseus (OdsH), Zygotic hybrid rescue 

(Zhr), all of which show signatures of positive selection (WATANABE 1979; Hutter and 

Ashburner 1987; Sawamura et al. 1993; Ting et al. 1998; Orr and Irving 2005). In 

addition, segregating genetic conflicts appear to contribute to reproductive isolation 

between populations in Drosophila (Overdrive, Ovd), Mus (Meisetz, Prdm9), and 

Tigriopus (Cytochrome c, cytc) (Lee et al. 2008; Phadnis and Orr 2009; Mihola et al. 

2009). These examples suggest that genomic conflicts retain their potential to contribute 

to reproductive isolation throughout all phases of the speciation process.  

 

 

Future Prospects For Speciation Research 

 

Although many well known ‘speciation genes’ remain segregating between 

species, little is known about the role of segregating incompatibilities at the onset of 

speciation. Genetic mapping experiments, such as this one, in combination with 

quantitative and molecular genetic analyses of hybrid crosses will reveal the prevalence 
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and architecture of segregating incompatibilities. In addition, meta-analysis of molecularly 

identified loci will help distiguish any differences in evolutionary forces behind fixed and 

segregating incompatibility loci. For example, how often does genetic conflict lead to 

hybrid incompatibility when alleles are segregating versus when they are fixed, and how 

many loci does each scenario involve? The study of genetic incompatibilities early in the 

speciation continuum is essential to understanding these and other questions that have 

remained elusive to evolutionary biologists for many decades. 
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Appendix A 

List Of Published Cases Of Marsupial Hybrids
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Appendix A 1 Published cases of marsupial hybrids. 

Species Pair Hybrid inviability Hybrid sterility Reference 

A B AxB Fem. Mal. p BxA Fem. Mal. p AxB BxA  

M.dorsalis M.eugenii N 0 1 0.5 − − − − M − Smith et al. 1979 
M.eugenii M.parma F − −   − − − − M − Close and Lowry 1990 
M.giganteus M.fuliginosus N 4 3 0.27 − − − − M − Poole and Catling 1974 
M.parryi M.dorsalis F − −   − − − − − − Close and Lowry 1990 
M.rob.erubescens M.rob.robustus N 1 2 0.38 N − − − M − Poole and Merchant 1987, 

Johnson et al. 1978 
M.rob.robustus W.bicolor F − −   − − − − M − Close and Lowry 1990 
M.rufo.banksianus M.rufo.rufogriseus F       F − − − N N Johnson et al. 1978, Merchant 

and Calaby 1981 
M.rufogriseus M.agilis N 0 1 0.5 F − − − B M Smith et al. 1979, Johnson 

1985, Lowry 1988, Newsome 
et al 1977 

M.rufogriseus E.eugenii F       −       − − Johnson et al. 1978 
M.rufogriseus M.giganteus F       −       M − Johnson et al. 1978 
M.rufogriseus W.bicolor N 0 1 0.5 − − − − M − Smith et al. 1979, Johnson 

1985 
M.rufus M.agilis N       −       M − Johnson 1985 
P.assimilis P.inornata 

mareeba 
M 4 0 0.061 F 0 8 0.004 M M/B Sharman et al. 1990 

P.assimilis P.sharmani N 0 3 0.125 − − − − M − Close and Lowry 1990 
P.assimilis P.penicillata N 9 1 0.010   − − − M   Sharman et al. 1990 
P.assimilis P.inornata N 0 1 0.5 N 0 1 0.5 M/? − Sharman et al. 1990 
P.assimilis P.inornata mtclaro −       −       M/? − Sharman et al. 1990 
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P.godmani P.purpureicollis N       −       M − Sharman et al. 1990 
P.lateralis MacD P.assimilis N 1 1 0.5 − − − − M   Close and Bell 1997 
P.lateralis MacD P. lateralis 

pearsoni 
N 4 2 0.234 N 1 4 0.156 F?   Close and Bell 1997 

P.purpuretcollis P.lateralis MacD N 2 0 0.25 − − − −     Close and Bell 1997 
P.purpuretcollis P.penicillata N 2 0 0.25 − − − −     Close and Bell 1997 
P.herberti P.penicillata   2 2 0.375 − − − −   M? Close and Bell 1997, 

Sharman et al 1990 
P.inornata mareeba P.herberti   0 2 0.25 − − − −     Close and Bell 1997 
P.inornata mareeba P.penicillata N 10 7 0.150 − − − −     Close and Bell 1997 
P.inornata mareeba P.godmani −       N − − − M M Briscoe et al. 1982, Sharman 

et al. 1990 
P.inornata mareeba P.sharmani N 3 2 0.313 − − − − M − Close and Lowry 1990 
P.inornata mareeba P. inornata 

mtclaro 
−       −       ? − Sharman et al. 1990 

P.persephone P.xanthopus N 2 0 0.25 − − − − N − Briscoe et al. 1982 
T.thetis T.stigmatica N 13 16 0.126 B 0 0   M − Calaby and Poole 1971 
M.agilis M.eugenii B − − − − − − − − − Close and Lowry 1990 
M.rufus M.giganteus N 1 1 0.5 N − − − B B Poole and Catling 1974 
M.rufus M.fuliginosus N       N       B B Poole and Catling 1974 
M.rufus M.robustus N 2 1 0.375 N 1 1 0.5 B B Poole and Catling 1974, 

Smith et al. 1979 
B.giamardi B.pencillata N       −       − − Gray 1971  
Dendrolagus_inustu
s 

D.ursinus −       −       − − Gray 1971  

M.agilis W.bicolor −       −       − − Johnson 1985 
M.dorsalis M.rufogriseus −       −       − − Johnson 1985 
M.dorsalis M.parma − − − − − − − − N N Close and Lowry 1990 
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M.giganteus M.parryi − 0 1 0.5 −       − − Calaby and Poole 1971, 
Johnson 1985 

M.giganteus A.agilis −       −       − − Johnson 1985 
M.rob.robustus M.antilopinus − − − − − − − − − − Close and Lowry 1990 
M.rufogriseus M.parryi − − − − − − − − − − Close and Lowry 1990 
P.concinna P.brachyotis − − − − − − − − − − Close and Lowry 1990 
P.lateralis_hacketti P.rothschildi −       −       − − Hayman and Martin 1969 
Setonix_brachyurus M.eugenii − − − − − − − − − − Close and Lowry 1990 
T.thetis M.rufogriseus −       −       − − Gray 1971  

Table A-1—Continued      
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Appendix B 

Potential Function Of Candidate Genes
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Appendix B 2 Potential function of candidate genes. Amino acid sequences of candidates 

were searched against multiple annotated reference sequences as implemented in 

Blast2GO (Conesa et al. 2005), using an Expect score cutoff of 0.001.   

Chr Gene sequence description 
1 TC001728 gag-pol protein 
3 TC002697 protein melted-like 
3 TC002698 thioredoxin reductase 
3 TC002699 hypothetical protein 
3 TC003729 cg13532 cg13532-pa 
3 TC003732 short-chain dehydrogenase 
3 TC003733 solute carrier family 25 member 35-like 
3 TC010489 laccase-like multicopper oxidase 1 
3 TC010495 map kinase-interacting serine threonine-protein kinase 1-like 
3 TC010509 tyrosine partial 
3 TC010557 transport protein sec61 subunit alpha 2 
3 TC010559 superkiller viralicidic activity 2-like 
8 TC002178 bel12_ag transposon polyprotein 
9 TC001643 ER resident protein 44-like isoform 
9 TC001651 gag-like protein 
9 TC001654 hypothetical protein 
9 TC001660 p-element transposase 
9 TC001664 RNA-directed DNA polymerase from jockey-like ME 
9 TC001667 integrin alpha-ps2 
9 TC001668 sorting nexin-19 
9 TC001669 hypothetical protein 
9 TC001670 hypothetical protein 
9 TC001672 pancreatic triacylglycerol lipase-like 
9 TC001674 sh3 domain-binding protein 5 homolog isoform x1 
9 TC001677 tripartite motif-containing protein 2-like isoform x3 
9 TC001914 hypothetical protein 
9 TC001915 transposable element tc3 transposase 
9 TC001916 cytochrome p450 306a1-like 
9 TC001918 zinc metalloproteinase yil108w-like 
9 TC001920 phospholipase a-2-activating 
9 TC001922 lethal malignant brain tumor-like protein 3-like 
9 TC001927 hypothetical protein 
9 TC001933 hypothetical protein 
9 TC001937 polycystic kidney disease 2-like 1 isoform X2 
9 TC001938 low quality protein: polycystin-1 
9 TC001939 rna-directed dna polymerase from mobile element jockey-like 
9 TC001941 low affinity cationic amino acid transporter 2-like 
9 TC001944 protein-l-isoaspartate o-methyltransferase  
9 TC001946 serine protease h31 
9 TC004315 hypothetical protein 
9 TC005213 hypothetical protein 
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9 TC005217 rough deal 
9 TC005218 hypothetical protein 
9 TC005219 dopamine transporter 
9 TC005222 ankyrin repeat 
9 TC010964 retinol dehydrogenase 11 
9 TC010969 hypothetical protein 
9 TC010973 bel12_ag transposon polyprotein 
9 TC012081 type ii inositol- -trisphosphate 5-phosphatase 
9 TC012125 4-aminobutyrate aminotransferase 
9 TC012188 anterior fat body protein 
9 TC012205 mical-like protein 2 
9 TC012221 huntingtin 
9 TC012222 protein kinase protein 
9 TC012268 slit protein 
9 TC012284 glucosyl glucuronosyl transferases 
9 TC012313 serine threonine-protein phosphatase  
9 TC012344 protein sidekick-like 
10 TC011220 pol protein 
U TC001985 piggybac transposable element-derived protein 3-like 
U TC002162 sec14-like protein 2-like 
U TC002165 ankyrin unc44 
U TC002166 ankyrin unc44 
U TC002258 hypothetical protein 
U TC002260 sodium channel protein nach-like 
U TC002262 cg7675 cg7675-pb 
U TC002263 isoform c 
U TC002265 tbc1 domain family member 30 
U TC002308 bride of sevenless 
U TC002309 synaptic vesicular amine transporter-like 
U TC002318 hypothetical protein 
U TC002694 calcitonin receptor 
U TC003735 reverse partial 
U TC004170 reverse transcriptase 
U TC004173 hypothetical protein 
U TC004256 hypothetical protein 
U TC006843 zinc finger protein 271-like 
U TC006964 endonuclease and reverse transcriptase-like protein 
U TC008534 creb 7 protein 
U TC008535 hypothetical protein 
U TC008548 hypothetical protein 
U TC010622 endonuclease and reverse transcriptase-like protein 
U TC011596 metabotropic glutamate receptor 2 
U TC006827* serine/threonine protein kinase 
U TC006828* fatty acetyl coA synthetase activity 
U TC006829* cytochrome p450; Cypg15 
U TC006835* dopamine transporter; ankyrin 
U TC006836* hypothetical protein 

Table B-1—Continued      
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U * nucleic acid/zinc ion binding 

Table B-1—Continued      
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Appendix C 

Distribution Of Discordant Snps Across Genomic Feature
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Appendix C 1 Distribution of discordant SNPs across genomic features. All 14,669 

discordant SNPs were binned according to their location in genomic features within 1 kb 

upstream and downstream of candidate genes as well as intergenic regions between 

genes, given as the effect count per feature class. 
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Appendix D 

Mitochondrial Divergence Between Chicago And Tanzania Populations
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Appendix D 1 Distribution of coding differences between Chicago and Tanzania 

mitochondria 

Gene Position Ref Chicago Tanzania frequency diff. 

COX1 1484 G G A 0.983 

COX1 1997 C C T 0.991 

COX1 2126 A A G 0.992 

COX1 2633 A A G 0.979 

COX2 3293 C C T 0.988 

ATP6 4288 T T C 0.988 

COX3 5112 G G A 0.984 

COX3 5346 G G A 0.995 

ND5 6515 C C T 0.975 

ND5 6705 T T A 0.979 

ND4 8439 T T C 0.979 

ND4 8651 C C T 0.982 

ND4 8763 A A T 0.989 

ND6 9962 A A G 0.973 

CYTB 11206 A A G 0.992 

ND1 12277 T T C 0.952 

ND1 12442 C C T 0.982 

REP_ORI 14732 T T A 0.996 

REP_ORI 14777 A A G 0.991 

REP_ORI 14844 G G A 0.984 

REP_ORI 15155 C C T 0.973 
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