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ABSTRACT 

 
SEQUENCE EVOLUTION OF RECURRENTLY RECRUITED RETROPOSED GENES IN 

DROSOPHILA AND THEIR POSSIBLE ROLE IN MEIOTIC DRIVE  

 

Charles Tracy, M.S. 

 

The University of Texas at Arlington, 2009 

 

Supervising Professor:  Esther Betrán 

 Gene duplications are a valuable source of genetic information that can evolve under 

positive selection creating a new gene function without affecting the original function. 

A gene duplication mechanism is retroposition. Retroposed copies of genes 

(retrogenes) are created by reverse transcription of a mRNA into the host organism’s genome 

producing a new sequence that has the same protein coding capacity as the parental gene but 

lacks introns and regulatory regions. Ran and Dntf-2 are genes involved in nuclear transport 

that have given rise to retrogenes three times in the Drosophila genus. 

Recently, genes involved in nuclear transport such as Ran and Dntf-2 were implicated 

in playing a major role in a chromosomal segregation distortion system in D. melanogaster. This 

thesis provides evidence of positive selection acting on the retrogenes and discusses the 

potential role of retroposed nuclear transport genes in segregation distortion. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Gene Duplication 

 Gene duplications have occurred throughout the evolutionary history of all organisms 

and provide genomes with a source of genetic information that over time can be changed 

through the process of fixation of random mutations. Mutations that become fixed by natural 

selection over a period of time might create a gene with a novel function (Graur and Li, 2000).  

Gene duplications can occur by wide range of mechanisms including but not limited to unequal 

crossover, or whole genome duplication followed by subsequent loss of neutral or deleterious 

genetic material, and retroposition (Lynch and Conery, 2000; Long et al., 2003). Regardless of 

the mechanism involved, a duplicated gene is initially often redundant and potentially 

expendable, a situation frequently leading to nonfunctionalization and likely followed by 

expulsion of the pseudogene from the genome (Lynch and Conery, 2000). For a new gene to 

become indispensable and be maintained by natural selection it must undergo either 

subfunctionalization or neofunctionalization process wherein it can either retain some of the 

functions of the parental gene or evolve a new function altogether (Lynch and Conery, 2000; 

Prince and Pickett, 2002). For a new gene to find a new genomic niche it will have to 

experience a period of relaxation of selection and/or positive selection wherein DNA 

substitutions alter the gene’s coding region leading to a novel amino acid sequence that could 

confer increased fitness to the host organism if a suitable expression pattern is present (Jones 

and Begun, 2005). Once a new beneficial gene is created and expressed, it can be maintained 

by purifying selection (Long et al. 2003; Jones and Begun, 2005). Because duplicate genes 

have played a major role in the evolution of all organismal genomes since the genesis of life, it 
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is of great biological significance to locate duplicates and study how these genes have evolved 

essential roles within the organisms they inhabit. The remainder of this chapter will focus on the 

mechanism and hallmarks of gene retroposition, a discussion of retroposed genes in 

Drosophila, and finally an introduction to two nuclear transport genes that have given rise to 

multiple retrogenes in the Drosophila phylogeny. Chapters two and three report on research 

involving the evolution of functional retrogenes stemming from the aforementioned nuclear 

transport genes. Finally, chapter four discusses the hypothesized role that duplicated nuclear 

transport genes might have in genetic conflicts, specifically related to what is known about the 

segregation distortion (SD) system in D. melanogaster. 

 

1.2 Retrogenes 

 Retrogenes arise when messenger RNAs are reverse transcribed into DNA by a 

reverse transcriptase/endonuclease (RT/EN) enzyme encoded by non-LTR retrotransposons 

and are randomly inserted into the genome (Brosius, 1991; Feng et al., 1996). Reverse 

transcription begins when a cytosolic RT/EN captures a processed mRNA and escorts the 

mRNA to the cell nucleus where the genomic DNA resides. Once in the genome, the 

endonuclease domain of the RT/EN enzyme randomly nicks one strand of the genomic DNA 

leaving an exposed 3’ hydroxyl residue. A DNA strand complementary to the mRNA is 

synthesized by the reverse transcriptase domain of the RT/EN enzyme beginning at the 

exposed 3’ OH group (Feng et al. 1996). It remains unclear how the second DNA strand is 

synthesized. Retrogenes have some hallmark attributes including the absence of introns and a 

poly A tail just as the template mRNA. Another common attribute is a direct flanking repeat at 

both ends of the gene because of the staggered cut made by the RT/EN enzyme (Brosius 

1991). The 3’ poly A tail and direct flanking repeats are only intact and visible for very young 

retrogenes as there is no selective pressure for their maintenance.  
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Most retrogenes are believed to become pseudogenes mainly because they are 

supposed not to carry regulatory regions with them (Bai et al. 2007). For a gene to be seen by 

natural selection it must be expressed at some stage or in some tissue in the organism where it 

resides. Retrogenes are supposed to be rarely, if ever, reverse transcribed with an intact 

promoter to guide expression because few genes have internal promoters. In Drosophila there 

is no evidence that retrogenes carry over upstream regulatory regions (Bai et al. 2007). 

However, it has recently been proposed that this might be occurring often in mammals 

(Okamura and Nakai, 2008). In fact one of the classic mammalian retrogenes, Pgk2 is believe 

to have carried over general promoter from the parental gene and have evolved more recently 

the testis-specific expressions (McCarrey, 1994).  

About the rate at which retrogenes form, Bai et al. (2007) found evidence of 94 

functional retrogenes in D. melanogaster whole genome sequence data and doing comparative 

work using the eleven additionally sequenced Drosophila species estimated that functional 

retrogenes originated and became fixed in the genome at a fairly constant rate of 0.5 genes per 

million years per lineage. Their research showed that retroposition of genes is a common 

mechanism for origination of new genes in Drosophila. 

Additional work has shown that retrogenes can evolve under positive selection to 

evolve novel functions. In 1993, Long and Langley demonstrated that a gene retroposition event 

could create an entirely new gene when inserted into an existing gene when they discovered 

jingwei. This gene was created when and Adh mRNA was reverse transcribed and inserted into 

a duplication of the yellow emperor gene thereby creating a new chimeric gene name jingwei 

(Long and Langley, 1993; Wang et al. 2000). Furthermore, sequence analyses indicate jingwei 

has experienced accelerated evolution that was paralleled by other independently derived Adh 

chimeras (Long and Langley, 1993; Jones and Begun, 2005).  

While chimeric gene fusion is a nearly (mutations are still needed to adjust the 

retrogene to the right frame, i.e. in the case of jingwei a splicing donor site in the right frame had 



 

 
4

to be created) instant source of new novelties, other retroposition events that do not get inserted 

into another gene might need to evolve “de novo” transcription or insert close to a regulatory 

region. There are many of these examples in Drosophila (Bai et al. 2007). In this work, Bai et al. 

concluded that retrogenes' regulatory regions mostly do not represent a random set of existing 

regulatory regions. Selection in favor of retrogenes inserted in male testis neighborhoods and at 

the sequence level to produce testis expression is postulated to have occurred. Dorus et al. 

(2008) also showed an excess of sperm retrogenes inserted in testis neighborhoods. 

Interestingly, many of the non-chimeric retrogenes discussed above are X chromosome 

to autosome duplications and are highly expressed in male germline tissues (Betran 2002; Bai 

et al. 2007). It seems that a significant excess of genes have been retroposed from the X 

chromosome to autosomal locations, and acquired male germline expression patterns. This 

pattern is different from the pattern observed for retrotransposable elements despite the fact 

that the retroelement machinery is used to produce retrogenes. This reveals that is likely 

selection that underlies the patter in Drosophila (Bai et al. 2007). This pattern has contributed to 

the demasculinization of the X chromosome observed genome wide (Parisi et al.2003). Some of 

these genes have important fertility functions. Kalamegham et al. (2006) described the 

retrogene mojoless and showed that is required for male germ line survival. Yuan et al. (1996) 

characterized an X to autosome retroposed gene that encodes a testes-specific proteasome 

component dubbed Pros28.1A. Other autosomal retrogenes have been proven to encode novel 

sperm components in Drosophila. Dorus and colleagues (2008) reported four proteins of recent 

retrotranspositions (two X to autosome) present in sperm, with three of the four having enriched 

testes expression relative to the parental gene. 

X to autosome retrogenes have been discovered not only in Drosophila but also in 

mammals. Research done by Emerson et al. (2004) indicate that a disproportionately high 

number (299% excess in humans and 309% excess in mice) of functional retroposed genes 

have been recruited to autosomes from the X presumably to carry out male specific functions. 
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This pattern was not found for retropseudogenes revealing that selection and not mutation is the 

underlying force that explains this excess. Again they often have spermatogenesis functions. 

Utp14c and Utp14b are X to autosome duplicates required for spermatogenesis and fertility in 

humans and mice respectively (Rohozinski et al. 2006; Bradley et al. 2004).  

Because so many examples of X to autosome retropositions have been documented, 

with many acquiring testes biased expression and this can not be explain by mutational biases 

(see above), there appears to be some selective pressures involved in recruitment of male 

specific genes out of the X chromosome. But what kink of selective pressures would cause such 

an abundance of X chromosome to autosome gene duplications?  

The two dominant hypotheses are not mutually exclusive and point to enhanced fitness 

of males that have exported genes necessary for male meiosis to autosomes. The first 

hypothesis was put forth by McCarrey for Pgk2 (1994) and states that because the X 

chromosome is inactivated by XIST transcripts during male meiosis (Richler et al. 1992), it 

becomes advantageous for genes involved in male meiosis to be in autosomes where they can 

be expressed during meiotic divisions. The second hypothesis points to a sexual antagonism 

model wherein for dominant mutations that are beneficial to males and have deleterious effects 

on females would be more likely to be found in autosomes because the X spends two-thirds of 

its time in females (Wu and Xu, 2003). However, the way the retrogenes studied in this work are 

evolving, does not fit either hypothesis well. The acquisition of a completely novel function 

(possibly meiotic drive function; see below) that is under recurrent positive selection fits better 

the observed data.  

 

1.3 Ran and Dntf-2 Derived Retrogenes 

Recently Bai et al. (2007) revealed convergent duplications of two genes involved in 

nuclear transport in different lineages of Drosophila. Dntf-2 and Ran seem to have given rise to 

retroposed copies (i.e. retrogenes; (Brosius 1991) three independent times. Dntf-2 gave rise to 
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a retrogene (Dntf-2r) that is present in the 2L chromosomal arm of 4 species of the D. 

melanogaster complex (D. melanogaster, D. simulans, D. mauritiana and D sechellia; (Betrán 

and Long 2003), a retrogene in the D. ananassae lineage (located in the arm that corresponds 

to 3L arm in D. melanogaster) and another independently originated retrogene in the lineage 

leading to D. grimshawi (located in the arm that corresponds to 3L arm in D. melanogaster). 

Ran seems to have given rise to retrogenes three times in the same lineages as Dntf-2 as 

shown in figure 1.1. It gave rise to Ran-like that is present in all the species of the D. 

melanogaster subgroup and located in the 3L arm. D. ananassae and D. grimshawi also have a 

different Ran retrogene. These retrogenes are located in the arm that corresponds to 2L and 3L 

arm in D. melanogaster respectively.  

 

 

 

Figure 1.1 Drosophila phylogeny indicating retroposition events of Dntf-2 and Ran. (Figure 
modified from Bai et al. 2007) 
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The acquisition of Dntf-2 and Ran duplicates by retroposition in some lineages may 

have an adaptive meaning, particularly if they overlap in their expression. All six independent 

retroposition events occurred from an X to autosome locations that have been claimed to be 

favored by selection. Positive selection might occur whenever the gene recruits a male germline 

expression due to either male germline X inactivation or sexual antagonism as described in 

section 1.2. Alternatively, the convergent recruitment of said retrogenes could be the result of 

genetic conflict to be described in section 1.5 and discussed in Chapter 4. 

 

1.4 Ran, Ntf-2, and Nuclear Transport 

Ran and Ntf-2 proteins physically interact and play a central role in transport of proteins 

to the nucleus (Ribbeck et al. 1998). Ran is a member of Ras superfamily. It exists in GDP 

bound inactive form and GTP bound active form. RanGDP predominantly localizes in the 

cytoplasm and RanGTP in the nucleus. The resulting cytoplasm-nuclear gradient of RanGDP-

RanGTP is important for the import and export of cargo proteins across the nuclear membrane. 

Ntf-2 is a transport protein that interacts with RanGDP in the cytoplasm and carries it across the 

nuclear pore into the nucleus (Quimby et al. 2000). Once in the nucleus, a catalytic enzyme 

RanGEF (Ran GTPase Exchange Factor), also called RCC1, converts the Ran from the GDP 

bound to the GTP bound form. RanGTP binds to importin β and induces conformational 

changes that lead to the dissociation of importin α/β heterodimer and release of the cargo 

protein. RanGTP ensures the release of cargo proteins in precise spatial and temporal pattern 

for the proper orchestration of downstream functions. RanGTP bound to importin β is 

transported out of the nucleus (Isgro and Schulten 2007). RanGTP is also needed for assembly 

of export complexes and it is transported with these complexes to the cytoplasm (Kusano et al. 

2003; Matsuura and Stewart 2004). Once in the cytoplasm, another catalytic enzyme - RanGAP 

(Ran GTPase Activating Protein) hydrolyses RanGTP into RanGDP (Kusano et al. 2002).  See 

figure 1.2 for a summary of nuclear transport. 
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In addition to the transport functions, RanGTP concentration gradients are required 

during normal cellular divisions. Multiple experiments have indicated a cloud of RanGTP is 

generated around chromosomes in vertebrate somatic cells as well as in X. laevis egg extracts. 

This gradient is required for spatial organization of the spindle apparatus and targeting 

microtubules toward kinetochores. Furthermore, the Ran GTP gradient is required for nuclear 

envelope assembly following cell division and also has a role in nuclear envelope assembly 

around sperm chromatin in X. laevis egg extracts (Clarke and Zhang, 2008).  

 

 

 
Figure 1.2 Nuclear transport schema (Figure modified from Isgro and Schulten, 2007) 

 

 

1.5 Genetic Conflict – Meiotic Drive 

The D. melanogaster Dntf-2r and Ran-like exhibit a male germline biased expression 

(Betrán and Long 2003; Chintapalli et al. 2007). Thus it is possible that the multiple parallel 

retropositions to autosomes of Dntf-2 and Ran have been driven by a selective advantage for 
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the males that had both additional copies because of the need to retain nuclear transport 

function during spermatogenesis and X inactivation. It could also be explained by sexual 

antagonism as outlined above. Alternatively, the multiple duplication events of nuclear transport 

genes Dntf-2 and Ran could be explained by their role in meiotic drive. Meiotic drive systems 

are selfish systems that increase their frequency at which they are transmitted to the next 

generation. Usually, this is viewed as a genomic conflict because the driving chromosome is not 

necessarily the chromosome with the best alleles for the individual. Interestingly, there is direct 

evidence that genes involved in nuclear transport play a role in the SD segregation distortion 

system in spermatogenesis of D. melanogaster. In this system the SD chromosome is a second 

chromosome that is transmitted to the progeny between 95-100% of the time. It carries a main 

distorter locus, an insensitive responder locus and other loci that act as enhancers or modifiers 

of the drive. The main distorter, Sd, (see figure 1.3) is a truncated form of the nuclear transport 

gene RanGAP that (mis)localizes in nucleus (Kusano et al. 2003). It has been proposed that the 

truncated form of RanGAP (Sd-RanGAP), which retains catalytic activity, acts by hydrolyzing 

RanGTP into RanGDP in the nucleus, thereby disturbing the RanGDP/RanGTP gradient 

(Kusano et al. 2002). This perturbation disables development of sperm carrying the second 

chromosome with the responder sensitive allele. It has been described that the simple over 

expression of RanGAP causes segregation distortion. Over expression of other nuclear 

transport genes (i.e. Ran and RanGEF) has been shown to compensate for the distortion 

(Kusano et al.  2002). 

 

 
Figure 1.3 Sd locus in D. melanogaster (figure from Presgraves 2007) 
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Figure 1.4 The SD system in D. melanogaster (figure modified from Presgraves 2007) 

 

 

It has recently been suggested that many nuclear transport genes or their duplicates 

(i.e. RanGAP, nucleoporins and Dntf-2r) might also be involved in segregation distortion in 

Drosophila (Presgraves 2007). Dntf-2r is located within the SD region (36F cytological position 

in the left arm of the second chromosome in D. melanogaster) and linkage between the 

elements that play a role in distortion has been recognized to be an important feature of these 

systems (Kusano et al. 2003; Burt and Trivers 2006). The arms race between distorters and 

compensators could lead to the fixation of duplicate genes with male germline expression and 

fast gene evolution (Kusano et al.  2002; Burt and Trivers 2006; Presgraves 2007). All of these 

genes (RanGAP, nucleoporins and Dntf-2r) are evolving under positive selection (Betrán and 

Long 2003; Presgraves 2007; Presgraves and Stephan 2007). The selective advantage for the 

fixation, fast evolution and longevity of the duplicates will persist as long as this or other 

conflicts of similar nature remain. 

The data presented below about the way Dntf-2 and Ran retrogenes are evolving seem 

to fit better the acquisition of a new function (possibly meiotic drive function) by these genes. 
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CHAPTER 2 

EVOLUTION OF Dntf-2 DERIVED RETROGENES 

 

2.1 Introduction 

 The selective regime operating on gene sequence evolution can be studied by a variety 

of approaches. One of the most common methods involves calculation of 

nonsynonymous/synonymous rate ratio (ω = KA/KS = dN/dS) between orthologous sequences. KA 

is defined as the proportion of nonsynonymous mutations per nonsynonymous site. Likewise, 

KS is the proportion of synonymous mutations per synonymous site. Because mutations at 

synonymous sites are invisible to natural selection (i.e. do not lead to change in amino acid), 

these changes are allowed to accrue at a constant rate without changing the protein 

composition or decreasing the fitness of the host. In contrast, nonsynonymous mutations alter 

the amino acid sequence of the protein encoded by a gene and are under strong selective 

pressures. Comparison of the two rates (KA and KS) provides a powerful tool for understanding 

the molecular evolution of a gene wherein ω = 1 is consistent with neutral evolution because 

synonymous and nonsynonymous mutation occur at the same nonselective rate. A ω ratio 

significantly less than 1 is indicative of purifying selection as a result of few amino acid altering 

substitutions in the coding sequence. Positive selection or adaptive evolution is inferred when ω 

is significantly greater than 1. This occurs when significantly more nonsynonymous substitutions 

have been fixed relative to synonymous changes in the same sequence and the occurrence of 

recurrent positive selected replacement substitutions is inferred (Goldman and Yang, 1994; 

Yang, 1998; Yang et al., 2000; Yang and Neilsen, 2000). 

PAML (Phylogenetic Analysis by Maximum Likelihood) software developed by Ziheng 

Yang (1997) can be used to determine ω ratios for multiple branches in a phylogeny. 
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Hypothesis based a priory models can be compared in order to understand the selective 

pressures acting on different branches of a gene tree or multiple genes tree (Yang, 1998). If 

some lineages are fast evolving, site-specific models can be fitted to test whether some amino 

acids in the gene-based phylogeny are under positive selection. Specific models that test our a 

priory hypotheses will be discussed in greater detail in the following methods and results 

sections. 

Similarly to PAML, HyPhy software (http://www.datamonkey.org) is capable of 

calculating ω ratios for multiple branches on a gene tree and for aligned codons in an effort to 

understand the selective pressures on genes in a given phylogeny. Random effects likelihood 

(REL) and fixed likelihood effects (FEL) are employed to detect sites under positive and 

negative selection without estimating parameters such as branch length (number of 

substitutions) or specifying site classes based upon ω rates a priori. Furthermore, the REL and 

FEL models allow synonymous and nonsynonymous rates to vary and synonymous and 

nonsynonymous rates to vary on a site to site basis (Kosakovsky Pond and Frost 2005). This 

approach makes the models more realistic. Specific analyses will be discussed in the following 

sections.  

PAML and HyPhy softwares are powerful tools used in understanding how genes have 

evolved among many different species (i.e. when studying divergence data). The protein coding 

sequences used in these analyses are downloaded from FlyBase and represent the sequence 

of a gene in the sequenced isoline of a given species (Clark et al. 2007). However, 

polymorphism data can also be use as a different approach to detect the selection regime the 

gene is undergoing. Sequencing alleles of a gene from naturally occurring populations of 

different species and comparing synonymous versus nonsynonymous fixations and 

polymorphisms gives a more refined statistical method for determining selective pressures 

associated with a particular gene. McDonald and Kreitman (1991) conceived a test based on 

sequenced data from natural populations to test the neutral theory. Tajima (1989) proposed a 
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statistic, Tajima’s D, to test the neutral theory for any gene in a single population by subtracting 

two different estimates of theta (θ=4Nµ); one calculated from the number of polymorphic sites 

and the other the average nucleotide diversity for the gene in question. A value of zero is 

consistent with neutral evolution while positive and negative values might be indicative of 

balancing and either purifying or positive selection respectively (Tajima, 1989). A recent 

selective sweep would produce a negative Tajima’s D value (Fay and Wu 2000). Population 

expansion or population structure can also explain these departures and this should be kept in 

mind. While Tajima’s D uses sequence data from one species, the McDonald-Kreitman test 

uses sequence data from two or more species. In the McDonald-Kreitman test, if the gene in 

question is evolving under neutrality the ratio of nonsynonymous/synonymous replacements 

between species should equal the nonsynonymous/synonymous polymorphisms within species. 

An excess of replacement substitutions is consistent with recurrent adaptive evolution by 

positive selection (McDonald and Kreitman, 1991).  

As introduced above, Dntf-2 gave rise to a retrogene (Dntf-2r) that is present in the 2L 

chromosomal arm of 4 species of the D. melanogaster complex (D. melanogaster, D. simulans, 

D. mauritiana and D sechellia; (Betrán and Long 2003), a retrogene in the D. ananassae 

lineage (located in the arm that corresponds to 3L arm in D. melanogaster) and another 

independently originated retrogene in the lineage leading to D. grimshawi (located in the arm 

that corresponds to 3L arm in D. melanogaster).  

Previous work on Dntf-2r by Betrán and Long (2003) has revealed the selective 

pressures acting on this retrogene in the D. melanogaster complex. A McDonald-Kreitman test 

using D. melanogaster, D. simulans, D. sechellia, and D. mauritiana sequences indicated 

positive selection in the Dntf-2r lineages. PAML analyses and Tajima’s D were also 

implemented but failed to show adaptive changes occurring in the Dntf-2r lineages. The gene is 

however, at the same time under purifying selection (Betrán and Long 2003). 
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Given the advent of whole genome sequencing and the completion of twelve Drosophila 

genomes, more research can be done to determine the mode of evolution of Dntf-2 retroposed 

sequences. In the remainder of this chapter, PAML analysis of Dntf-2 derived gene duplicates in 

the D. melanogaster complex (Dntf-2r), D. ananassae lineage (Da_Ntf-2r), and the D. grimshawi 

lineage (Dg_Ntf-2r) along with all Drosophila Dntf-2 lineages will be discussed. In addition to the 

PAML analysis, Tajima’s D and a McDonald-Kreitman test will be performed to understand how 

the Dntf-2 derived retrogenes in the D. ananassae lineage have evolved.  

 

2.2 Methods 

2.2.1. PAML and HyPhy software analyses 

The nucleotide sequences of the Dntf-2 gene in the 12 sequenced Drosophila species 

were retrieved from FlyBase (Clark et al., 2007) along with the sequences of the ortholog Dntf-

2r in D. melanogaster, D. simulans, and D. sechellia. These 15 sequences were aligned with 

each other and Dntf-2 retroposed sequences from D. ananassae and D. grimshawi with Clustal 

W software (Thompson et al., 1994). Sequences were analyzed using the CODEML software 

package implemented in PAML 3.15 (Yang 1997). The tree provided was ((((((((Dntf-

2r_D.simulans, Dntf-2r_D.sechellia), Dntf-2r_D.melanogaster), ((Dntf-2_D.simulans, Dntf-

2_D.sechellia), Dntf-2_D.melanogaster)), (Dntf-2_D.yakuba, Dntf-2_D.erecta)), (Da_Ntf-

2r_D.ananassae, Dntf-2_D.ananassae)), (Dntf-2_D.psedoobscura, Dntf-2_D.persimilis)), Dntf-

2_D.willistoni), ((Dntf-2_D.virilis, Dntf-2_D.mojavensis), (Dg_Ntf-2r_D.grimshawi, Dntf-

2_D.grimshawi))) and the topology is seen in figure 2.1. Branch models were employed to 

determine selective pressures on the parental and retroposed sequences by calculation of ω 

ratios for each branch (Yang 1998). The free model allows every branch to evolve at a different 

rate, and the one rate model sets all branches to evolve at the same rate. Other models allow 

for differing ω rates for all retroposed sequences and Dntf-2 branches (two ratio model), and 

independent ω ratios for each retroposed sequence along with one ratio for the Dntf-2 branches 
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(four ratio model). A five ratio model was fit to test whether the branch following duplication of 

Dntf-2r in the D. melanogaster complex (Node 5…Node 6, (see figure 2.1)) experienced 

accelerated evolution relative to subsequent branches. A seven ratio model was created to test 

if Dntf-2 branches that have given rise to a retrogene (D. melanogaster complex, D. ananassae, 

and D. grimshawi) have evolved with differing ω ratios relative to Dntf-2 lineages that have not 

given rise to a retrogene. To resolve whether Dntf-2r branches evolve at different rates an eight 

ratio model was created to assign independent ω ratios to each Dntf-2r branch in the 

phylogeny. Finally, multiple null models were fit to the data wherein ω is fixed at one (ω=1) in 

Dntf-2 retroposed lineages and compared with the best alternative model to detect 

positive/purifying selection. These were all a priori hypotheses to be tested. These models were 

compared by calculating two times the log likelihood values and comparing to a χ2 distribution 

with degrees of freedom equaling the difference in number of parameters estimated by each 

model.  

Next, site models of CODEML software implemented in PAML were used to uncover 

the possibility of positive selection acting on a few sites. Site-specific likelihood model pairs M1 

(nearly neutral) and M2 (positive selection) along with M7 and M8 were applied to the 

sequences with the appropriate tree topology (Nielsen and Yang 1998; Yang et al. 2000). 

Models M1 and M7 do not allow for sites under positive selection and are compared to models 

M2 and M8 respectively, both of which allow for sites under positive selection. All models allow 

variable selective pressures among sites but fix rates among branches in the phylogeny. Model 

M2 is an extension of M1 by incorporation of an additional rate class ω2 > 1 (estimated from 

data with proportion p2) to the two rate classes (ω0 << 1 and ω1 = 1) and proportions (p0 and p1) 

present in M1. M7 assumes a beta distribution for ω between 0 and 1 over all sites while M8 

adds an additional site class (ω≥1) with ω estimated from the data.  A likelihood ratio test (LRT) 

was performed for both pairs by calculating two times the log likelihood values and comparing 

this value to a χ2 distribution with 2 degrees of freedom. Posterior probabilities of codons under 



 

 
16

positive selection are computed in models M2 and M8 using Bayes Empirical Bayes when the 

LRT was significant. The tree provided for the site analyses for Dntf-2r was ((Dntf-

2r_D.simulans, Dntf-2r_D.sechellia), Dntf-2r_D.melanogaster). 

The same seventeen Dntf-2 and Dntf-2 retrogene aligned sequences along with the 

tree topology used for PAML branch-specific analyses were uploaded to the HyPhy software 

package available at http://www.datamonkey.org. The GA branch model was run to uncover 

when selection occurred in the phylogeny. The models tested in the GA branch test are similar 

to the branch-site models and the branch-specific models employed in the PAML software 

package. As in the branch-site models, branch lengths and substitution rates are calculated by 

maximum likelihood for the phylogeny and held constant while site-to-site rate variation is 

calculated for codons in the sequence alignment. Finally, individual branches are automatically 

partitioned into different discrete classes with each class having independent ω ratios until a 

general optimized model is found. While the PAML branch-specific models bin branches 

specified by the user a priori, the GA branch models bin branches into an increasing number of 

ω ratio classes until the most probable model is located (Kosakovsky Pond and Frost, 2005).  

Dntf-2r sequences and tree topology ((Dntf-2r_D.simulans, Dntf-2r_D.sechellia), Dntf-

2r_D.melanogaster) were uploaded to the HyPhy software package available at 

http://www.datamonkey.org. REL analysis was performed in an attempt to detect positively 

selected codons in the Dntf-2r phylogeny at a Bayes factor threshold of 50 which corresponds 

to a small P value (Kosakovsky Pond and Frost, 2005). P value is roughly equivalent to 1/Bayes 

factor (Kosakovsky Pond and Frost, 2005). FEL was also run to detect positively selected 

codons using a significance level of P < 0.1. 

2.2.2. Strains and sequencing 

Genomic DNA extractions were performed on single fly using Puregene kit. Dntf-2 

retroposed sequences were PCR amplified from genomic DNA from ten D. ananassae strains 

(14024-0371.16, 14024-0371.17, 14024-0371.18, 14024-0371.25, 14024-0371.30, 14024-
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0371.31, 14024-0371.32, 14024-0371.32, 14024-0371.33, 14024-0371.34, and 14024-

0371.35), and four D. atripex strains (14024-0361.00, 14024-0361.01, 14024-0361.02, and 

14024-0361.03). These strains were acquired from UC San Diego Drosophila stock center. 

Oligoprimers 5'- ATG CCT CTC AAT CCC CAC -3' and 5'- TTA TTC CGT GTC GTG GAT ATT 

C -3' were used for amplification of the retroposed Da_Ntf-2 gene in all species. PCR products 

were sequenced from both strands using an automated DNA sequencer using fluorescent HiDi 

terminators. PCR products of individuals heterozygous for this gene were cloned and a clone 

was sequenced to establish the haplotypes. McDonald-Kreitman test (McDonald and Kreitman 

1991) was performed using the polymorphism data obtained for the retroposed Dntf-2 sequence 

in D. ananassae, and D. atripex. Sequenced products were aligned using Clustal W (Thompson 

et al, 1994) and imported into DnaSP 4.0 (Rozas et al. 2003) to perform the McDonald-Kreitman 

test and for calculation of Tajima’s D statistic. 

2.3 Results 

2.3.1. PAML and HyPhy software analyses 

To understand the mode of evolution of Dntf-2 and its retrogenes we performed 

sequence analyses using PAML software as described in the Materials and Methods. Results of 

the branch-specific PAML analyses for Dntf-2 genes and Dntf-2 retrogenes appear in table 2.1 

with figure 2.1 to be used as a reference for branch specifications. The free-ratio model (data 

not shown, log-likelihood (l = -2507.6789), and parameters (p = 65) was found to be 

significantly better (P = 1.787x10-13) than the one ratio model indicating that Ka/Ks ratios vary 

for the different lineages. The two-ratio model that estimates one ω ratio for Dntf-2 branches 

and one ratio for all Dntf-2 retrogene branches was found to fit the data better than the one-ratio 

model (P<1.110x10-16) indicating differing ω rates for retroposed sequences relative to non-

retroposed sequences. A four-ratio model was implemented to allow differing rates of evolution 

for the three retrogenes lineages (Dntf-2r clade, D. ananassae Ntf-2r, and D. grimshawi Ntf-2r) 

and Dntf-2. This model is significantly better than the two-ratio model (P = 8.390x10-5) indicating 



 

 
18

different rates of evolution among the recurrently recruited retrogenes. The retrogene in the D. 

melanogaster complex is evolving the fastest. All the retrogene rates are much higher (3 to 21 

times higher) than the parental rate. This can be explained by positive selection acting on the 

retrogenes or relaxation of constraint in the retrogene lineages. We have evidence of positive 

selection acting on Dntf-2r provided by the McDonald-Kreitman test (Betrán and Long 2003) but 

no evidence yet for other lineages. However, ω ratio is estimated in D. ananassae lineage to be 

very fast (i.e. 0.3309). McDonald-Kreitman test was performed for this gene in D. ananassae 

and close related species (see below). In addition, we fit a five-ratio model to the data to 

uncover the selective pressures acting on the newly acquired retrogene following duplication in 

D. melanogaster complex. This model did not produce a significantly better fit when compared 

to the simpler four-ratio model (P = 0.4319). The seven- and eight-ratio models also failed to 

statistically improve the four-ratio model indicating that evolutionary pressures on the original 

Dntf-2 sequences did not change after duplication and that Dntf-2r sequences have been under 

similar selective pressures. Four models were constructed with ω fix to one to determine if the 

estimated ω ratio for every gene was significantly less than one (i.e. purifying selection is 

acting). All four models were significantly worse at fitting the data than the four ratio model 

revealing purifying selection in all the lineages. These comparisons are shown in Table 2.1 

except for Dntf-2 lineages and D. grimshawii retrogene lineage (data not shown). This reveals 

that all ω values in the phylogeny are significantly less than one revealing purifying selection in 

all lineages. 
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Table 2.1 Results of PAML Dtf-2r branch-specific analyses 
Model l p ŵ Dntf-2 ŵ ms ŵ dup ŵ ana ŵ grim

One ratio -2570.869 34 0.0533 0.0533 0.0533 0.0533 0.0533
Two ratio -2531.728 35 0.0243 0.2657 0.2657 0.2657 0.2657
Four ratio -2522.342 37 0.0247 0.5311 0.5311 0.3309 0.0754
Five ratio -2522.033 38 0.0247 0.6235 0.3655 0.3310 0.0754

Four ratio null -2524.291 36 0.0248 1 1 0.3328 0.0758  
. Log-likelihood (l) and number of parameters (p) along with ω estimates for branches are 

shown. Abbreviations ms, dup, ana and grim refer to Dntf-2r in the melanogaster subgroup, the 
branch following gene duplication (in melanogaster subgroup [node 5 to node 6 in figure 2.1]), 

D. ananassae retrogene, and D. grimshawii retrogene respectively. 
 
 
 
 

Site models (pairs M1 and M2, M7 and M8) were also fitted to the data to test for 

positive selection acting on particular sites of Dntf-2r (See Materials and Methods). We have 

evidence of recurrent positive selection acting on Dntf-2r provided by the McDonald-Kreitman 

test (Betrán and Long 2003) and would like to see if we can decide at what sites that selection 

has been acting. From these results, see table 2.2, positive selection acting on any sites of the 

retroposed Dntf-2 sequences could not be inferred because of insignificant likelihood ratio tests 

between the two pairs of models tested (M1 versus M2 2∆l = 1.835, with d.f. = 2, P = 0.3995; 

M7 versus M8 2∆l = 1.848, with d.f. = 2, P = 0.397). 

 

 

Table 2.2 Results of PAML Dntf-2r site-model analyses.  
Model p l Parameter Estimates Postively Selected Sites

M1: Neutral 7 -705.795 p0 = 0.42  p1 = 0.58 NA

M2: Selection 9 -704.878 p0 = 0.65, p1 = 0, p2 = 0.35, w2 = 2.41888 47, 68, 87, 116 (at 0.6 < P < 0.7)
M7: beta 7 -705.802 p = 0.00748, q = 0.005 NA

M8: beta + ω 9 -704.878 p = 0.005, q = 1.805, p2 = 0.348, ω2 = 2.42 47, 68, 87, 116 (at 0.7 < P < 0.8)  
Log-likelihood (l) and number of parameters (p) along with ω estimates and proportions (p) are 

shown. 
 

 

The results from HyPhy software analyses are highly congruent with results from PAML 

analyses. Estimates of ω from GA-branch analysis, shown in figure 2.1, are very similar to 
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results from PAML branch-specific models especially for Dntf-2r branches in the D. 

melanogaster subgroup where both software analyses predict ω to be around 0.53. While this is 

not consistent with positive selection, this is several orders of magnitude larger than estimates 

for Dntf-2 branches and indicative of relaxed constraint on Dntf-2r. Also, estimates for Dntf-2 

genes have very low ω estimates that are on par with PAML estimates for non-retroposed 

sequences, as would be expected from any highly conserved gene. FEL analysis was unable to 

detect positively selected codons at any significant level (P < 0.1). However, REL analysis 

detected two codons (47 [Bayes factor = 52.9636], 87 [Bayes factor = 52.6307]) that are likely 

under positive selection. It is interesting to note that these two codons were also uncovered as 

likely to be under positive selection by PAML site-specific models M2 and M8 but with much 

less confidence. These positively selected codons encode for amino acids that are identical in 

Dntf-2 but are different for every Dntf-2r gene in the melanogaster subgroup (Figure 2.2). Codon 

47 encodes for histidine in the parental Dntf-2 genes and Dntf-2r in D. sechellia but has been 

replaced by a conservative arginine and a semi-conservative asparagine in D. simulans and D. 

sechellia respectively. Amino acid 87 has remained asparagines in Dntf-2, non-conservative 

changes to phenylalanine and isoleucine have occurred D. sechellia and D. melanogaster 

respectively. Though some changes are non-conservative amino acid replacements, they are 

not in regions of the protein that are known to interact with RanGDP indicating that these 

proteins are likely capable of interaction. Amino acids that interface with nucleoporin FxFG 

repeats (Stewart et al. 1998; Bayliss et al. 2002; Cushman et al. 2004) have experienced more 

numerous changes indicating decreased or altered interactions. 
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D. melanogaster Dntf-2r

D. simulans Dntf-2r

D. sechellia Dntf-2r

D. melanogaster Dntf-2

D. simulans Dntf-2

D. sechellia Dntf-2

D. yakuba Dntf-2

D. erecta Dntf-2

D. ananassae Dntf-2_RET

D. ananassae Dntf-2

D. pseudoobscura Dntf-2

D. persimilis Dntf-2

D. wilistoni Dntf-2

D. virilis Dntf-2

D. mojavensis Dntf-2

D. grimshawi Dntf-2_RET

D. grimshawi Dntf-2

D. melanogaster Dntf-2r

D. simulans Dntf-2r

D. sechellia Dntf-2r

D. melanogaster Dntf-2

D. simulans Dntf-2

D. sechellia Dntf-2

D. yakuba Dntf-2

D. erecta Dntf-2

D. ananassae Dntf-2_RET

D. ananassae Dntf-2

D. pseudoobscura Dntf-2

D. persimilis Dntf-2

D. wilistoni Dntf-2

D. virilis Dntf-2

D. mojavensis Dntf-2

D. grimshawi Dntf-2_RET

D. grimshawi Dntf-2
 

Figure 2.1 Results of GA-branch Dntf-2r analysis from HyPhy software package. RET refers to 
retroposed Dntf-2r sequences Da_Dntf-2r and Dg_Dntf-2r in D.ananassae and D.grimshawi 

respectively. 
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Figure 2.2 Dntf-2 and Dntf-2r amino acid alignment. Red and green amino acids interact with 

RanGDP, Blue and green amino acids interact with importins. Black triangle points to positively 
selected site. 

 

 

2.3.2. Polymorphism data 

Polymorphism data for the retroposed Ntf-2 gene in D. ananassae (n = 12) and D. 

atripex (n = 7) isofemale lineages was used to perform a McDonald-Kreitman test. The results 

reveal a statistically significant excess (two-tailed Fisher’s exact test P = 0.001661) of 

replacement substitutions (Table 2.3) which is consistent with recurrent positive selection acting 

at the protein level.  

 

 

Table 2.3 McDonald-Kreitman test for the retroposed Dntf-2 gene in D. ananassae and D. 
atripex. 

Fixed Polymorphic
Replacement 36 2
Synonymous 27 16  

Two-tailed Fisher’s exact test P = 0.001661**. 
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From the polymorphism data used for the McDonald-Kreitman test, one sequence per 

isoline was used to calculate Tajima’s D statistic. Tajima’s D statistic was calculated to be -

0.89195 (P > 0.1) for the ten D. ananassae sequences. The negative value of Tajima’s D 

statistic indicates an excess of low frequency polymorphisms relative to the average number of 

polymorphisms in isoline comparisons in the data set (Tajima, 1989). For the four D. atripex 

sequences, Tajima’s D equals 0.67384 (P > 0.1). A positive value is generally indicative of 

population structure or is under balancing selection (Tajima, 1989). However, both tests were 

unable to reject the null hypothesis of neutrally evolving genes. 

 

2.4 Discussion 

An updated analysis of Dntf-2 and retroposed sequences evolution using 12 sequenced 

Drosophila genomes has been performed. Ka/Ks analyses have revealed a 20x and 13x 

increase in the evolutionary rate of retroposed Dntf-2 genes in the D. melanogaster subgroup 

and the D. ananassae lineage respectively. McDonald-Kreitman tests (Betrán and Long 2003 

and result above) reveal that recurrent positive selection explains these results instead of 

relaxation of selection. In D. ananassae and D. atripex, the inability to reject the null hypothesis 

of neutral evolution using Tajima’s D statistic revealed that despite the recurrent positive 

selection there is no evidence of a recent selective sweep.  

From these data, it can be inferred that Dntf-2 retrogenes have been recurrently 

recruited and undergone positive selection at some point during the course of their existence in 

every instance that we were able to test (i.e. we have no polymorphism data for D. grimshawi 

and related species). With the aide of new software, it is possible to determine not only the 

mode of evolution acting on newly created genes but also narrow down which amino acids have 

been positively selected. The positively selected sites detected in the D. melanogaster complex 

reveal that although non-conservative amino acid replacements have occurred, Dntf-2r is likely 

capable of interaction with Ran and to some extent with nucleoporins. 
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A lengthier discussion about the possible selective forces that might drive the fast 

evolution of these genes will be presented in Chapter 4. 
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CHAPTER 3 

EVOLUTION OF Ran DERIVED RETROGENES 

 

3.1 Introduction 

As introduced in Chapter 2, the selective regime a gene is undergoing or has 

experienced in the past can be studied using divergence data (KA/KS analyses), polymorphism 

data (Tajima’s D) or a combination of both polymorphism and divergence (McDonald-Kreitman 

test) (Goldman and Yang, 1994; Yang, 1998; Yang et al., 2000; Yang and Neilsen, 2000; 

Tajima, 1989; McDonald and Kreitmant, 1991).  

In this chapter, the mode of evolution of Ran retrogenes and parentals is studied using 

divergence data. Ran-like that is present in all the species of the D. melanogaster subgroup and 

D. ananassae Ran retrogene are studied in more detail. In particular, we gathered 

polymorphism and divergence data for both of these genes and performed the above mentioned 

analyses. Interestingly, recurrent positive selection has again been acting in these Ran 

duplicates. 

3.2 Methods 

3.2.1. PAML and HyPhy software analyses 

The nucleotide sequences of the Ran gene in the 12 sequenced Drosophila species 

were retrieved from FlyBase (Clark et al., 2007) along with the orthologous Ran-like sequences 

in D. melanogaster, D. simulans, D. sechellia and D. erecta. D. yakuba Ran-like sequences 

were not included in any of the analyses below because Ran-like was discovered to be 

degenerating. This gene has a missannotated intron in FlyBase and polymorphism data reveal 

mostly disabled alleles. These 16 sequences were aligned with each other along with the 

retroposed Ran sequences from D. ananassae and D. grimshawi with Clustal W software 
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(Thompson et al., 1994). Sequences were analyzed using the CODEML software package 

implemented in PAML 3.15 (Yang 1997). The tree provided was (((((((((Ran-like_D. simulans, 

Ran-like_D. sechellia), Ran-like_D. melanogaster), Ran-like_D.erecta) ((Ran_D. simulans, 

Ran_D. sechellia), Ran_D. melanogaster)), (Ran_D.yakuba, Ran_D.erecta)), (Da_Ran-like_D. 

ananassae, Ran_D. ananassae)), (Ran_D.psedoobscura, Ran_D.persimilis)), Ran_D.willistoni), 

((Ran_D.virilis, Ran_D.mojavensis), (Dg_Ran-like_D.grimshawi, Ran_D.grimshawi))) and the 

topology is seen in figure 3.1. Branch models were employed to determine selective pressures 

on the parental and retroposed sequences by calculation of ω ratios for each branch (Yang 

1998). The free-ratio model allows every branch to evolve at a different rate, and the one-rate 

model sets all branches to evolve at the same rate. Other models allow for differing ω rates for 

all retroposed sequences and Ran branches (two-ratio model), and independent ω ratios for 

each retroposed sequence along with one-ratio for the Ran branches (four ratio model). A five-

ratio model was fit to test whether the branch following duplication of Ran in the D. 

melanogaster complex (Node 4…Node 5, (see figure 3.1)) experienced accelerated evolution 

relative to subsequent branches. An eight-ratio model was created to test if Ran branches that 

have given rise to a retrogene (D. melanogaster complex, D. ananassae, and D. grimshawi) 

have evolved with differing ω ratios relative to Ran lineages that have not given rise to a 

retrogene. To resolve whether Ran-like branches evolve at different rates a ten-ratio model was 

created to assign independent ω ratios to each Ran-like branch in the phylogeny. Finally, 

multiple null models were fit to the data wherein ω is fixed at one (ω=1) in all lineages, one ω 

group at a time, and compared with the best statistical alternative model to detect 

positive/purifying selection. These were all a priori hypothesis to be tested. These models were 

compared by calculating two times the log likelihood values and comparing to a χ2 distribution 

with degrees of freedom equaling the difference in number of parameters estimated by each 

model.  
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Next, site models of CODEML software implemented in PAML were used to uncover 

the possibility of positive selection acting on a few sites. Site-specific likelihood model pairs M1 

(nearly neutral) and M2 (positive selection) along with M7 and M8 were applied to the 

sequences with the appropriate tree topology (Nielsen and Yang 1998; Yang et al. 2000). 

Models M1 and M7 do not allow for sites under positive selection and are compared to models 

M2 and M8 respectively, both of which allow for sites under positive selection. All models allow 

variable selective pressures among sites but fix rates among branches in the phylogeny. Model 

M2 is an extension of M1 by incorporation of an additional rate class ω2 > 1 (estimated from 

data with proportion p2) to the two rate classes (ω0 << 1 and ω1 = 1) and proportions (p0 and p1) 

present in M1. M7 assumes a beta distribution for ω between 0 and 1 over all sites while M8 

adds an additional site class (ω≥1) with ω estimated from the data.  A likelihood ratio test (LRT) 

was performed for both pairs by calculating two times the log likelihood values and comparing 

this value to a χ2 distribution with 2 degrees of freedom. Posterior probabilities of codons under 

positive selection are computed in models M2 and M8 using Bayes Empirical Bayes when the 

LRT was significant. The tree provided for the site analyses for Ran-like was (((Ran_like_D. 

simulans, Ran_like_D. sechellia), Ran_like_D. melanogaster), Ran_like_D. erecta). 

The same eighteen Ran and Ran retrogene aligned sequences along with the tree 

topology used for PAML branch-specific analyses were uploaded to the HyPhy software 

package available at http://www.datamonkey.org. The GA branch model was run to uncover 

when selection occurred in the phylogeny. The models tested in the GA branch test are similar 

to the branch-site models and the branch-specific models employed in the PAML software 

package. As in the branch-site models, branch lengths and substitution rates are calculated by 

maximum likelihood for the phylogeny and held constant while site-to-site rate variation is 

calculated for codons in the sequence alignment. Finally, individual branches are automatically 

partitioned into different discrete classes with each class having independent ω ratios until a 

general optimized model is found. While the PAML branch-specific models bin branches 
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specified by the user a priori, the GA branch models bin branches into an increasing number of 

ω ratio classes until the most probable model is located (Kosakovsky Pond and Frost, 2005). 

 Ran-like sequences and tree topology (((Ran-like_D. simulans, Ran-like_D. sechellia), 

Ran-like_D. melanogaster), Ran-like_D.erecta) were uploaded to the HyPhy software package 

available at http://www.datamonkey.org. REL analysis was performed in an attempt to detect 

positively selected codons in the Dntf-2r phylogeny at a Bayes factor (P value is roughly 

equivalent to 1/Bayes factor) threshold of 50 which corresponds to a small P value. FEL 

analysis was also done (using the same sequences and tree topology as REL analysis) to 

detect positively selected codons using a cutoff value of P<0.1 (Kosakovsky Pond and Frost, 

2005) 

3.2.2. Strains and sequencing 

Genomic DNA extractions were performed on single fly using Puregene kit. Ran-like 

was PCR amplified from genomic DNA from twelve D. melanogaster flies from different 

Zimbabwe strains (ZH13, ZH18, ZH19, ZH20, ZH21, ZH23, ZH26, ZH27, ZH28, ZH29, ZH32, 

and ZH40; (Hollocher et al. 1997), nine D. simulans flies from different Madagascar strains (M1, 

M4, M5, M24, M37, M50, M242, M252, and M258) and eight D. yakuba strains (Tai6, Tai15, 

Tai18, Tai21, Tai26, Tai27, Tai30, and Tai159,) collected by Daniel Lachaise in the Taï forest in 

Ivory Coast in 1981. These strains were kindly provided by the Wu, the Aquadro and the Long 

laboratories respectively. Oligoprimers 5’-CTGGCAGGATAGGTTCAATAC-3’ and 5’-

CAAAGATCATCGTTGCAC-3’ were used for amplification in D. melanogaster. Primers 

5’GCTGGCGGGATAAGTTC3’ and 5’CCATGGGCACGAAGTAAG3’ were used for amplification 

in D. simulans. For D. yakuba, oligoprimers 5’ATTACACAAGCCGCTCC3’ and 

5’ACGCAGAAGGGGAAAAG3’ were used.  

Genomic DNA extractions were performed on single fly using Puregene kit. Ran 

retroposed sequences were PCR amplified from genomic DNA from ten D. ananassae strains 

(14024-0371.16, 14024-0371.17, 14024-0371.18, 14024-0371.25, 14024-0371.30, 14024-
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0371.31, 14024-0371.32, 14024-0371.33, 14024-0371.34, and 14024-0371.35), and four D. 

atripex strains (14024-0361.00, 14024-0361.01, 14024-0361.02, and 14024-0361.03). These 

strains were acquired from UC San Diego Drosophila stock center. Oligoprimers 5'- CAA TCT 

CCT CGT GCA GAC G -3' and 5'- CGG AGT GTC CAA TTT GTC G -3' were used for 

amplification of the retroposed Da_Ran-like gene in all D.atripex, while oligoprimers 5'- CAA 

TCT CCT CGT GCA GAC G -3 and 5’- GCA ACG CCA CTT TCG TG -3’ were used to amplify 

Da_Ran-like in D. ananassae. PCR products were sequenced from both strands using an 

automated DNA sequencer using fluorescent HiDi terminators. PCR products of heterozygous 

individuals for this gene were cloned and a clone was sequenced to establish the haplotypes. 

McDonald-Kreitman test (McDonald and Kreitman 1991) was performed using the 

polymorphism data obtained for the retroposed Ran sequence in D. ananassae, and D. atripex. 

Sequenced products were aligned using Clustal W (Thompson et al, 1994) and imported into 

DnaSP 4.0 (Rozas et al. 2003) to perform the McDonald-Kreitman test and for calculation of 

Tajima’s D statistic. 

3.3 Results 

3.3.1. PAML and HyPhy software analyses 

To understand the mode of evolution of Ran and its retrogenes we performed sequence 

analyses as described in the methods section. Log likelihood values and maximum likelihood 

estimates of KA/KS ratios for the branches in the Ran, Ran-like and other Ran retrogenes 

phylogeny using PAML are given in supplementary table 3. A free-ratio model (data not shown) 

was fitted (l = -4410.177751, p = 69) and compared to the one-ratio model. The free-ratio model 

gave a much better fit (P = 0) to the data due to differing KA/KS ratios along the branches of the 

tree. The one-ratio model was then compared to a two-ratio model (P = 0) showing a 43 fold 

increase in the rate of evolution in the Ran retrogene lineages when compared to the Ran 

branches (i.e. 0.1793 for retrogene vs. 0.0042 for parental gene). Next, a four-ratio model was 

fitted to the data to allow differing rates of evolution for the branches which correspond to the 
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three recurrent recruitments of Ran retrogenes. This model shows accelerated evolution of Ran-

like in the D. melanogaster subgroup relative to all other branches in the tree when compared to 

the two-ratio model (P = 0). Other retrogene lineages are evolving much faster that the parental 

genes as well (9 to 10 times faster). Lastly we wanted to determine the mode of evolution in the 

D. melanogaster subgroup immediately after duplication of Ran. The five-ratio model is an 

extension of the four-ratio model and allows the branch after duplication (Node 4…Node 5 in 

figure 3.2) to evolve under a separate KA/KS ratio. This five-ratio model is significantly better 

than the previous four-ratio model (P = 1.8873x10-15). Interestingly, we found that immediately 

after duplication of Ran in the D. melanogaster subgroup purifying selection (KA/KS = 0.0249) 

was acting on the newly retroposed gene but it was still evolving ~6 times faster than the 

parental. Both relaxation of selection or positive selection could explain this general increase in 

evolutionary rate in the retrogenes. In addition, this five-ratio model shows a marked increase of 

KA/KS (0.7023) in the D. melanogaster subgroup when the branches in the different lineages are 

allowed to evolve at a single different rate. Models that consider a different rate for the parental 

genes after duplication (eight ratio) and individual Ran-like branches in the D. melanogaster 

subgroup (ten ratio) were significantly worse at fitting the data than the five-ratio model (data not 

shown). All ω ratios in the five-ratio model are significantly smaller than one after five null 

models were fit (Table 3.1 only data for Ran-like is shown). Again, both relaxation of constraint 

or positive selection could explain this enormous increase in evolutionary rate in the Ran-like 

lineages. Additional analyses (see below) reveal that positive selection has acted in some of 

these lineages. 
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Table 3.1 Results of PAML Ran-like branch-specific analyses. 

Model l p ŵ Ran ŵ Ran-like ŵ Ran-

like_dup

ŵ Da_Ran-like ŵ Dg_Ran-like

One-ratio -4610.416 36 0.0571 0.0571 0.0571 0.0571 0.0571
Two-ratio -4492.862 37 0.0042 0.1793 0.1793 0.1793 0.1793
Four-ratio -4452.454 39 0.0043 0.3593 0.3593 0.0395 0.0349
Five-ratio -4420.883 40 0.0044 0.7023 0.0249 0.0408 0.0348

Five-ratio null -4422.926 39 0.0044 1 0.025 0.0409 0.035  
. l refers to log likelihood values. p is the number of parameters estimated in the model. ŵRan is 
KA/KS ratio for all ran genes. ŵRan-like is the KA/KS ratio for the melanogaster subgroup minus the 
branch immediately following duplication of Ran-like. ŵRan-like_dup is the KA/KS ratio for the branch 

(Node 4….Node 5 in figure 3.1) immediately following duplication in the melanogaster 
subgroup. ŵDa_Ran-like and ŵDg_Ran-like the KA/KS ratio for the retroposed sequence in D. 

ananassae and D. grimshawi respectively. 
 

 

The results of the GA-branch analysis are consistent with results from PAML branch-

specific models. Because branches of interest are not specified a priori, this analysis is likely to 

bin branches into ω bins that more accurately reflect selective pressures. For example, some 

Ran-like branches in the D. melanogaster subgroup have ω ratios exceeding 1 (seen in red) 

indicating positive selection on those branches while other branches nearby have lower ω 

values than predicted under the PAML branch-specific models. Overall, the same trend can be 

seen in both GA-branch and PAML branch-specific analyses where retrogenes have 

experienced accelerated evolution relative to the non-retroposed genes. It is interesting to note 

that the branch after the Ran duplication occurred in the D. melanogaster subgroup (Node 

4…Node 5, figure 3.2) has a much lower ω ratio than the subsequent branches (consistent with 

PAML analysis), while the previous branch (Node 3…Node 4, figure 3.2) may have been under 

positive selection. The timing suggests that around the time of Ran duplication in the D. 

melanogaster subgroup (and duplication in D. ananassae, Node 3…Node 21), there was likely a 

period of accelerated evolution which is consistent with the original hypothesis of immediate 
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positive selection after gene duplication. This result was not uncovered in the PAML analysis 

because branches to be tested were specified a priori.  

 

Figure 3.1 Results of GA-branch Ran-like analysis from HyPhy software package. Percentages 
over branches are the probability of that branch being under positive selection. 
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Site models (pairs M1 and M2, and M7 and M8) were also fitted to the data to test for 

positive selection acting on particular sites of Ran-like (See Materials and Methods). The 

likelihood ratio test between site models M1 and M2 was statistically significant (2∆l = 8.814, 

d.f. = 2; P = 0.012) as was the comparison between models M7 and M8 (2∆l = 8.885, d.f. = 2; P 

= 0.0118) which is indicative of positive selection acting on Ran-like. Furthermore, these results 

reveal that models M2 and M8 (allowing for positively selected sites) significantly fit the data 

better than models M1 and M7. Site models M2 and M8 estimated that 36.4% of sites (table 

3.2) in the Ran-like alignment experienced positive selection (ω = 2.52). Codons that are most 

likely under positive selection as revealed by Bayes empirical Bayes analyses (i.e. posterior 

probabilities ≥ 0.95%) are shown in table 3.3 and figure 3.1. Random effects likelihood (REL) 

analyses using Hyphy package detected 14 sites (Table 3.3 and Figure 2) with a Bayes factor 

bigger than 50 (P<0.02) that have likely been under positive selection.  The more stringent 

analyses (i.e. FEL) detected only one codon (131) as being likely under positive selection (P = 

0.09733). 

 

 

Table 3.2 Results of PAML Ran-like site-model analyses.  
Model p l Parameter Estimates Postively Selected Sites

M1: Neutral 7 -1704.602 p0 = 0.385  p1 = 0.615 NA

M2: Selection 9 -1700.195 p0 = 0.635, p1 = 0, p2 = 0.365, w2 = 2.51 Many (see table 3.3)
M7: beta 7 -1704.638 p = 0.00753, q = 0.005 NA

M8: beta + ω 9 -1700.196 p = 25, q = 99, p1 = 0.364, ω1 = 2.52 Many (see table 3.3)  
l represents the log likelihood value for a particular model and p refers to the number of 

parameters estimated in the model.  
 

 
 
 

The sites under positive selection were mapped to an alignment of Ran and Ran-like 

from D. melanogaster, D. simulans, and D. sechellia. Because RanGTP/RanGTP has been 

crystallized with multiple interacting proteins, it is known which amino acids are responsible for 
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interacting with each protein. Some of the positively selected codons have occurred in a region 

responsible for interaction with RanGEF (codons 94 and 95). Amino Acid 140 is has been 

shown to interact with Importin beta, while amino acid 82 lies between two amino acids that also 

interact with Importin β. These changes are not thought of as conservative changes and could 

alter the ability of Ran to interface with RanGEF and Importin β. All other positively selected 

sites have occurred in regions not known to have any interaction with other proteins. 

 

 

Table 3.3 Positively selected codons indicated by PAML site specific analyses and REL 
analysis. Codon amino acids are relative to D. simulans. 

Codon M8 BEB Probability M2 BEB Probability REL Bayes Factor
10 T 0.906 0.842 44.4
48 N 0.911 0.827 572.1
49 H 0.955 0.904 558.1
58 V 0.810 0.709 52.2
81 I 0.748 0.637 53.1
83 S 0.908 0.848 49.9
92 T 0.785 0.684 54.2
93 A 0.913 0.831 598.3
94 K 0.825 0.729 53.1
95 A 0.958 0.911 469.5
131 S 0.939 0.875 583.9
140 R 0.960 0.913 467.6
200 F 0.985 0.964 3574.9
202 D 0.888 0.793 443.9
207 Y 0.842 0.753 55.3
215 F 0.921 0.844 389.1  
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Figure 3.2 Ran and Ran-like amino acid alignment. Black triangles indicate positively 
selected amino acids. Gold triangles indicate residues that interact with Dntf-2. Blue residues 

indicate switch I. Red residues indicate switch II. Underlines residues interact with RCC1. Green 
residues and green triangles indicate amino acids that interact with importin beta.  

 

 

3.3.2. Polymorphism data 

Polymorphism data in D. melanogaster, D. simulans and D. yakuba for Ran-like was 

obtained as discussed in section 3.2.2. Fifteen alleles were sequenced for D. melanogaster, 

nine alleles were sequenced for D. simulans, and eight alleles were sequenced for D. yakuba. 

The McDonald-Kreitman test was performed for Ran-like using polymorphism data for D. 

simulans and D. melanogaster. Results appear in table 3.4. A significantly higher ratio of 

replacements per silent substitutions was found when compared to the ratio of replacements 

per silent polymorphisms (G (with Williams correction) = 4.062, P = 0.0438). The modified 

McDonald-Kreitman test excluding unpreferred changes (those unlikely to be fixed in the 
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population due to codon bias) was also significant (G (with Williams correction) = 4.028, P = 

0.0447). These data supports recurrent positive selection acting on Ran-like in D. melanogaster 

and D. simulans. Lineage specific McDonald-Kreitman test performed for Ran-like in D. 

melanogaster and D. simulans (polarized with Ran-like from D.erecta) were not significant (data 

not shown). The only statistical significance occurs when all the data is together.  

 

 

Table 3.4 McDonald-Kreitman test for Ran-like for D. melanogaster and D. simulans.  
Fixed Polymorphic

Replacement 47 21
Synonymous 12 (2) 14 (5)  

G (with Williams correction) = 4.062, P = 0.0438*. Values in parentheses correspond to the 
changes to preferred codons used for the modified McDonald-Kreitman test: G (with Williams 

correction) = 4.028, P = 0.0447*. 
 

 

As introduced in the methods, D. yakuba polymorphism data were left out of the 

McDonald-Kreitman analysis because most Ran-like alleles were found to have deletions in the 

coding region (alignment can be seen in Appendix B). All the deletions result in changes in 

frame and/or premature stop codons indicating nonfunctionalization of the retrogene in this 

species. This gene loss is interesting for the discussion of the function of these retrogenes and 

will be revisited in Chapter 4. 

Polymorphism data was also obtained in D. ananassae and D. atripex for Da_Ran-like 

(Table 3.5). Thirteen alleles were obtained for D. ananassae and five alleles were sequenced 

for D. atripex. The McDonald-Kreitman test was performed and revealed a significantly higher 

ratio of replacements per substitutions was found when compared to the ratio of replacements 

per silent polymorphisms (Fisher’s exact test P (two tailed) = 0.003124**; Table 3.5). This result 

is compatible with recurrent positive selection occurring in these lineages. 
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Of sequences used for the McDonald-Kreitman tests, one allele per isoline was used to 

calculate Tajima’s D statistic for D. melanogaster, D. simulans, D. ananassae and D.atripex. For 

D. melanogaster and D. simulans Tajima’s D was calculated to be -1.09956 and -1.41903 

respectively. Negative values obtained for the D statistic stem from a high levels of polymorphic 

sites relative to the average number of polymorphisms in isoline comparisons (Tajima, 1989). 

However, in both instances there remains an inability to reject the null hypothesis of neutrally 

evolving genes. The D statistics for the D. ananassae and D.atripex polymorphism data sets are 

0.23932 and 2.01187 respectively. Both D statistics are not statistically significant and these 

positive values are generally indicative of population structure or a population under balancing 

selection (Tajima, 1989). The D statistics may not be completely appropriate as the sampled 

flies come from very different populations and population structure can highly influence the 

statistic. 

 

 

Table 3.5 McDonald-Kreitman test for the retroposed Ran genes (Da_Ran-like) in D. ananassae 
and D.atripex.  

Fixed Polymorphic
Replacement 15 0
Synonymous 33 21  

Fisher’s exact test P (two tailed) = 0.003124**. The G statistic cannot be calculated when a zero 
occurs in the contingency table. 

 

 

 

3.4 Discussion 

An extensive analysis of Ran and retroposed sequences evolution using 12 sequenced 

Drosophila genomes has been performed. PAML branch-specific Ka/Ks analyses have revealed 

a 160x and 9x increase in the evolutionary rate of retroposed Ran genes in the D. melanogaster 

subgroup and the D. ananassae lineage respectively, while site-specific models and GA-branch 
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analyses indicate positive selection occurring at some points during the evolutionary history of 

Ran-like in the D. melanogaster subgroup. Interestingly, despite this acceleration ratios were 

still smaller than one revealing purifying selection. Furthermore, McDonald-Kreitman tests 

(result above) reveal that recurrent positive selection has apparently occurred on the recurrently 

retroposed Ran genes. In all species with polymorphism data available, the inability to reject the 

null hypothesis of neutral evolution using Tajima’s D statistic revealed that despite the recurrent 

positive selection there is no evidence of a recent selective sweep.  

From these data, it can be inferred that Ran retrogenes have been recurrently recruited 

and undergone positive selection at several points during the course of their existence. With the 

aide of newly developed software, it was possible to determine not only the mode of evolution 

acting on newly created genes but also narrow down which amino acids have been positively 

selected. Some information can be gleaned from the 16 codons found to be under positive 

selection. Many of these sites are in a region of the protein that is not known to interact with 

other proteins, however there is some evidence (nonconservative amino acid replacements) 

that the newly evolved Ran retrogenes in the D. melanogaster subgroup may be losing some 

ability to interface with RanGEF and Importin β underpositive selection. The consequences of 

these changes will be discussed in greater detail in chapter 4. 
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CHAPTER 4 

DO THESE RETROGENES HAVE A ROLE IN MEIOTIC DRIVE? 

4.1 Inferences regarding protein interactions 

 Heterospecific complexes formed between rat Ntf-2 and canine Ran have been 

crystallized and their mutual interactions are known (Berman et al. 2002). Additional crystal 

structures reveal in detail the amino acids and the domains involved in the interacting interfaces 

of Ntf-2 and Ran with other proteins (Bullock et al. 1996; Stewart et al. 1998; Vetter et al. 1999; 

Renault et al. 2001; Seewald et al. 2002; Matsuura and Stewart 2004; Isgro and Schulten; 

2007). Ntf-2 is a dimer that interacts strongly with two and possibly three molecules of Ran 

bound to GDP. Ntf-2 also interacts with nucleoporins during transport to the nucleus. See figure 

2.2 for details about the particular residues involved. Ran (switch I and II) interacts with Ntf-2 in 

its GDP bound form during transport to the nucleus, with RanGEF in its GDP bound form in the 

nucleus, with Importin β in its GTP bound form during its transport out of the nucleus, with 

exportins in its GTP bound form in complexes that are transported out of the nucleus, and with 

RanGAP in its GTP bound form in the cytoplasm (see figure 3.2 for details). RanGAP is 

localized in the cytoplasm and hydrolyzes RanGTP into Ran GDP. RanGEF (also known as 

RCC1) localizes in the nucleus and is a factor that produces the exchange of GDP by GTP. 

Together all these proteins maintain a gradient of RanGDP/RanGTP that is important for protein 

import and export. Concentration of RanGTP is high in the nucleus and the concentration of 

RanGDP is high in the cytoplasm. 

It has been shown that Dntf-2 is a gene under purifying selection in Drosophila (KA/KS 

=0.0247; see table 2.1) but Ran is under much stronger purifying selection (KA/KS =0.0044; see 

table 3.1) likely due to the fact that it carries multiple functions as discussed above. This is also 

evident from the alignments of these Drosophila proteins with other animal orthologs (Figure 
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4.1). Alignments of Drosophila Dntf-2 and Ran and their retrogene proteins with the rat Ntf-2 

and canine Ran respectively have been created to explore any possible changes in function in 

the newly duplicated proteins (alignments not shown). 

 

 

 
Figure 4.1 Alignment of Ran amino acid sequence for multiple animal species. 

 

 

 
Based on amino acid sequence conservation we can see that the amino acids of Dntf-2 

involved in interaction with RanGDP and the FxFG repeats of the nucleoporins in the nuclear 

pore complex are completely conserved or have conservative changes between Dntf-2 and 

Dntf-2 retrogenes in the three lineages (figure 2.2). Even in D. ananassae Dntf-2 retrogene that 

is the most divergent from Dntf-2, most residues important for function seem to be conserved 

suggesting that the Dntf-2-retrogenes still encode proteins that can function as transport 

proteins and can carry molecules of RanGDP across the nuclear membrane. Dg_Dntf-2r and 
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Dntf-2 in D. grimshawi are not highly divergent as seen in figure 4.3 suggesting that the 

retroposed copy may still be able to carry out the functions of the parental gene. 

 

 

 

Figure 4.2 Amino Acid alignment of Dntf-2 and Da_Dntf-2r in D. ananassae. Red residues 
interact with RanGDP. 

 
 
 
 
 

 
Figure 4.3 Amino acid alignment of Dntf-2 and Dg_Dntf-2r (retgrim). Red residues interact with 

RanGDP. 
 

 

Similar comparisons between Ran retrogenes and parental amino acid sequences 

(alignments not shown) show that the proteins encoded by the retrogenes in D. ananassae and 

D. grimshawi lineages show very little divergence from their parental genes. This trend can also 

be seen by very low KA/KS values. Most of the amino acids that are important for function are 

conserved or show conservative changes suggesting similar functions between Ran and its 

retrogenes in these lineages. However, Ran-like in the D. melanogaster subgroup is highly 

diverged (Figure 3.2). As commented above, the interaction with Dntf-2 is likely still present 
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because most of the interacting amino acids are conserved or show conservative changes. It is 

also likely that Ran-like still interacts with RanGap although many of the divergent sites (Figure 

3.2) cluster in a region of Ran-like/RanGap interaction or close and other interacting sites have 

changed although they were not detected as being under positive selection (for example codon 

128 has a different amino acid in Ran-like). However these changes are classify at this point as 

conservative because they do not seem to produce major conflicts in the interactions. RanGap 

has been shown to be under positive selection itself (Presgraves 2007) and produce duplicate 

genes (i.e. Sd; (Kusano et al. 2003)) and interactions with these changing protein or duplicates 

might explain the changes. However, all other interactions seem to be weaker or absent. The 

analyses below focus on D. melanogaster Ran-like but similar conclusions apply to the other 

Ran-like lineages analyzed. Regarding the interaction with Importin β, Ran-like proteins seem to 

have reduced overall charge interactions through partial or complete changes in charge (E113G 

[disrupts hydrogen bond], K142T [in the basic patch], Y146L, and Y147I). The C terminal end 

(DEDEEL) that is known to stabilize RanGDP (Seewald et al. 2002) has diverged greatly. It is 

known that in the absence of this end, the RanGAP mediated hydrolysis of RanGTP to RanGDP 

is accelerated (Seewald et al. 2002) and the exchange of GDP to GTP catalyzed by RanGEF is 

also accelerated (Richards et al. 1995). The C terminal end is also required for the efficient 

binding of Ran to several of the Ran binding proteins. Such binding is required for proper 

function of Ran (Richards et al. 1995) but it is highly diverged in Ran-like. RanGEF and 

exportins may also have a weaker interaction with Ran-like in D. melanogaster because residue 

37 involved in exportin interaction has change dramatically in charge and size (K37M). Ran-like 

residues involved in RanGEF interaction have lost charge (partially or completely) or 

hydrophobicity (R95S, and V96N). Residue 95 is likely under positive selection (Table 3.3 and 

Figure 3.2). 

The above analysis seems to indicate that the D. melanogaster subgroup Ran-like 

protein has retained Dntf-2 and RanGap interfaces while losing, or at least diminishing, all other 
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protein-protein interfaces. The presence of Dntf-2 and RanGap interfaces on Ran-like suggests 

that the Ran-like protein can exist in the RanGDP form and can be carried into the nucleus by 

Dntf-2r where the Ran-like RanGDP could be converted to RanGTP. The importin β interface on 

Ran-like, however, is diminished. As a result, Ran-GTP will not be transported out of the 

nucleus by importin β and importin β will have a diminished capacity to release cargo upon 

nuclear entry. Similarly, export of RanGTP by the exportin complex may be reduced. 

Additionally, the loss of Ran-like’s C terminal residues suggest that hydrolysis of RanGTP to 

RanGDP might be accelerated in the presence of RanGAP. Other changes in Ran-like may 

affect the exchange of GDP to GTP by RanGEF.  The binding of several lesser-known Ran 

binding proteins may also be affected. From this data it seems that Ran-like can not completely 

replace Ran in the male germline in the D. melanogaster subgroup species where it is still 

present. 

4.2 Are X to autosome nuclear transport retrogenes recurrently recruited for 
segregation distortion in Drosophila? 

 
When convergent evolution occurs, it reveals how the same and strong selective 

pressures are acting in different lineages. A good example of convergence that involves 

recurrent emergence of retrogenes of the same parental gene that are believed to have 

acquired the same male function is Utp14 in mammals (Bradley et al. 2004). In this case, the 

authors concluded that X inactivation was the selective force driving this convergent recruitment 

of retrogenes. 

Given that there is an estimated rate of retrogene formation of 0.51 retrogenes per My 

(Bai et al. 2007). If we consider 13,600 genes in the Drosophila genome (Adams et al. 2000), 

we have a rate of 3.75x10-5 per gene per million years. This is the probability of seeing a 

duplicate for any particular gene. In the whole tree analyzed by Bai et al. (2007) that has ~400 

My in total (Tamura et al. 2004), the probability that a particular gene (i.e. Dntf-2 or Ran) 

generates a duplicate is 0.015 (3.75x10-5 x 400). Then the probability of three Ran (or Dntf-2) 
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duplications in this tree is 0.0153 (3.375x10-6) and the probability that the particular gene that 

interacts with the parental gene of this retrogene also duplicates is 0.0153 x0.0153 (1.14x10-11). 

When we multiply this probability by 13,600 genes in the genome to which this could happen, 

the probability of this event (i.e. that any gene and its closer interacting partner produce 

retroposed copies three times in the tree of the 12 Drosophila species) is very small 

(P=1.14x10-11 x 13,600  =1.55x10-7). This does not account for the duplication being observed 

in the same lineages. Accounting for this would make the probability even smaller. This small 

probability together with the rest of data showing that these genes are X to autosome 

duplications, evolve fast (in several instances under positive selection) and are mainly male 

germline biased support a strong selective pressure in the origin of these genes. 

Three selective hypotheses have been outlined in the introduction to explain the 

recurrent duplication of Dntf-2 and Ran: male germline X inactivation, sexual antagonism and 

meiotic drive. It has previously been suggested that meiotic drive can be a powerful force in 

shaping genes and genomes because it generates a genomic conflict that leads to an arms 

race (Burt and Trivers 2006). Genes involved in the drive or its suppression will evolve under 

recurrent positive selection (Presgraves 2007). However, male germline X inactivation, and 

sexual antagonism can also be strong selective forces (Betran et al. 2002; Ranz et al. 2003; Wu 

an Xu 2003; Betran et al. 2004; Bradley et al. 2004; Emerson et al. 2004; Bai et al. 2007) and 

male germline genes are known to evolve under positive selection (Haerty et al. 2007). In 

addition to these three hypotheses, new genes can also originate in male germline and carry 

new unknown functions.  

Reasoning dictates that the data (i.e. the recurrent origination, male biased expression 

of the retrogenes, positive selection acting on them, pseudogenization of the genes in some 

lineages (D. yakuba) and loss of functions of some protein domains in some duplicates) do not 

consistently fit the X inactivation or sexual antagonism hypotheses. In both hypotheses the 

gene is recruited for a previously existing important male function. It is expected that the new 
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gene become specialized for the new function (by fixation of favorable random mutations 

through natural selection) before coming under purifying selection. If the new copy performs 

better than the parental gene, it is not expected to be lost or lose functions. It can be concluded 

that a novel dispensable function hypothesis (possibly segregation distortion) explains the data 

better, and that the loss of Ran-like can be explained by the putative disappearance of the 

selective pressure (i.e. segregation distortion system/s) in that lineage. In addition, the loss of 

particular functions that have occurred in some of these new proteins (i.e. Ran-like in D. 

melanogaster subgroup) is also well explained by a segregation distortion role and a selective 

pressure to differentiate from the parental gene. In addition, a Ph.D. student in the lab (Mansi 

Motiwale) has acquired a Dntf-2r knockout (a D. melanogaster P-element insertion line 

(EY05573)) that produces no Dntf-2r transcript and does not show obvious male fertility effects 

further supporting the dispensability of the gene (unpublished data). However, it remains 

possible that adaptive forces are different at different times and/or in different lineages and all 

possible hypotheses might have some relevance as they are not mutually exclusive. 

Therefore, it is hypothesized that Dntf-2 or Ran duplicates might fix in the populations if 

there are meiotic drive system disturbing the Ran gradient because they would probably act 

initially in male germline as additional doses of the parental genes. It appears that either one of 

them would increase the amount of RanGDP available in the nucleus to be transformed to 

RanGTP. This action would be compensatory to any gradient distortion as observed in previous 

experiments for Ran (Kusano et al. 2002). Subsequently, alleles of both genes might drive 

(Dntf-2r) or compensate (Ran-like) and increase or decrease in frequency depending on their 

linkage with respect to driving systems. This would explain the positive selection we observe in 

Ran-like, Da_Ran-like, and Da_Ntf-2r and has been reported for Dntf-2r (Betrán and Long 

2003). From PAML and HyPhy analysis it has been determined which residues of Ran-like are 

likely under positive selection. Knowing the functional importance of wild type Ran, (Ciciarello et 

al. 2007; Clarke and Zhang 2008) it can be assumed that Ran-like encoded protein may have 
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been under positive selection to lose some of the functions so as not to interfere with the proper 

functioning of the cell. 

Seemingly, the recurrent recruitment of Dntf-2 and Ran retrogenes is likely another 

example of convergent evolution under the same selective pressures since they mostly are 

male bias in expression (see Chapter 1 and data not shown produced by Javier Río) and may 

have all been involved in segregation distortion functions. Experiments are being carried out to 

reveal the potential role of Dntf-2r and Ran-like in segregation distortion in D. melanogaster 

using the SD system. This will be done by acquiring knockout lines with P element insertions, 

large chromosomal deletions wherein a gene of interest has been lost, or by RNAi knockdown.  

Another possible arms race these genes could be involved with is the battle against 

viruses and/or retrotransposable elements that need to enter the nucleus (Tang and Presgraves 

2009). In their struggle to be passed to the next generation these elements must gain access to 

the cell nucleus where they can be reverse transcribed into the host genome. Nuclear transport 

gene products could also be involved in selectively allowing certain harmless molecules into the 

nucleus while restricting potentially hazardous RNAs. However we currently envision that this 

struggle would be similar in male and female germline and not only male germline. 

However, as stated above, it remains possible that adaptive forces are different at 

different times and/or in different lineages and that the other hypotheses (X inactivation, sexual 

antagonism or new functions not related to meiotic drive or retroelements) remain of relevance 

at particular times or in some of the lineages. 
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Da_Ran-like polymorphism haplotypes. 

n
t.

8 19 20 5
7

69 85 9
3

96 1
05

10
8

1
11

11
4

12
0

12
6

13
5

15
3

1
62

17
4

18
9

23
4

2
44

2
46

24
7

24
9

26
4

2
97

30
3

31
8

33
6

3
41

34
3

35
4

36
3

3
90

42
1

42
3

43
0

4
32

43
8

44
1

44
7

4
53

45
9

46
5

4
90

4
98

50
2

5
13

51
6

51
7

53
1

54
6

5
52

5
58

56
4

57
1

57
3

57
8

5
81

59
1

59
7

60
5

61
2

61
8

6
25

6
27

63
6

64
8

D.atr 00_A C T C A A A T T C G G G C C A A T C A C C A A T T G T G T G A G G A A G C G T T T C T T C C A C C T C T T G A G G G A T G C T T T A T C

D.atr 00_B, 02 . . . . . . . . . . . . . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . .

D.atr 01 , 03 . . . . . . . . . A . A . . . . . . . . . G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G . T

D.ana 16, 17, 35 G G G T G C C . T . . . G T C T C . G A G G G G A . G C C C G A A G C . T . C C . . C C T A T T T C T C C A C C C T T G . T . A C G . .

D.ana 18_A G G G T G C C . T . . . G T C T C . G A G G G G A . G C C C G A A G C . T . C C . . C C T A T T T C T C C A C C C T T G . T G A C G . .

D.ana 18_B G G G T G C C . T . . . G T C T C . G A G G G G A A G C C C G A A G C . T . C C . . C C T A T T T C T C C A C C C T T G . T . A C G . .

D.ana 25 G G G . . C C . T . A . G T C T C . G A G G G G A . G C C C G A A G C . T . C C . . C C T A T T T C T C C A C C C T T G . T . A C G . .

D.ana 30 G G G T G C C . T . . . G T C T C . G A G G G G A . G C C C G A A G C . T . C C . . C C T A T T T C T C C A C C C T T G . T . A C G C .

D.ana 31 G G G T G C C . T . . . G T C T C . G A G G G G A . G C C C G A A G C . . . C C A . . C T A T T T C T C C A C C A T T G T T . A C G . .

D.ana 32_A G G G . . C C . T . A . G T C T C . G A G G G G A . G C C C G A A G C A . . C C A . . C T A T T T C T C C A C C A T T G T T . A C G . .

D.ana 32_B G G G . . C C C T . . . G T C T C T G A G G G G A A G C C C G A A G C . . A C C A . . C T A T T T C T C C A C C A T T G T T . A C G . .

D.ana 33_A G G G T . C C . T . . . G T C T C . G A G G G G A A G C C C G A A G C . . . C C A T . C T A T T T C T C C A C C A T T G T T . A C G . .

D.ana 33_B G G G . . C C . T . . . G T C T C . G A G G G G A A G C C C G A A G C . . . C C A . . C T A T T T C T C C A C C A T T G T T . A C G . .

D.ana 34 G G G . . C C C T . . . G T C T C T G A G G G G A A G C C C G A A G C . . . C C A . . C T A T T T C T C C A C C A T T G T T . A C G . .  
D.atr and D.ana refer to D. atripex and D. ananassae respectively. See text for isoline details.
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Da_Dntf-2r polymorphism haplotypes. 
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1
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2

2
54
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6

26
4

26
7

27
6

2
81

28
2

2
85

28
7

29
1

29
2

30
0

3
03

30
6

31
4

31
5

31
6

3
25

32
6

D.atr 00 C G T A C A A C T C C G A C A C C T T C A C G T T C C C C C A T T C A G C T G G T C C C C T T T C G G C A T G T C G A T G A C G C C T G C A T C

D.atr 01_A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . A . . . . . . . . A . . . . . . . . . . . . . . . . . . . . .

D.atr 01_B, 03_A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . A . . . . . . . . A . . . . . . . . . . . . . . . . . . . . .

D.atr 02_A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . A . . . . . . . . C . . . . . . . . . . . .

D.atr 02_B . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . C . . . A . . . . . . . . A . . . . . . . . . . . . . . . . . . . . .

D.atr 03_B . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . .

D.ana 16, 17, 18 25_A, 30, 35 . C A C A G G A . G T A T T C T T A A . T . C . . A T T A G T C C T C C A C A A C A A G T C G G T A . G G G C C T T T . C T A C T A G A . . A A

D.ana 25_B, 33_A . C A C A G G A . G T A T T C T T A C . T . C . C . . T A G T C C T C C A C A A C A A G T C G G T A . G G G C C T T T . C T A C T A G A . . A A

D.ana 31 . C A C A G G A . G T A T T C T T A A . T . C . . A T T A G T C C T C C A C A A C A A G T C G G T A . G G G C C T T T . C T A C T A G A T C A A

D.ana 32 T C A C A G G A . G T A T T C T T A A . T . C . . . T T A G T C C T C C A C A A C T A G T C G G T A . G G G C C T T T . C T A C T A G A . . A A

D.ana 33_B . C A C A G G A . G T A T T C T T A C . T T C C . . T T A G T C C T C C A C A A C A A G T C G G T A . G G G C C T T T . C T A C T A G A T C A A
D.ana 34 . C A C A G G A C G T A T T C T T A C . T . C . C . . T A G T C C T C C A C A A C A A G T C G G T A . G G G C C T T T . C T A C T A G A . . A A  

D.atr and D.ana refer to D. atripex and D. ananassae respectively. See text for isoline details. 
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Ran-like Polymorphism haplotypes. 
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D. simulans

M1 T C A G A T T C T G C G A C T T C C T A T C C A T T A G A G T A A C A A G G C A T G C G C G G A G C T A C A T A A T T T C A T A A T G G A A T

M4 . . . . . . . . . . . C . . . . . . . T C T . . . . . . . . . . . . . . . . . . A . . A . . . C . . . . . . . . . . . . . . . . . . . . . . .

M5 . . . . . . . . . . . . . . . . . . . T . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . .

M24 . . . . . . . . . . . . . . . . . . A T . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . .

M37 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . G . . . . . A . . . . . . . . . . . . .

M50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . C . . . . A . . .

M242 . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . T . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . C . . . . . . . .

M252 . . . . . . . . . . . . . . . . . G . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . .

M258 . . . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C G . . . . . . .

D. melanogaster

ZH13,19,23A,28 C T G C C G . T G A T . G G A G A . A T . . G . G A G . G A . . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T . . T G A . C G G

ZH18,21A C T G C C G . T G A T . G G A G A . A T . . G . G A G . G A G . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T . . T G A . C G G

ZH20A C T G C C G . T G A T . G G A G A . A T . . G . G A G . G A G . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T . . T G A . C G G

ZH20B C . G C C G A . G A T . G G A G A . A T . . G . G A G . G A . . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T . . T G A . C G G

ZH21B,27 C T G C C G . . G A T . G G A G A . A T . . G . G A G . G A . . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T . . T G A . C G G

ZH23B C T G C C G . . G A T . G G A G A . A T . . G . G A G . G A G . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T C . T G A . C G G

ZH26 C T G C C G . . G A T . G G A G A . A T . . G . G A G . G A . . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T . . T G A . C G G

ZH29 C T G C C G . T G A T . G G A G A . A T . . G . G A G A G A . . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T . . T G A . C G G

ZH32 C T G C C G . . G A T . G G A G A . A T . . G . G A G . G A G . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T . . T G A . C G G

ZH40 C T G C C G . T G A T . G G A G A . A T . . G . G A G . G A . . G T T C T A A . A A . . . A A . . A A . A G G G G . A A A T . . T G A . C G G  
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APPENDIX B 
 
 

ALIGNMENT OF SEQUENCED D. yakuba Ran-like ALLELES
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Alignment of sequenced D. yakuba Ran-like alleles and D. melanogaster Ran-like 
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Alignment of sequenced D. yakuba Ran-like alleles and D. melanogaster Ran-like. (continued) 
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Alignment of sequenced D. yakuba Ran-like alleles and D. melanogaster Ran-like. (continued) 
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