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Abstract 
 

An understanding of the rates and patterns of neutral evolution is important for estimating 

divergence times and for recognising selection acting upon the genome. In order to 

characterise neutral evolution it is necessary to identify sequences that are evolving free from 

selective constraint. This has proven difficult in Drosophila, where sites such as synonymous 

sites, introns, and untranslated regions of genes have been shown to have selection acting 

upon them. Pseudogenes are inactive copies of genes that are by definition functionless, and 

are thus ideal candidates for the study of neutral evolution. Historically few pseudogenes have 

been known in Drosophila, and many sequences that have been thought to be pseudogenes 

have been found to be functional. The advent of the genomics era has allowed for the 

identification of many more potential pseudogenes. In this thesis I study these in order to 

identify likely genuine pseudogenes, and use these to characterise neutral evolution in 

Drosophila. 

 

The first step of this project was to identify a list of genuine pseudogenes. Two pseudogene 

datasets were used: those identified in a paper by Harrison et al., (2003), and those listed on 

the Drosophila genome database Flybase. A number of techniques were used to study these 

pseudogenes, including cDNA analysis, conservation analysis, and resequencing. The results of 

this study showed that many of these sequences were not genuine pseudogenes and had been 

incorrectly assigned due to incorrect genome annotation, unknown splicing patterns, and 

polymorphic inactivating mutations. In total 73 likely Drosophila melanogaster pseudogenes 

were identified. 

 

The technique Gene Identification by Nonsense-Mediated Decay (GINI) (Noensie & Dietz, 

2001) was investigated as a possible technique for identifying new pseudogenes. This involved 

feeding Drosophila larvae drugs known to inhibit nonsense-mediated decay and then 

determining whether this resulted in an upregulation of transcripts known to contain 

premature termination codons (PTCs). Caffeine was found to result in the upregulation of 4 of 

6 PTC-containing transcripts, most notably those with longer 3’ UTRs. This technique thus 

seems promising for the identification of new pseudogenes. 
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Following this, 47 pseudogenes were resequenced in three populations. It was found that 

ancient pseudogenes had higher levels of nucleotide diversity than recently inactivated genes 

and new pseudogenes, presumably due to their time since inactivation and pseudogene 

population size during this time. Various aspects of pseudogene evolution were characterised 

including nucleotide diversity, mutation patterns, and FST, allowing us to gain a better 

understanding of population structure and the background mutational patterns of the 

genome. 

 

Finally, I investigated several hypotheses as to why the Esterase-7 gene might have a large 

proportion of inactivated alleles in natural populations of D. melanogaster. I concluded that 

the selective constraint acting on Esterase-7 has likely been relaxed in D. melanogaster relative 

to other species, and Esterase-7 may be in the process of becoming a pseudogene. This gives 

us key insights into the pseudogenisation of functional genes by mutation and genetic drift - 

mutations gradually occur and spread throughout the population while functional copies still 

remain in the population. 
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Preface 
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Ever since Kimura (1968) first proposed the neutral theory of evolution there has been debate 

about the proportion of the genome that is subject to selective constraint. The neutral theory 

postulates that most genetic changes that become fixed in a population do not affect the 

fitness of an organism (ie. are selectively neutral), with some sites evolving under strong 

selection. This theory was later modified to the nearly neutral theory (Ohta, 1973), which 

proposes that the majority of the polymorphisms in the genome are very slightly advantageous 

or disadvantageous. The result of this is that population size plays an important role in 

determining what becomes fixed in a population. These theories supported the observations 

that there are large numbers of genetic differences within and between populations, and that 

differences between species seem to accumulate almost linearly with time (the molecular 

clock).  

 

More recent research has suggested that much of the genome may be subject to more 

stringent selective pressures than previously suspected. For example, synonymous sites (sites 

within codons that can be altered without affecting the sequence of the encoded protein) can 

be subject to codon bias (Grantham et al., 1980; Ikemura, 1981). Introns, untranslated regions, 

and intergenic regions of genes can also be subject to selective constraint (Andolfatto, 2005). 

Some of the latter can be transcribed to produce functional elements such as non-coding 

RNAs. Although it may indeed be the case that much of the genome is evolving close to 

neutrality, the recognition of sequences that are evolving as such is an extremely difficult task.  

 

This makes characterisation of neutral evolution difficult, and results in something of a 

paradox; if it is difficult to find sequences that are evolving neutrally then we cannot 

characterise what neutrally evolving sequences look like, and thus it is difficult to identify 

other sequences that are evolving neutrally. Several types of sequences have been used in an 

attempt to characterise neutral evolution (eg. Petrov et al., 1996; Parsch et al., 2010), but 

many of these potentially have selective pressure acting upon them, particularly in terms of 

the types of mutations that they can tolerate. For example, while synonymous sites may be 

free to change, deletion of a synonymous site would result in a frameshift mutation which 

could be highly deleterious. 
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In this thesis I study pseudogenes - a set of sequences that should be non-functional and thus 

evolving neutrally - in order to characterise neutral evolution in Drosophila melanogaster. 

 

1.1. Neutral Evolution 
 

Evolution is the product of three major processes: mutation, genetic drift, and selection which 

(along with population-based factors such as gene-flow) act together to shape and change the 

genome. These key concepts can be defined as follows: 

 

Mutation is the first step of genome change, involving the introduction of changes and novel 

elements into the genome through processes such as DNA damage, errors in DNA 

replication/repair, and transposable element activity. Once these changes are present in the 

genome their frequency is changed by the action of genetic drift and selection. 

 

Genetic drift is the random process by which allele frequencies can change over time due to 

sampling error. In a sequence that is neutrally evolving, in a population without structure, the 

major factor that influences genetic drift is population size. Alleles will drift to fixation more 

quickly in a small population than they can in a large one (Figure 1.1.). In an unstructured 

population with random mating the expected time to fixation of a selectively neutral variant is 

4Ne, where Ne is the effective population size (Kimura & Ohta, 1969). 

 

Selection is a process that affects the likelihood of a genetic variant being passed on to the 

next generation. Directional selection makes a particular version of a genome sequence more 

(positive selection) or less (negative/purifying selection) likely to be passed on to the next 

generation than alternative sequences. It can be visualised as a process that “nudges” the 

allele frequencies in one direction or the other as they are being affected by genetic drift. The 

stronger the selection, the stronger the nudge! In contrast, balancing selection is selection 
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towards a middle ground where multiple versions of the genome sequence are retained in the 

population. 

 

Of note is the complex interplay between genetic drift and selection in shaping the genome 

(see Figure 1.1.). In smaller populations the role of genetic drift (sampling error) is stronger, 

meaning that weak selection has relatively little importance in shaping genome outcomes. In 

larger populations the role of genetic drift (sampling error) is weaker, meaning that even weak 

selection has more of an influence upon shaping the genome. 

 

Neutral evolution is a term used to describe evolution in the absence of natural selection; that 

is, evolution that is subject to mutation and genetic drift alone. Identification of neutrally-

evolving sequences is desirable because their characterisation will allow us to gain a greater 

understanding of the processes of mutation, genetic drift and gene flow in natural populations. 

Thus a major goal of studies attempting to characterise neutral evolution is to minimise or 

eliminate the selection acting on the elements being studied. 

 

Selection does not have to be acting directly upon a particular genetic variant in order to 

change its frequency; a site can only evolve completely independently of another site if there 

is no linkage disequilibrium between them. If a locus (locus 1) is in linkage disequilibrium with 

another locus (locus 2) which has selection acting upon it, then allele frequency changes 

occurring at locus 2 can also affect the frequencies of alleles found at locus 1. This is known 

generally as “genetic hitchhiking” (Maynard Smith & Haigh, 1974) or “genetic draft” (Gillespie, 

2000; Gillespie, 2001). If the selection acting upon locus 2 is strong positive selection, then 

locus 2 will head towards fixation very rapidly. This short timeframe does not allow for many 

recombination events to occur within the region surrounding the locus, and thus large areas of 

sequence surrounding locus 2 can also be swept to fixation in a selective sweep.  
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Figure 1.1. The relative roles of selection and drift in haploid populations of different sizes. Each line 

represents a different population, with number of generations along the x axis, and allele proportion 

on the y axis. N is the population size, and s is the reduction in fitness of the allele relative to other 

alleles. Figures were created by performing simulations using Microsoft Excel (2010) (See Appendix 1). 

From these graphs we can see that the role of selection relative to genetic drift increases as 

population size and strength of selection increase. Of note is that fact that in small enough 

populations even favourable alleles can easily be lost from the genome. 
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1.1.2. Tests of Neutrality  

Several tests have been developed in order to test whether sequences differ from neutral 

expectations. All of these are based on the null hypothesis that sequences are evolving as is 

expected under the neutral theory (i.e. that no variants of a sequence have a selective 

advantage over any other variants of the sequence). Most of these involve testing for selection 

in protein-coding sequences, but some (such as the Tajima’s D statistic) can be used to test for 

neutral evolution in any genomic sequence.  

 

The Tajima’s D statistic (Tajima, 1989) is based on the idea that in a sequence that is evolving 

according to neutral expectations the estimate of θ = Neµ (where Ne is the effective population 

size and µ is the mutation rate) that is calculated based on the number of segregating sites 

should be the same as the estimate of the average number of pairwise differences between 

sequences (π).  

 

Equation 1.1. The formula for Tajima’s D. d is the difference between the average number of pairwise 

differences between two sequences in the sample (k) and the expected total number of polymorphic 

sites in the sample (S/a).  is the variance of this estimate. 

If there is an excess of rare polymorphisms, then the number of segregating sites will be 

elevated relative to the average number of pairwise differences, and Tajima’s D values will be 

negative. This is what happens in the case of purifying selection, population expansion, and 

selective sweeps. In contrast, if there is a deficiency of segregating sites relative to average 

pairwise differences then Tajima’s D will be positive. This is what happens in the case of 

balancing selection, population contraction, and population bottlenecks. 

 



7| P a g e  

 

Several variations on the Tajima’s D statistic exist, including Fu and Li’s D and F (Fu and Li, 

1993), which compare polymorphism on internal and external branches, and Fay and Wu’s H 

(Fay and Wu, 2000), which uses an outgroup species to detect high frequencies of derived 

alleles suggestive of selective sweeps. 

 

Other tests of neutrality include the HKA test (Hudson et al., 1987), which is based on the 

assumption that if multiple sequences are all evolving in accord with the neutral model then 

they should show the same amount of divergence between species relative to polymorphism 

within species. If a sequence displays a different ratio of polymorphism to divergence than it 

suggests that that sequence is not evolving according to neutral expectations. 

 

The McDonald-Kreitman test (McDonald and Kreitman, 1991) is similar to the HKA test in that 

it compares sequences between two species, but in the McDonald-Kreitman test the sets of 

sequences being compared are synonymous and non-synonymous sites. If the ratio of 

synonymous and non-synonymous sites that are fixed is different to the ratio of synonymous 

and non-synonymous sites that are polymorphic, then it is suggestive of selection acting upon 

at least one of the branches being tested.   

 

1.2. Junk DNA 
 

In the 1960s scientists were surprised to find that the genome sizes of organisms varied 

widely, with supposedly simple organisms such as lungfish and salamanders having genome 

sizes far greater than that of humans (Ohno and Atkin, 1966). This finding led Susumu Ohno 

(1972) to hypothesise that much of the genome was likely to be made up of functionless “junk 

DNA”, representing the “remains of nature’s failed experiments”. This hypothesis appeared to 

be supported by the resequencing of eukaryotic genomes; the ~3 billion base pair human 

genome sequence only contains around 20,000 protein-coding gene accounting for a mere 

1.5% of the total genome size (International Human Genome Sequencing Consortium, 2001). 
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The Drosophila melanogaster genome contains around 16,000 genes mapped genes (Flybase 

genome release 5.50, February 2013), in 117.3 Mb of genome sequence.  

More recent work has suggested that there may be functions for parts of genomes that do not 

involve the action of protein-coding genes. For example, much of the apparent “junk DNA” in 

the genome is transcribed. Although initially this was thought to be simply “transcriptional 

noise”, more recent studies have revealed that some of this transcribed RNA is actually 

functional, including such elements as non-coding RNA genes, small nucleolar RNAs, 

microRNAs, small interfering RNAs, and piwi RNAs.  

 

Despite this, the role of the majority of the genome is still unknown. In order to further our 

understanding of the human genome, the The Encyclopedia of DNA Elements (ENCODE) 

project was launched. The aim of this was to attempt to identify all functional elements in the 

genome using techniques such as RNA sequencing, promoter analysis, and chromatin analysis 

(The ENCODE Project Consortium, 2004). The results of this project suggested that 62% of the 

human genome is transcribed, 56.1% of the genome is highly enriched for histone 

modifications, 15.2% of the genome is located in open chromatin, and 8.1% of the genome 

represents sites of transcription factor binding (The ENCODE Project Consortium, 2012). 80.4% 

of the human genome fell into at least one of these categories, leading the authors to suggest 

that more than 80% of the human genome is likely to be functional. 

 

The main criticism of these findings is that just because many functional sequences conform to 

certain criteria does not mean that every sequence that fits these criteria is functional (Graur, 

2013). For example, RNA transcription is thought to be a stochastic process (Raj & van 

Oudenaarden, 2008), with as many as 90% of RNA polymerase II transcription initiation events 

representing transcriptional noise (Struhl, 2007).   

 

Similar studies are being conducted in Drosophila as part of the ModENCODE project (Celinker 

et al., 2009). To date, key findings include RNA evidence to support more than 90% of 

previously annotated genes, exons and splice junctions; the identification of almost 2000 
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potential new genes, almost 53,000 new exons, and more than 14,000 alternative transcripts; 

the identification of more than 2000 alternative promoters for known genes; the identification 

of new miRNAs, siRNAs, and piRNAS; and a greater understanding of the chromatin landscape 

of the genome (The modENCODE Consortium et al., 2010).   

 

1.3. Neutral evolution in Drosophila 
 

Drosophila melanogaster was one of the first organisms used to study evolutionary biology 

and is one of the most important model organisms in the study of evolution to this day. Due to 

its importance as a model organism and its small genome size (~180Mb in total, and ~120Mb 

of euchromatin), Drosophila melanogaster was one of the first organisms to have its genome 

sequenced (Adams et al., 2000). Following this, another eleven Drosophila species had their 

genomes sequenced (Drosophila 12 Genomes Consortium, 2007) (See Figure 1.2.), making 

Drosophila one of the first organisms whose genome could be used extensively for 

comparative genomic studies, and ultimately resulting in its genome becoming one of the best 

understood. Since that time the number of sequenced Drosophila genomes has continued to 

accumulate. 

 

Figure 1.2. Phylogenetic tree of the twelve Drosophila species that were first sequenced. (Source: 

www.flybase.org) 

 



10| P a g e  

 

Despite this, one facet of Drosophila evolution has proven difficult to characterise: that is, 

what does evolution look like in the absence of natural selection? Several other sequences 

have been used to attempt to characterise neutral evolution in Drosophila, and these are 

discussed further below 

 

1.3.1. Synonymous sites, introns, UTRs, and intergenic regions 

Historically, attempts to characterise neutral evolution have focused mainly on synonymous 

sites, which were thought to be free from selective constraint. (for examples, see McDonald & 

Kreitman, 1991; Ophir et al., 1999;). In the last two decades these have been shown to be 

subject to subject to selection for preferred codons (Akashi, 1994; Akashi, 1995; Akashi et al., 

1998; Carlini & Stephan, 2003; Hershberg & Petrov, 2008). Other sequences that could 

potentially be free from selective constraint include introns, intergenic regions, and 

untranslated regions, however the evolutionary patterns found in these have been found to be 

less consistent with neutral expectations that of synonymous sites (Andolfatto, 2005). 

 

More recent studies have shown that the selective constraint acting upon synonymous sites 

appears to have been relaxed in D. melanogaster relative to D. simulans (Akashi, 1995; Akashi, 

1996). Despite the fact that codon usage is obviously important in some genes (for example, 

Carlini and Stephan, 2003, found that the introduction of non-preferred codons into the Adh 

gene resulted in decreased production of the ADH protein), in other genes this may be less 

important, and the mutations found in synonymous sites of such genes may be useful for the 

characterisation of neutral evolution. The most common types of mutations found in 

synonymous sites are C->T and G->A transition mutations, which account for between 30 and 

40% of all single nucleotide mutations (eg. Nielsen et al., 2007; Singh et al., 2007). This is 

consistent with the mutation spectrum found in mutation accumulation lines (lines which are 

subject to minimal selective pressure over many generations) and putatively neutrally evolving 

sequences in other species  
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1.3.2. Short Introns 

Recent studies have shown that although longer introns appear to be subject to selective 

constraint, short introns (≤65bp) evolve closely to neutral expectations (Parsch, 2003; Parsch 

et al., 2010), with the fastest evolving sequences occurring between bases 8 and 30 of short 

introns. Presumably this is due to the fact that long introns are more complicated to remove 

and require extra internal sequences in order to do this, along with the fact that many larger 

introns may contain other important functional sequences (or even functional genes). Short 

introns display the same general mutational patterns as other supposedly neutral sequences, 

with increased C->T and G->A transition mutations (Clemente & Vogl, 2012a). C->T and G->A 

transitions were found to account for 25.2% of total polarised fixed changes in a study of D. 

melanogaster short introns (Clemente & Vogl, 2012a). Short introns also contain higher 

numbers of deletions than insertions, with a ratio of 1.71 deletions for each insertion (Parsch, 

2003). Despite this, short introns are constrained in the number and type of insertions and 

deletions that occur.  This is likely due to the fact that they will need to be a certain length to 

function properly, and if they become too large they may require extra sequences in order to 

ensure that they are spliced correctly. Therefore, although they may be suitable for use in 

characterising the single nucleotide mutation spectrum, they are not ideal sequences to use to 

study insertion and mutation events in neutrally evolving sequences. 

 

 

1.3.3. Transposable Elements 

Petrov and others (1996) suggested the use of dead-on-arrival (DOA) transposable elements as 

potential tools for studying neutral evolution in Drosophila. These are retrotransposable 

elements that have been inserted into the genome but lack their 5’ end including the 

promoter, so they cannot be transcribed and thus should be non-functional, and can 

theoretically be used to study neutral evolution. Their DOA transposable element of choice 

was the Helena non-LTR transposable element, which is widely distributed throughout the 

genus Drosophila (Petrov, Schutzman, Lozovskaya, Hartl, unpublished data mentioned in 

Petrov & Hartl, 1997).  
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By sequencing the reverse transcriptase gene of Helena elements in the virilis species group 

(Petrov et al., 1996) and melanogaster species subgroup (Petrov & Hartl, 1998) they found that 

the proportion of transitions is higher than expected by chance, with G->A/C->T transitions 

accounting for 30% of all single nucleotide mutations in Drosophila (Petrov & Hartl, 1999, see 

Figure 1.3.). Whilst this number is lower than the proportion found in mammals (43%) it is still 

higher than any other type of change found in Drosophila. They also found that the ratio of 

deletions to point mutations is much higher in Drosophila Helena elements than it is in 

mammalian genes (0.13 vs. 0.049), and on average deletions in Drosophila are they are much 

larger (24.9bp vs. 3.2bp) (Lozovskaya et al., 1999).  

 

However, it is possible that the nature of Helena elements results in an increased rate of 

deletion. For instance, Helena elements are highly repetitive, which may increase their chance 

of deletion. Most Helena elements are located in heterochromatin (Petrov et al., 1998), which 

may result in a different mutational spectrum than is found in euchromatin. Furthermore, 

Drosophila may have some way of actively eliminating transposable elements from its 

genome. 
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A study of putatively non-functional fragments of another transposable element 

(DNAREP1_DM) was conducted more recently in order to determine whether mutation 

seemed to vary between different regions of the genome (Singh et al., 2005). It was found that 

once again C->T/G->A mutations were the most common single nucleotide substitutions in all 

areas of the genome, accounting for around 22% of total nucleotide substitutions. 

Interestingly, a significant difference was found in the rate of A->G mutations, with these 

occurring more frequently in low-recombination areas of the euchromatin than in the 

heterochromatin. Interestingly, this study also found strand non-complementarity in four of 

the six pairs of nucleotides studied. 

 

 

 

Figure 1.3. The proportion of different types of substitutions found in Drosophila Helena elements (open 

bars) and mammalian pseudogenes (hatched bars). The Drosophila species used were D. virilis and seven 

species from the D. melanogaster species subgroup. Graph from Petrov & Hartl, 1999. 
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1.3.4. Characterisation of Mutation Patterns Using Mutation Accumulation 

Experiments 

As previously mentioned, neutral evolution is composed of multiple components: firstly 

mutations occur, and then these are subject to genetic drift (which is affected by population 

structure). An important technique that has been used to characterise mutation in the absence 

of natural selection is mutation accumulation experiments. These involve inbreeding many 

generations of an organism in a minimal selection environment and then characterising 

changes that have occurred. A single random line of descent is used in order to minimise 

selection. It is assumed that due to the minimal selection environment these mutations should 

come close to representing the true mutational spectrum of the genome.  

 

The first mutation accumulation experiments were conducted in order to attempt to 

characterise mutation rates and to estimate the impact of these mutations on viability (Mukai, 

1964). More recent efforts have focused on resequencing, again to characterise the mutation 

rate, but also to determine the types of mutations that have occurred.  

 

The most obvious species on which to perform mutation accumulation experiments are 

species with very short generation times in which the environment can be very strictly 

controlled for and supplemented with nutrients that will make some genes unnecessary for 

survival (ie. bacteria). It has been found that although the mutational spectrum of bacteria 

varies considerably by genetic background, the most common type of mutation found in 

mutation accumulation lines are G->A/C->T transitions, which account for between 40 and 

80% of all mutations observed depending on the species studied (Hershberg & Petrov, 2010). 

 

Despite the fact that these experiments are more difficult to conduct in Drosophila, a number 

of mutation accumulation experiments have been conducted. A series of experiments on a set 

of Drosophila lines that had undergone an average of 262 generations of spontaneous 

accumulation yielded mean single nucleotide mutation rates of 2.7-3.5 × 10-9 per site per 
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generation (Keightly et al., 2009; Haag-Liautard et al., 2007). This mutation rate was, however, 

found to vary between lines (Haag-Liautard et al., 2007). The most common types of 

spontaneous mutations were found to be G->A and C->T transition mutations, a fact which is 

consistent with findings in mammals and bacteria. These experiments have also consistently 

found more deletions than insertions, but due to the nature of these experiments the total 

number of indels found tend to be too low for meaningful analysis.   

 

These sorts of experiments have several problems: for instance, they require many 

generations to be maintained to allow mutations to accumulate, and experiments involving 

Drosophila have generally been conducted on lines that have been maintained in minimal 

selection environments for many years. This involves a great deal of time and effort before 

experimental results can be obtained. Secondly, despite best efforts to minimise selection 

there will always be some selective pressure acting on the organism, so the mutations found 

may not truly represent what the mutation spectrum looks like. Finally, in order to determine 

the exact nature of mutations large resequencing efforts are required, and even these may 

result in the detection of very few mutations. 

 

1.3.5. Motivations for the Characterisation of Neutral Evolution 

The two largest advantages of being able to accurately characterise neutral evolution involve 

estimation of the divergence times between species, and the recognition of neutrally evolving 

sequences in the genome. Current methods of estimating divergence times between species 

usually rely on studying the number of nucleotide substitutions in synonymous sites of genes. 

If positive or negative (purifying) selection is acting upon these sequences, then the divergence 

time will (respectively) be over or under-estimated. The ideal situation is to find sequences 

that have absolutely no selection acting upon them, and accumulate substitutions at a 

constant (clock-like) rate.  
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The other advantage of accurate characterisation of neutral evolution is that it will give us 

greater power to recognise regions of the genome (particularly non-coding regions) that are 

subject to selective constraint. Currently selection acting on non-coding regions is tested using 

measures such as Tajima’s D. This can be subject to demographic effects (for example, large 

amounts of population admixture can result in elevated Tajima’s D values, and small amounts 

of population admixture can result in decreased Tajima’s D values). If we can gain a greater 

understanding of the patterns of mutation found in neutrally evolving sequences in different 

parts of the genome (ie. the ratio of each type of nucleotide substitution, and the ratio and 

type of expected indels), then we can use these values in order to test whether selection is 

acting upon sequences in the genome. Currently our knowledge of neutral evolution in 

Drosophila is not sufficiently advanced to perform such tests. Accurate characterisation of 

neutral evolution in Drosophila would be highly advantageous in this regard. 

 

1.4. Pseudogenes 
 

An alternative to the above-mentioned sequences that can theoretically be used to study 

neutral evolution are pseudogenes. The term “pseudogene” was originally coined to describe a 

truncated, non-functional rRNA gene (Jacq et al., 1977). Since then, many different definitions 

for the word “pseudogene” have been proposed, and some of these are listed below.  

 

Pseudogenes have been defined as: 

 “Non-functional DNA sequences” – Mira & Pushker, 2005 

 “Sequences in the genome that have close similarities to one or more paralogous 

functional genes, but in general are unable to be transcribed” – Zhang et al., 2003 

 “Copies of genes that do not produce a full-length functional protein chain” – 

Harrison et al., 2003 

 “Genomic sequences that arise from functional genes but that cannot encode the 

same type of product as the original gene” (Zheng & Gerstein, 2007) 
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For the sake of consistency, in this thesis I define a pseudogene as “a genomic sequence that 

has been derived from a functional gene but which is itself no longer functional”. This 

definition encompasses pseudogenes derived from both coding and non-coding genes, but 

does not include sequences which have taken up a new function that is different from that of 

the original gene that they were derived from. 

 

Pseudogenes can be formed by three main mechanisms (see Figure 1.4.): 

1. Direct duplication of a functional gene. This can be due to mechanisms such as 

unequal crossing-over or genome duplication. If there is no advantage to having 

two copies and neither one develops a new function, it is likely that one will 

eventually develop disabling mutations and become a pseudogene.  

Nuclear mitochondrial sequences (Numts) are one class of these. The 

mitochondria contains a different genetic code to the nucleus, so when 

mitochondrial sequences are introduced into the nucleus they will almost always 

contain premature stop codons, and thus be pseudogenes from the time of 

insertion. Despite this, some mitochrondrial sequences have been inserted into 

the nucleus and evolved to the point that they are able to produce functional 

proteins (Gray, 1992; Thorsness & Weber, 1996). 

2. Retrotransposition. This occurs when RNA is reverse-transcribed and reintegrated 

back into the genome. Retrotransposed pseudogenes are characterised by a lack 

of introns and the presence of sequences resembling polyA tails. Most 

retrotransposed sequences will be non-functional from the time of their 

reinsertion because they will lack promoters. 

3. Inactivation of a functional gene. There are several different reasons why active 

genes can become inactivated. For instance, the selective pressure on a gene may 

no longer be enough for it to be maintained in the population. This can be either 

because it is no longer needed (eg. In the case of generalist species moving to 

occupy specialised niches) or because the population size is decreased such that 

genetic drift plays a more important role in determining gene fate. Secondly, if a 

loss of function allele is linked to a highly advantageous mutation this may result in 

the loss of function allele being swept through and fixed in the population. Zhang 
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and others (2010) refer to this type of pseudogenes as ‘unitary pseudogenes’ to 

reflect the fact that they have no functional counterparts in the genome. Thirdly, 

in some cases it may be selectively advantageous for a gene to be inactivated. For 

example, the majority of early-flowering Arabidopsis thaliana ecotypes have loss 

of function mutations in the FRIGIDA (FR1) gene (Le Corre et al., 2002), suggesting 

that this inactivating mutation may be beneficial in some environmental 

conditions. 
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Figure 1.4. Pseudogene types and their method of creation. a. Direct duplication. A gene (or part of a 

gene) is copied to elsewhere in the genome and the copy begins to accumulate inactivating 

mutations, eventually becoming a pseudogene. It is quite common for tandem duplications to occur, 

presumably due to unequal crossing-over during recombination. b. Retrotransposition. A gene is 

transcribed, spliced, polyadenylated, and then retrotranscribed and inserted back into the genome, 

usually in a different location to the original gene. This new copy will usually be inactive due to the 

lack of a promoter, and will begin to accumulate obvious further inactivating mutations. c. 

Inactivation of a functional gene. A functional gene accumulates inactivating mutations and becomes 

a pseudogene. This can happen due to a relaxation in purifying selection, or alternatively due to a 

strong selective sweep acting on a neighbouring functional gene which may sweep a loss-of-function 

allele to fixation. 
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1.4.1. Unitary Pseudogenes  

Unitary pseudogenes are of particular interest, as they have the potential to give us insights 

into gene function. For example the typhus bacterium R. prowazekii (Andersson et al., 1998; 

Ogata et al., 2001) and the leprosy bacterium M. leprae (Cole et al., 2001) both exhibit large-

scale genome degradation relative to closely related species, presumably due to niche changes 

resulting in large numbers of genes no longer being necessary. Pseudogenes account for 27.0% 

of the entire M. leprae genome (Cole et al., 2001), and this species has lost several metabolic 

pathways that are present in the related species M. tuberculosis including the anaerobic 

respiratory pathway. Closer study of the genes that have been lost may enable us to gain a 

greater understanding of the original functions of these genes, and of the niches inhabited by 

these species. 

 

Similarly, D. sechellia is a sibling species of D. simulans which is endemic to the Seychelles 

archipelago in the Indian Ocean. Unlike D. simulans (which is a generalist species), D. sechellia 

feeds solely on the fruit of the shrub Morinda citrifola, and has developed a preference for 

toxins in this fruit which repel other Drosophila species. It has been found that in D. sechellia, a 

large number of gustatory and olfactory receptors (McBride, 2007; McBride & Arguello, 2007) 

along with glutathione-S-transferase detoxification genes (GSTs) (Low et al., 2007) and 

Cytochrome 450s (Good & Robin, unpublished data) have become pseudogenes, presumably 

due to a change in selective pressure acting upon them due to dietary changes. Similarly, a 

large number of gustatory receptors have been lost in the specialist species D. erecta but not 

in related specialist species D. yakuba (McBride & Arguello, 2007), suggesting that the 

selection acting upon the gustatory receptors in this species may also have been relaxed. 

 

It is worth noting that the process of niche change can also result in a reduction in population 

size. For example, D. sechellia is found only in the Seychelles archipelago, and can be expected 

to have a dramatically reduced population size relative to sibling species D. simulans. As shown 

in Figure 1.1., a reduction in population size results in an increased chance of selectively 

advantageous alleles being lost from the genome due to genetic drift. It thus follows that if it is 

slightly advantageous to have a functional copy of a gene this may not be enough to overcome 

genetic drift in a smaller population, and thus more genes may become pseudogenes. The 
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results found by McBride (2007) support this – a set of control genes also had an increased 

number of pseudogenes in D. sechellia relative to D. simulans, and the Ka/Ks (non-synonymous 

divergence/synonymous divergence) value suggested a reduced role in selection in shaping the 

genome of D. sechellia relative to that of D. simulans (though not to the extent of that found in 

olfactory and gustatory receptors). 

 

Thus it seems likely that small, specialised populations will show an increase in the number of 

pseudogenes due to both a relaxation in selective pressure due to niche change, and an 

increase in the role of genetic drift.  

 

 

1.5. Pseudogenes as Tools for the study of neutral evolution 
 

Li and others (1981) proposed that pseudogenes could be used as model sequences for the 

study of neutral evolution. Since then, pseudogenes have been used to characterise neutral 

evolution in multiple species. In mammals such as humans, mice, goats, and rabbits it has been 

found that C->T and G->A transition mutations are the most common type, accounting for 

approximately 40% of all single nucleotide changes (Gojobori et al., 1982; Li et al., 1984). This 

is similar to the pattern found in functional genes, except that in pseudogenes the C->T 

mutation rate is higher, and C->G and G->C mutations are not as common (Gojobori et al., 

1982; Li et al., 1984). Part of the reason for the increase in the number of this type of mutation 

appears to be due to an increased rate of C->T mutations occurring at CpG islands due to 

methylation (Zhang and Gerstein, 2003). In mammals, deletions have been found to occur at 

approximately three times the rate of insertion, however deletions and insertions have similar 

sizes – in a study of human pseudogenes Zhang and Gerstein (2003) found 3740 deletions that 

had a mean length of 4.2bp and a median length of 2bp, while 1291 insertions had a mean 

length of 4.3bp and a median length of 2bp.  
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1.5.1. Problems with using pseudogenes as tools to study neutral evolution  

Unfortunately, very few pseudogenes are known in Drosophila. Furthermore, several 

Drosophila “pseudogenes” have ultimately been found to be functional genes. The most 

notable of these is the jingwei gene in D. yakuba and its sibling species. This was originally 

thought to be a retrotransposed pseudogene of Adh that was missing its promoter. Suprisingly, 

when jingwei was sequenced it was found that almost all of the polymorphisms present were 

silent (19 out of 21 in D. yakuba, and eight out of ten in D. teissieri) (Long and Langley, 1993), 

which is not what would be expected if it was a neutrally evolving pseudogene. Furthermore, 

jingwei had no obvious premature stop codons. A 5’ race experiment (Long and Langley, 1993) 

showed that jingwei has captured more than 180bp of additional exon at its 5’ end, and this is 

being actively transcribed, suggesting that jingwei may be functional in these species. A similar 

story was later found for a copy of Adh in the repleta group which was found to also have 

captured sequence at its 5’ end (Begun, 1997). 

 

The problem of functionality has also become increasingly apparent in other species as 

functions are identified for sequences that were once thought to be pseudogenes. For 

example, it has been found that overexpression of a putative pseudogene (Oct4P1) stimulates 

humans mesenchymal stem cell proliferation while inhibiting their differentiation (Lin et al., 

2007). Another example is the Lymnaea stagnalis (snail) neural nitric oxide synthase (nNOS) 

pseudogene, which contains significant antisense homology to its functional paralog nNOS. 

When they are coexpressed at the same time the transcripts form a stable RNA-RNA duplex, 

resulting in a reduction in nNOS translation (Korneev et al., 1999). It has also been found that 

in mice some transcribed pseudogenes produce secondary structures (either alone or with 

their paralogs), which results in the subsequent production of small interfering RNAs (siRNAs) 

which in turn regulate the expression of the functional paralog (Tam et al., 2008; Watanabe et 

al., 2008). It has been suggested that the pseudogene of the Makorin-1 gene in mice competes 

with Makorin-1 for trans-acting elements involved in imprinting, resulting in a decrease in 

Makorin-1 transcript levels (Hirotsune et al., 2003), however this result is controversial as it 

was subsequently found that the Makorin-1 pseudogene may not be transcribed or imprinted 

(Gray et al., 2006).  
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1.6. Studies of Pseudogenes in Drosophila 
 

Despite the scarcity of pseudogenes in Drosophila, attempts have been made to characterise 

evolution in three of these - -Esterase4a , swallow-, and Lcp - with varying results (see 

table 1.1). The results for the -Esterase4a pseudogene and swallow- pseudogene are 

consistent with those found for Helena elements, with indel patterns showing there to be a 

bias towards the deletion of pseudogene DNA. Despite this, the pattern for Lcp is different, 

with almost as many insertions (4) being found as the number of deletions (5). Obviously more 

than three pseudogenes are needed to properly characterise neutral evolution in Drosophila. 

 

Pseudogene Reference Mutations 

-Esterase4a Robin et al., 2000 5 deletions (7bp, 17bp, 

13bp, 28bp, 13bp) and 

1 insertion (1bp) 

swallow- Petrov et al., 1998 6 deletions (6bp, 36bp, 

9bp, 48bp, 3bp, 138bp) 

Lcp Pritchard & Schaeffer, 

1997 

5 deletions (2bp, 2bp, 

22bp, 1bp, 2bp) and 4 

insertions (3bp, 2bp, 

1bp, 2bp) 

Table 1.1. Patterns of insertions and deletions found in Drosophila melanogaster pseudogenes 

 

Despite the relative scarcity of pseudogenes in Drosophila relative to other species, the advent 

of genome sequencing technologies have allowed an ever-increasing number of pseudogenes 

to be identified. A large-scale study attempting to find pseudogenes in the Drosophila 

melanogaster genome was conducted by Harrison and others in 2003. By applying an 

algorithm that they had previously used to identify human pseudogenes to releases 1 and 2 of 

the D. melanogaster genome, they identified ~110 putative Drosophila pseudogenes. 

However, subsequent reannotation of these sequences to release 4 of the D. melanogaster 
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genome showed that the majority of these matched to newly annotated genes (Wong, 2006), 

showing that gene annotations play an important role in pseudogene identification. 

 

Another source of potential pseudogenes is the Drosophila genome sequence database 

Flybase, which curates sequences from multiple sources, including gene prediction algorithms, 

RNA studies, and specific studies of individual genes/pseudogenes identified by individual 

researchers. 

 

1.7. Motivation for this Thesis 
 

An understanding of neutral evolution is important both for recognising selection acting upon 

the genome, and for estimating divergence between species, along with the broader 

importance of gaining a better understanding of the processes of evolution. Many different 

sequences have been used to try to characterise neutral evolution in Drosophila with varying 

degrees of success, though all methods used have limitations. One type of sequence that has 

not yet been used on a large scale are pseudogenes. The sequencing of the twelve Drosophila 

genomes has allowed more pseudogenes to be identified than were available for previous 

studies of neutral evolution in Drosophila pseudogenes. The characterisation of those 

pseudogenes that appear to be evolving neutrally will allow us to further increase our 

understanding of neutral evolution in Drosophila. 

 

Further to this, we are interested in the process of gene loss. How do pseudogenes become 

pseudogenes? This may tell us a lot about the action of selection and drift upon shaping the 

genome. In order to gain a greater understanding of this we study a gene (Esterase-7) that 

contains a high frequency of loss-of-function alleles in natural populations of D. melanogaster, 

and appears as if it could be in the process of becoming a pseudogene.  
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1.8. Thesis Outline 
 

Chapter 2: Identification of list of Drosophila pseudogenes 

The first step in this project was to identify a set of pseudogenes in Drosophila melanogaster. 

This step involved studying the currently available lists of Drosophila melanogaster 

pseudogenes (Harrison et al., 2003 and Flybase) in order to determine whether these were 

likely to represent genuine pseudogenes. As previously mentioned, potential functionality is a 

big problem when studying pseudogenes. In order to maximise the chance of determining 

whether or not these pseudogenes likely represent genuine pseudogenes I examined factors 

such as splicing (including examination of cDNA and comparison to paralog splicing patterns), 

and conservation between species. 

 

Chapter 3: Pseudogene Identification by NMD Inhibition 

In this chapter I attempted to identify more pseudogenes and loss-of-function alleles by 

suppressing nonsense-mediated decay using various pharmacological agents. I have 

successfully identified a drug (caffeine) that seems to suppress nonsense-mediated decay in 

live Drosophila larvae, resulting in an upregulation of loss-of-function alleles. 

 

Chapter 4: 454 Resequencing Experiment 

The next step once identifying a number of likely genuine pseudogenes was to characterise the 

mutation patterns present in them. In this chapter I resequenced a set of likely genuine 

pseudogenes in great depth in multiple populations of D. melanogaster and characterised 

multiple facets of their mutational spectrum. 

 

Chapter 5: Esterase-7 

Esterase-7 has a high frequency of loss-of-function alleles segregating in natural populations of 

D. melanogaster. Multiple hypotheses exist about why this might be the case. In this chapter I 
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test many of these, and arrive at the conclusion that selection has likely been relaxed upon this 

gene in D. melanogaster, and it may be on the way to becoming a pseudogene. I then discuss 

what this means for our understanding of the process by which genes can become 

pseudogenes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27| P a g e  

 

 

 

 

 

 

 

 

 

 

Chapter 2 - Pseudogene 
Identification 
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2.1. Introduction 
 

An understanding of neutral evolution is important for many reasons, including estimating 

divergence times between species and for recognising natural selection acting on the genome. 

Pseudogenes are by definition non-functional and thus selective constraint should not be 

acting upon them, making them invaluable tools for characterising neutral evolution (Li, 1981). 

In this chapter I attempt to identify a list of high-confidence pseudogenes in Drosophila 

melanogaster in order to characterise neutral evolution in this species.  

 

Pseudogenes have previously been used to characterise neutral evolution in other species. For 

example, in mammals it has been found that that the proportion of transitional mutations is 

much higher than expected (Gojobori et al., 1982; Li et al., 1984; Zhang & Gerstein, 2003), and 

that deletions are roughly three times as common as insertions (Zhang & Gerstein, 2003). 

 

Unfortunately, very few pseudogenes are known in Drosophila. Furthermore, two “known” 

Drosophila pseudogenes (jingwei in D. yakuba and its sibling species and finnegan in the 

repleta group) were originally thought to be truncated pseudogenes of Adh, but were later 

found to have captured the 5’ exons of other genes to form novel chimeric genes (Long & 

Langley, 1993; Begun, 1997). This has made characterisation of neutral evolution using 

pseudogenes difficult in Drosophila. 

 

Few studies of the patterns of mutation in Drosophila pseudogenes have been conducted, and 

the results vary markedly. For instance, the -Esterase4a pseudogene was inactivated some 

time after the divergence of D. melanogaster and D. simulans, and contains 2 frameshifting 

deletions and 1 frameshifting insertion which are fixed in Drosophila melanogaster (Robin et 

al., 2000). The swallow- pseudogene contains eight deletions but no insertions relative to its 

paralog, swallow (Petrov et al., 1998). The average size of these is 43bp. Lcp on chromosome 

2R contains 6 deletions and 5 insertions in D. melanogaster and D. simulans relative to its 

paralogs Lcp1 and Lcp2 (Pritchard & Schaeffer, 1997). The average size of the deletions is 
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9.17bp, while the average size of insertions is 2bp. Obviously more studies need to be 

conducted before we can make generalisations about the patterns of pseudogene mutation in 

Drosophila. 

  

The only large-scale study attempting to identify pseudogenes in Drosophila was conducted by 

Harrison and others in 2003. By applying an algorithm which they had previously used to 

identify human pseudogenes to releases 1 and 2 of the D. melanogaster genome, they 

identified ~110 putative D. melanogaster pseudogenes. However, when these were 

reannotated to release 4 of the D. melanogaster genome it was found that most were not 

genuine pseudogenes; 59 matched to newly annotated genes, 6 matched transposable 

elements, 9 matched genes listed as “uncertain” and one matched a gene number which had 

no gene information listed (Wong, 2006). Of the remaining pseudogenes 9 had been previously 

identified, and 21 were possible new pseudogenes. Obviously there are major problems with 

the study of Harrison et al., and to date nobody has conducted a thorough examination of D. 

melanogaster pseudogenes in order to come up with a high-confidence list. 

 

The aim of this chapter is to develop a high-confidence list of pseudogenes in Drosophila. I do 

this by starting with two lists of Drosophila melanogaster pseudogenes – those published by 

Harrison et al. (2003), and those listed in Flybase, the Drosophila melanogaster genome 

database. Furthermore, I identified a list of Nuclear mitochondrial pseudogenes in the twelve 

originally sequenced Drosophila genomes. I perform multiple analyses on each of these 

pseudogenes in order to determine whether or not they are likely to be genuine pseudogenes. 

Ultimately, I have identified a list of 73 pseudogenes which appear to be genuine and can be 

used for characterisation of neutral evolution in the Drosophila melanogaster genome. 
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2.2. Methods 
 

A list of putative pseudogenes was developed by downloading the original list of pseudogenes 

published by Harrison et al. (2003) and mapping them to the genome, and by searching for 

sequences listed as “pseudogene attribute” on Flybase. Only pseudogenes of protein-coding 

genes were analysed to ensure that inactivating mutations (stop codons, frameshift mutations) 

were easier to recognise. In order to determine whether these sequences likely represented 

genuine pseudogenes the following steps were taken. If, by the end of these steps there was 

no evidence that the sequence was likely to be functional then it was classed as a “likely 

pseudogene”. 

 

2.2.1. Bioinformatic Analysis  

Harrison et al. (2003) pseudogenes only: 

The first step in this pseudogene analysis was to perform a simple BLASTn against release 5.22 

of the Drosophila melanogaster genome to check whether the putative pseudogenes matched 

to currently annotated genes and/or transposable elements. Sequences which did not were 

fed into my pseudogene analysis pipeline 

 

Harrison et al. (2003) and Flybase pseudogenes: 

1. The pseudogene and the surrounding region were downloaded (usually 2kb either 

side, except where this overlapped with an annotated gene, in which case the 

sequence up to the start of the annotated gene was taken). 

2. BLASTn was used to search the NCBI EST database to check whether any transcripts 

exist in which premature termination codons are removed by splicing. 

3. Paralogs were located by performing BLASTn and tBLASTx searches for the 

pseudogene sequence in the D. melanogaster genome using Flybase. Sequences with 
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less than 10-8 expected random matches were identified, and the sequences, 

transcripts, and translations of these were downloaded. 

4. Orthologs were located by searching the genomes of other available species on 

Flybase using BLASTn and tBLASTx. Each species was searched individually, and 

sequences for which the expected number of random matches was less than 10-8 were 

identified for further study. Microsynteny was checked to ensure correct identification 

of the region (ie. that the sequence was a genuine ortholog derived from the same 

ancestral sequence, and not merely another related sequence). If no pseudogene 

ortholog could be found in the region expected, the region was downloaded and 

BLAST searched against the pseudogene sequence using BLAST2Seq 

(http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi). The 10-8 cutoff was again 

used, but the smaller region under comparison meant that sequences in this region 

were more likely to reach the significance threshold. Orthologs were also checked 

against the NCBI EST database to check for splicing. 

5. The sequence of the pseudogene and its orthologs were compared to the translated 

paralogs using Genewise2 (http://www.ebi.ac.uk/Tools/Wise2/index.html) (which 

aligns nucleotide sequences to protein sequences) to determine the nature of any 

inactivating mutations 

6. All pseudogenes were checked in a minimum of three other Drosophila melanogaster 

lines to ensure that they were not Celera-specific loss of function alleles rather than 

genuine pseudogenes. At first this was done by resequencing other lines. Twelve 

putative pseudogenes were resequenced in this manner. Later when the draft 

Drosophila Genome Reference Panel (Mackay et al., 2012) genome sequences became 

available pseudogene sequences from these were downloaded. Where possible this 

was done by downloading the pre-aligned region of the genome and looking at the 

sequence in other lines. One problem however, was that the pre-aligned sequence 

does not show indels, instead replacing them with strings of Ns. As indels are 

extremely common in pseudogenes I was not able to simply download the assembly 

for most of my regions of interest. One of my fellow lab members (Robert T. Good) 

was able to download the individual sequence reads, and turn the reads from each line 

into a BLAST-searchable database. Thus I was able to determine the sequence of each 
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pseudogene in each line by using BLAST to identify the sequence reads matching to the 

pseudogene, downloading them, and assembling them using Sequencher 4.71.  

7. The sequences were then aligned using MEGA4 (Tamura et al., 2007; 

http://www.megasoftware.net/), and their mutations were characterised. 

8. For the gene family analysis, pseudogenes were classed as belonging to a gene family if 

their closest paralog was a member of a known gene family, or if a Flybase tblastx 

search located two different genes that matched with E < 10-8.  

 

2.2.2. Pseudogene Resequencing 

Pseudogenes were sequenced in a panel of lines from around the world in order to maximise 

the chance of a functional allele being found if one existed. The lines analysed were kindly 

given to me by Robert T. Good and Wai Yee Low and included E10040 (Papua New Guinea, 

1982), Line 369 (North Carolina), Hikone-R (Japan), Coldstream (Australia, 2008), MW-462 

(Malawi) and two different lines from Tahbilk (Australia, 2008). Initially three random lines 

were sent for sequencing. If at least one of the lines contained a sequence which appeared as 

if it could be functional then no further sequencing was conducted. If all three lines contained 

inactivating mutations then the remaining lines were sent for sequencing. 

 

DNA was extracted from single flies of each line using a modified chelex method (crush fly with 

6L 4mg/mL proteinaseK; add 150L 5%(w/v) chelex solution and mix; incubate at 55C for 1 

hour; vortex and incubate at 95C for 10 minutes; centrifuge at maximum speed for 5 mins). 

 

Primers were designed using Primer3 (Rozen & Skaletsky, 2000; http://frodo.wi.mit.edu/), 

checked for specificity and primer dimers using Amplify version 3.1.4 (Bill Engels; 

engels.genetics.wisc.edu/amplify), and ordered from Invitrogen. 
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The final primer sequences were: 

 

CR9337F: 5’-TCATGCGATCTTCACTTTGC-3’; CR9337R: 5’-GTGCCGTAGACGTTCCAGTT-3’ 

CR12953F1: 5’-CAGAAGGAAGCATTGCAACA-3’; CR12953R1: 5’-GTCACCACAAAGCCCAGAAT-3’ 

CR12953F2: 5’-GAAATCTCCCTGCATCCGTA-3’; CR12953R2: 5’-GCTGGATGTGAGTTGGGATT-3’ 

CR14499F: 5’-CATGCCATTTACGACATCTCA-3’; CR14499R: 5’-CCATTAGGAGGAACCCCTTC-3’ 

CR15821F1: 5’-CCGCTATATCGTTCCCTTCAT-3’; CR15821R1: 5’-CCAATTTCGGCAGCTTGTAA-3’ 

CR15821F2: 5’-ACAATGGCACCCGATACAGT-3’; CR15821R2: 5’-GCGAGCGCTTAAGTTGACAT-3’ 

CR33318F: 5’-CAAACTTTTGGCAGGTCTCC-3’; CR33318R: 5’-GATGTGATAAGTTCATACCGCTTT-3’ 

CR33471F1: 5’-GTGACGGATTGATGTTGTGC-3’; CR33471R1: 5’-TTCCGCTTCTTAGCCAGTGT-3’ 

CR33471F2: 5’-ATTGCTCCTGCCAATGTGAT-3’; CR33471R2: 5’-GCAATATTTTCTGCAGCGTGT-3’ 

CR33629F: 5’-AGGTGGTGACATATGGCTGAG-3’; CR33629R: 5’-ACATCATGACTGGGCAACAA-3’ 

MgstlF: 5’-TCCGGATTGCAAGTATGAGC-3’; MgstlR: 5’-GGAAAATTGACCCGATGATG-3’ 

Cyp9F3F1: 5’- CGTCAACCTTTTCCCCTACA-3’; Cyp9F3R1: TTCATAGCATCGAGCACCAG 

Cyp9F3F2: GCACACGATTCACCAACG; Cyp9F3R2: CAAATCCTGCACAAAAAGGAAG 

 

PCR reactions were carried out in volumes of 50L with a final concentration of 1 NEB 

ThermoPol PCR buffer; 200M each dNTP; and 0.2M of each primer. Final cycling conditions 

were: 94C 2 minutes; (94C 15 seconds, 64C 15 seconds [touchdown to 50C, reducing by 

1C each cycle], 72C 1 minute); 30 cycles of (94C 15 seconds, 50C 15 seconds, 72C 1 

minute);  72C 1 minute; hold at 4C. As amplification of Cyp9F3 amplicon 1 proved difficult a 

second round of nested PCR was performed on this amplicon using the following primers:  

Cyp9F3F1(nested): 5’-TATCAAATGCTAAAAGCAGAGCA-3’;  Cyp9F3R1(nested): 5’-GACTCTTCAATGCGAATAACAAG-3’ 

Products were run out on an agarose gel to check for amplification, and at least three PCR 

products were sent to Macrogen for purification using ethanol precipitation followed by 
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sequencing on a 3730xl DNA analyser. The sequences were assembled with Sequencher 

version 4.6 before being imported into MEGA4 for alignment using ClustalW with default 

parameters.  

 

2.2.3. Mitochondrial Pseudogenes 

In order to identify further pseudogenes in Drosophila melanogaster and other Drosophila 

species I attempted to locate mitochondrial pseudogenes in the twelve sequenced Drosophila 

genomes. Mitochrondrial genes that have been transferred to the nuclear genome are almost 

always pseudogenes on arrival due to the fact the mitochrondria and the nucleus use a 

different genetic code, so this transfer usually results in premature stop codons. 

 

Mitochondrial sequences of the twelve sequenced Drosophila species were downloaded from 

NCBI (http://www.ncbi.nlm.nih.gov/). These were then aligned to the sequences of known D. 

melanogaster mitochondrial genes using Mega4 (Tamura et al., 2007) so that the sequence of 

the mitochondrial genes in all twelve species could be determined. These mitochrondrial gene 

sequences were then individually BLAST searched against the relevant species using Flybase 

(www.flybase.org), and all hits that were located on nuclear scaffolds (as determined by 

Schaeffer et al., 2008) and had E values better than 10-8 were downloaded, along with 5kb of 

the surrounding region. 

 

All hits were aligned to the mitochondrial sequences using Mega4 (Tamura et al., 2007). The 

end-points of the mitochondrial-derived regions were identified and the 150bp region bridging 

the mitochondrial sequence and the nuclear sequence was BLAST searched against the NCBI 

trace archives to ensure that this region had been assembled correctly. Matches were also 

checked to ensure that they did not match annotated genes in the nuclear genome. 
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2.3. Results 
 

2.3.1. Flybase Dataset 

The results for each of the individual Flybase pseudogenes are shown in Figure 2.1. The 

majority (57) of the 86 putative pseudogenes listed on Flybase seem to be genuine 

pseudogenes, with most of the sequences that were incorrectly classified as being 

pseudogenes being due to the fact that they are loss-of-function (LOF) alleles – that is, they are 

inactivated in the sequenced genome, but other lines contain functional copies. The second 

largest class of incorrectly classified pseudogenes were sequences that could represent 

functional genes. Four of these were identified by the fact that cDNA/ESTs existed that showed 

that they could be spliced in such a way that a large open reading frame could be produced, 

illustrating the importance of using available cDNA data when annotating the genome. There 

were two other sequences that could be functional – Anon-EST:fe2F4 is highly conserved 

across all twelve Drosophila species, and Su(Ste) is known to have a role in suppressing Stellate 

at the RNA level (Livak, 1990). 

 

 
Figure 2.1. Categorisation of the 86 putative pseudogenes on Flybase. 57 of these were determined to 

be likely genuine pseudogenes, 11 were loss of function alleles, 10 were likely to be functional for 

other reasons, and 8 were uncertain pseudogenes. 
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Pseudogene (Release 
5.22) 

Status Comments 

Anon-EST:fe1F4 Gene Part of the how gene 

Anon-EST:fe2F4 Likely Functional Element Highly conserved in all Drosophila species. Likely to be functional 

Cec-Ψ-1 Loss of Function Allele Ramos-Onsins and Aguade (1998) found transcribed copies which retained a large ORF 

Cec2 Loss of Function Allele Ramos-Onsins and Aguade (1998) found transcribed copies which retained a large ORF 

CR9337 Pseudogene 
 

CR11386 Pseudogene 
 

CR11700 Uncertain Located in a poorly assembled region in all lines studied 

CR12628  (Mgstl- Ψ) Pseudogene 
 

CR12798 Pseudogene 
 

CR13656 Loss of Function Allele Some of the DGRP lines (eg. 712 and 765) lack any apparent inactivating mutations. 

CR14499 Loss of Function Allele Resequencing showed that this was a Loss of Function Allele in the sequenced line only 

CR14578 Pseudogene 
 

CR15280 Loss of Function Allele 
Once splicing is taken into account there is only one inactivating mutation in Celera – a G->A at the 

5’ splice junction. This is polymorphic in the D. melanogaster population 

CR15821 Loss of Function Allele Resequencing showed that this is a Loss of Function Allele in the sequenced line only 

CR18166 Pseudogene 
 

CR18217 Gene 
cDNA RE28434 shows that this is spliced to give a transcript that could be translated to give a 239aa 

polypeptide 

CR18228 Gene 
cDNA IP8052 shows that this is spliced to give a transcript that could be translated to give a 180aa 

polypeptide 

CR18275 Pseudogene 
 

CR30029 Loss of Function Allele Single premature stop codon in Celera which is polymorphic in the population. 

CR30082 Gene 
cDNA shows that this could be spliced in such a way that it can produce a 200aa protein which is 

conserved out to D. yakuba 

CR31541 Pseudogene 
 

CR31700 Pseudogene 
 

CR32009 Pseudogene 
 

CR32010 Pseudogene 
 

CR32011 Pseudogene 
 

CR32496 Pseudogene 
 

CR32745 Pseudogene 
 

CR33222 Pseudogene 
 

CR33283 Pseudogene 
 

CR33294 Gene 
cDNAs (BT032700, BT031065, BT31064) exist that show that this could be spliced and translated to 

produce a 263bp polypeptide 
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Pseudogene (Release 
5.22) 

Status Comments 

CR33315 Pseudogene 
 

CR33317 Pseudogene  

CR33318 Pseudogene 
 

CR33319 Pseudogene 
 

CR33629 Pseudogene 
 

CR33701 Pseudogene 
 

CR34285 Uncertain 
If the splicing patterns predicted by D. yakuba predicted gene GE25598 are true this can be spliced 

to produce a 186-230aa polypeptide in all species out as far as D. ananassae 

CR34311 Uncertain 
Has a 45bp in-frame deletion which is conserved in every line, but has no other obvious inactivating 

mutations 

CR40190 Pseudogene 
 

CR40354 Pseudogene 
 

CR40450 Pseudogene 
 

CR40461 Pseudogene 
 

CR41379 Pseudogene 
 

CR41440 Gene Part of annotated gene CG40282 

CR41501 Pseudogene 
 

CR41504 Pseudogene 
 

CR41506 Pseudogene 
 

CR41507 Pseudogene 
 

CR41508 Pseudogene 
 

CR41509 Pseudogene 
 

CR41597 Pseudogene 
 

CR42201 Pseudogene 
 

CR42530 Transposable Element Matches multiple transposable elements – Diver2, Transcrib4, and Flea 

CR42532 Pseudogene 
 

CR42545 Pseudogene 
 

CR42546 Pseudogene 
 

CR42548 Pseudogene 
 

CR42653 Pseudogene 
 

Cyp6a15Ψ Pseudogene 
 

Cyp6a16Ψ Loss of Function Allele 
Sztal (2005) resequenced this in eight other D. melanogaster lines, and found that they all appeared 

to be functional. Thus Cyp6a16 Ψ appears to be a Loss of Function Allele in Celera only. 
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Pseudogene (Release 
5.22) 

Status Comments 

Cyp6t2Ψ Pseudogene 
 

Cyp9f3Ψ Loss of Function Allele 
I resequenced this in three other D. melanogaster lines and found that none of them contained any 

inactivating mutations 

Gpdh-Ψ Pseudogene 
 

His- Ψ:CR31614 Pseudogene 
 

His- Ψ:CR31615 Pseudogene  

His- Ψ:CR31616 Pseudogene 
 

His- Ψ:CR31754 Pseudogene 
 

His- Ψ:CR33802 Pseudogene 
 

His- Ψ:CR33805 Gene 
The sequences line contains two apparent inactivating mutations. Examination of the trace archives 

showed that these are in fact due to sequencing errors, and that this sequence is likely to be a 
functional gene. 

His- Ψ:CR33811 Pseudogene 
 

His- Ψ:CR33867 Uncertain 
The coding sequence of this putative pseudogene remains intact, however a pogo element has been 

inserted 20bp upstream of the translation start site, so it seems unlikely that this sequence will be 
properly transcribed and translated 

His2B Ψ Pseudogene Annotated as CR40461 

Ir48a (CR33471) Pseudogene 
 

Ir51a Loss of Function Allele 
I resequenced this in three other D. melanogaster lines and found that none of them contained any 

inactivating mutations 

Lcp1Ψ Pseudogene 
 

Lcp65AΨ Pseudogene 
 

Mst77F- ΨY1 Uncertain 
There are multiple copies of Mst77F located on the Y chromosome of D. melanogaster. Some are 
transcribed, and have been implicated as having a role in the regulation of Mst77F, so I am unsure 

whether this copy is a pseudogene or not. 

Mst77F- ΨY2 Uncertain 
There are multiple copies of Mst77F located on the Y chromosome of D. melanogaster. Some are 
transcribed, and have been implicated as having a role in the regulation of Mst77F, so I am unsure 

whether this copy is a pseudogene or not. 

Mst77F- ΨY3 Uncertain 
There are multiple copies of Mst77F located on the Y chromosome of D. melanogaster. Some are 
transcribed, and have been implicated as having a role in the regulation of Mst77F, so I am unsure 

whether this copy is a pseudogene or not. 

Or85e Loss of Function Allele 

Celera contains a 3' truncation, however other lines have been found which do not contain this 
truncation - Vosshall (1999) was the first one to characterise this gene and found it to be intact in 
Oregon-R. I have downloaded the sequence of this from three Raleigh lines (307, 712, 765) and 

found it to be full-length in all of them. 

Or98P Pseudogene 
 

Ric8b Pseudogene 
 

Su(Ste)OR Functional RNA Suppresses Stellate via an RNA interference mechanism 

swa Ψ Pseudogene 
 

TwdlU Uncertain 
Part of this sequence has 34/48 amino acids conserved in all twelve Drosophila species. The 
structure of this sequence is quite different to other Twdl genes, so I am unsure of the gene 

structure. 

Alpha-esterase-4a Ψ Pseudogene 
 

Table 2.1. Initial analysis of the sequences annotated as pseudogenes on Flybase.
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2.3.2. Harrison et al. (2003) Dataset 

The results of the analyses of the Harrison et al. (2003) dataset are shown in Tables 2.2 and 

2.3. Table 2.2 was produced following the mapping of the pseudogene sequences to the 

genome, and shows the genome annotations at the location that the pseudogenes map to, 

Table 2.3 shows the results of further analysis of pseudogenes that did not map to an 

annotated genome element. As can be seen in Figure 2.2, the majority of the ‘pseudogenes’ 

identified by Harrison and others in 2003 are now annotated as functional genes (notably the 

list on their website www.pseudogene.org has now been updated to reflect this, however this 

was not the case when this project was conducted). A further 11 are annotated as 

transposable elements, whilst ten have had the ‘paralog’ used to identify the sequence as a 

pseudogene in the first place removed from the database. Only 19 of the 109 putative 

pseudogenes appear to be genuine pseudogenes. Six of these are annotated as pseudogenes 

on Flybase. A further three sequences from the Harrison et al. (2003) dataset are also 

annotated as pseudogenes on Flybase, but further analysis suggests that these are unlikely to 

be genuine pseudogenes (see Table 2.1.) 
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Figure 2.2. Categorisation of the 109 putative pseudogenes in the Harrison et al. (2003) dataset. Only 

19 of these sequences were likely pseudogenes, while 67 matched annotated genes, 11 matched 

transposable elements, and 10 had had their paralog annotations removed 
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Harrison et al. Designation 
Release 5.22 
Annotation 

Gene Name 

CG10086_FBan0010086_CT28379_FBan0010086_dmel_4__60000 Gene CG18748 

CG10143_FBan0010143_CT28535_FBan0010143_dmel_3__47000 Gene Msi 

CG10234_FBan0010234_CT28767_FBan0010234_dmel_3__50000 Gene Pip 

CG10407_FBan0010407_CT29228_FBan0010407_dmel_2__37000 Gene CG33680 

CG10412_FBan0010412_CT29242_FBan0010412_dmel_6__78000 Transposable Element G5A TE 

CG10450_FBan0010450_CT29326_FBan0010450_dmel_2__28000 Gene CG30082 

CG10617_FBan0010617_CT29744_FBan0010617_dmel_4__59000 Gene Syt4 

CG10725_FBan0010725_CT30061_FBan0010725_dmel_3__42000 Gene Muc68E 

CG1139_FBan0001139_CT1131_FBan0001139_dmel_3__41000 Gene CG32081 

CG12475_FBan0012475_CT32714_FBan0012475_dmel_2__22000 Paralog Annotation Removed - 

CG12484_FBan0012484_CT32777_FBan0012484_dmel_4__62000 Gene CG14372 

CG12518_FBan0012518_CT33682_FBan0012518_dmel_3__51000 Gene CG32207 

CG12601_FBan0012601_CT34680_FBan0012601_dmel_1__6000 Gene Dpr2 

CG1294_FBan0001294_CT2763_FBan0001294_dmel_2__21000 Transposable Element Diver2 TE 

CG1294_FBan0001294_CT2763_FBan0001294_dmel_2__23000 Transposable Element Diver2 TE 

CG13198_FBan0013198_CT32442_FBan0013198_dmel_3__44000 Gene CG33687 

CG13198_FBan0013198_CT32442_FBan0013198_dmel_3__45000 Gene CG33688 

CG13372_FBan0013372_CT32701_FBan0013372_dmel_6__73000 Annotated Pseudogene Annotated Pseudogene - CR18166 

CG13402_FBan0013402_CT32753_FBan0013402_dmel_6__76000 - ? 

CG13589_FBan0013589_CT32973_FBan0013589_dmel_1__4000 Gene CG33723 

CG13657_FBan0013657_CT33085_FBan0013657_dmel_4__68000 Gene CG11889 

CG13659_FBan0013659_CT33088_FBan0013659_dmel_3__48000 Gene CG32195 

CG14478_FBan0014478_CT34189_FBan0014478_dmel_2__24000 Transposable Element Ine-1 TE 

CG14478_FBan0014478_CT34189_FBan0014478_dmel_5__70000 Transposable Element Ine-1 TE 

CG14586_FBan0014586_CT34327_FBan0014586_dmel_1__5000 Gene IR31a 

CG14796_FBan0014796_CT34607_FBan0014796_dmel_1__1000 Gene Dp 

CG14796_FBan0014796_CT34607_FBan0014796_dmel_1__2000 Gene Dp 

CG15172_FBan0015172_CT35081_FBan0015172_dmel_1__9000 Annotated Pseudogene Annotated Pseudogene -  CR33315 

CG15214_FBan0015214_CT35147_FBan0015214_dmel_1__3000 Gene CG42368 

CG15215_FBan0015215_CT35149_FBan0015215_dmel_3__56000 Paralog annotation removed - 

CG15241_FBan0015241_CT35184_FBan0015241_dmel_2__32000 Gene CheB53b 

CG15555_FBan0015555_CT35671_FBan0015555_dmel_4__66000 Gene CG31105 

CG15780_FBan0015780_CT36044_FBan0015780_dmel_4__61000 Gene CG14692 

CG15780_FBan0015780_CT36044_FBan0015780_dmel_6__77000 Gene Muc14a 

CG16731_FBan0016731_CT37219_FBan0016731_dmel_2__26000 Gene CG14760 

CG16983_FBan0016983_CT32694_FBan0016983_dmel_1__8000 - ? 

CG17164_FBan0017164_CT38098_FBan0017164_dmel_1__13000 Paralog annotation removed - 

CG17164_FBan0017164_CT38098_FBan0017164_dmel_3__57000 Paralog annotation removed - 

CG17402_FBan0017402_CT38421_FBan0017402_dmel_2__16000 Paralog annotation removed - 

CG17402_FBan0017402_CT38421_FBan0017402_dmel_5__71000 Paralog annotation removed - 

CG17402_FBan0017402_CT38421_FBan0017402_dmel_6__74000 Paralog annotation removed - 
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Harrison et al. Designation 
Release 5.22 
Annotation 

Gene Name 

CG17429_FBan0017429_CT38503_FBan0017429_dmel_3__55000 Paralog Annotation Removed - 

CG17474_FBan0017474_CT38631_FBan0017474_dmel_1__14000 Paralog annotation removed - 

CG17524_FBan0017524_CT38741_FBan0017524_dmel_2__33000 - ? 

CG18025_FBan0018025_CT40342_FBan0018025_dmel_3__39000 Gene CG32377 

CG18255_FBan0018255_CT41348_FBan0018255_dmel_2__30000 Gene Strn-Mlck 

CG18413_FBan0018413_CT41884_FBan0018413_dmel_2__34000 Paralog annotation removed - 

CG18438_FBan0018438_CT41996_FBan0018438_dmel_2__36000 Gene CG4049 

CG18585_FBan0018585_CT42485_FBan0018585_dmel_3__53000 Annotated Pseudogene Annotated Pseudogene - CR33283 

CG18630_FBan0018630_CT41829_FBan0018630_dmel_2__25000 Gene Dscam 

CG1895_FBan0001895_CT5856_FBan0001895_dmel_2__27000 Annotated Pseudogene Annotated Pseudogene - Cyp6a14 

CG2485_FBan0002485_CT8261_FBan0002485_dmel_2__18000 Transposable Element Micropia TE 

CG2485_FBan0002485_CT8261_FBan0002485_dmel_2__19000 Transposable Element Gypsy5 TE 

CG4714_FBan0004714_CT15211_FBan0004714_dmel_4__63000 Gene CG31231 

CG4788_FBan0004788_CT15395_FBan0004788_dmel_4__64000 - ? 

CG4791_FBan0004791_CT15383_FBan0004791_dmel_4__58000 Pseudogene Annotated Pseudogene CR13656 

CG4791_FBan0004791_CT15383_FBan0004791_dmel_4__67000 Gene CG31562 

CG4948_FBan0004948_CT15880_FBan0004948_dmel_3__40000 Gene Teq 

CG5302_FBan0005302_CT16865_FBan0005302_dmel_1__7000 - ? 

CG5609_FBan0005609_CT17726_FBan0005609_dmel_4__65000 Gene totA 

CG6001_FBan0006001_CT18840_FBan0006001_dmel_3__43000 - ? 

CG6396_FBan0006396_CT19972_FBan0006396_dmel_2__17000 - ? 

CG6680_FBan0006680_CT20740_FBan0006680_dmel_3__52000 - ? 

CG6895_FBan0006895_CT21350_FBan0006895_dmel_3__49000 Gene CG34254 

CG7204_FBan0007204_CT22233_FBan0007204_dmel_3__46000 - ? 

CG7467_FBan0007467_CT22943_FBan0007467_dmel_2__15000 - ? 

CG7467_FBan0007467_CT22943_FBan0007467_dmel_2__20000 - ? 

CG8212_FBan0008212_CT20462_FBan0008212_dmel_2__29000 Gene CG33465 

CG8212_FBan0008212_CT20462_FBan0008212_dmel_4__69000 Gene CG34436 

CG8215_FBan0008215_CT20412_FBan0008215_dmel_2__31000 Gene CG30098 

CG8397_FBan0008397_CT18265_FBan0008397_dmel_1__11000 - ? 

CG8859_FBan0008859_CT25452_FBan0008859_dmel_1__10000 Annotated Pseudogene Annotated pseudogene - Cyp6t2psi 

CG9562_FBan0009562_CT16794_FBan0009562_dmel_3__38000 Gene Pxn 

CG9843_FBan0009843_CT27708_FBan0009843_dmel_1__12000 Transposable Element Tc3 TE 

CG9843_FBan0009843_CT27708_FBan0009843_dmel_3__54000 Transposable Element Tc3 TE 

CG9843_FBan0009843_CT27708_FBan0009843_dmel_5__72000 Transposable Element Tc3 TE 

CG9843_FBan0009843_CT27708_FBan0009843_dmel_6__75000 Transposable Element Tc3 TE 

CG9856_FBan0009856_CT27816_FBan0009856_dmel_2__35000 Gene CG15674 

CG10001_FBan0010001_pp-CT28187_FBan0010001_dmel_2__15.aa Gene CG30340 

CG10107_FBan0010107_pp-CT28447_FBan0010107_dmel_6__29.aa Gene CG12717 

CG10638_FBan0010638_pp-CT29792_FBan0010638_dmel_3__20.aa Gene CG10638 

CG1082_FBan0001082_pp-CT1323_FBan0001082_dmel_4__23.aa Annotated Pseudogene 
Annotated pseudogene – alpha-esterase-

4apsi 
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Harrison et al. Designation 
Release 5.22 
Annotation 

Gene Name 

CG11243_FBan0011243_pp-CT31381_FBan0011243_dmel_3__21.aa Gene Sens 

CG11821_FBan0011821_pp-CT33912_FBan0011821_dmel_2__16.aa - ? 

CG12583_FBan0012583_pp-CT34407_FBan0012583_dmel_4__22.aa Annotated Pseudogene Annotated pseudogene – CR33294 

CG13801_FBan0013801_pp-CT33296_FBan0013801_dmel_1__13.aa Gene CG31693 

CG15637_FBan0015637_pp-CT35799_FBan0015637_dmel_1__3.aa Gene Dp 

CG15637_FBan0015637_pp-CT35799_FBan0015637_dmel_1__4.aa Gene Dp 

CG15637_FBan0015637_pp-CT35799_FBan0015637_dmel_1__5.aa Gene Dp 

CG15637_FBan0015637_pp-CT35799_FBan0015637_dmel_1__7.aa Gene Dp 

CG15637_FBan0015637_pp-CT35799_FBan0015637_dmel_1__8.aa Gene Dp 

CG15637_FBan0015637_pp-CT35799_FBan0015637_dmel_1__9.aa Gene Dp 

CG16713_FBan0016713_pp-CT37195_FBan0016713_dmel_1__2.aa Gene Acp24A4 

CG18743_FBan0018743_pp-CT42837_FBan0018743_dmel_4__24.aa Gene Hsp70Bb & Hsp70Bc 

CG1915_FBan0001915_pp-CT5932_FBan0001915_dmel_2__18.aa Gene Strn-Mlck 

CG2532_FBan0002532_pp-CT8469_FBan0002532_dmel_6__28.aa Gene Rab9E 

CG3506_FBan0003506_pp-CT11799_FBan0003506_dmel_6__27.aa ? ? 

CG3936_FBan0003936_pp-CT13012_FBan0003936_dmel_1__1.aa Gene Eys 

CG4318_FBan0004318_pp-CT14139_FBan0004318_dmel_6__30.aa Gene CG4318 

CG4793_FBan0004793_pp-CT15407_FBan0004793_dmel_1__10.aa Gene CG31822 

CG4823_FBan0004823_pp-CT15397_FBan0004823_dmel_4__25.aa Gene Lpr2 

CG5245_FBan0005245_pp-CT16741_FBan0005245_dmel_1__11.aa Gene CG31782 

CG5245_FBan0005245_pp-CT16741_FBan0005245_dmel_1__12.aa Gene CG31782 

CG6649_FBan0006649_pp-CT20678_FBan0006649_dmel_2__14.aa Gene CG30438 

CG8215_FBan0008215_pp-CT20412_FBan0008215_dmel_2__17.aa Gene CG30083 

CG8687_FBan0008687_pp-CT6361_FBan0008687_dmel_2__11.aa Annotated Pseudogene Annotated Pseudogene – Cyp6a15psi 

CG9357_FBan0009357_pp-CT26575_FBan0009357_dmel_2__19.aa Gene Cht4 

CG9572_FBan0009572_pp-CT17356_FBan0009572_dmel_1__6.aa Gene Dp 

CG9935_FBan0009935_pp-CT26798_FBan0009935_dmel_5__26.aa - ? 

Table 2.2. Putative pseudogenes from the Harrison et al. (2003) dataset and their genome 

annotations. Question marks indicate that the ‘pseudogene’ sequence did not match to an annotated 

functional sequence of transposable element, and was thus deemed worthy of further investigation. 

 



44| P a g e  

 

Sequence Genome Pseudogene? 

CG13372_FBan0013372_CT32701_FBan0013372_dmel_6__73000 Annotated Pseudogene - CR18166 Yes – CR18166 

CG13402_FBan0013402_CT32753_FBan0013402_dmel_6__76000 - Yes 

CG15172_FBan0015172_CT35081_FBan0015172_dmel_1__9000 Annotated Pseudogene -  CR33315 Yes – CR33315 

CG16983_FBan0016983_CT32694_FBan0016983_dmel_1__8000 - Yes 

CG17524_FBan0017524_CT38741_FBan0017524_dmel_2__33000 - Yes – GSTE3psi 

CG18585_FBan0018585_CT42485_FBan0018585_dmel_3__53000 Annotated Pseudogene - CR33283 Yes – CR33283 

CG1895_FBan0001895_CT5856_FBan0001895_dmel_2__27000 Annotated Pseudogene - Cyp6a14 No 

CG4788_FBan0004788_CT15395_FBan0004788_dmel_4__64000 - Yes 

CG5302_FBan0005302_CT16865_FBan0005302_dmel_1__7000 - Yes 

CG6001_FBan0006001_CT18840_FBan0006001_dmel_3__43000 - Yes 

CG6396_FBan0006396_CT19972_FBan0006396_dmel_2__17000 - Yes 

CG6680_FBan0006680_CT20740_FBan0006680_dmel_3__52000 - 
No – Genewise alignment to paralog Spn77Ba shows that this 

sequence is likely to be the unannotated last exon of upstream 
gene Spn77Bc 

CG7204_FBan0007204_CT22233_FBan0007204_dmel_3__46000 - Yes 

CG7467_FBan0007467_CT22943_FBan0007467_dmel_2__15000 - Yes 

CG7467_FBan0007467_CT22943_FBan0007467_dmel_2__20000 - Yes 

CG8397_FBan0008397_CT18265_FBan0008397_dmel_1__11000 - Yes 

CG8859_FBan0008859_CT25452_FBan0008859_dmel_1__10000 Annotated pseudogene - Cyp6t2psi Yes - Cyp6t2psi 

CG1082_FBan0001082_pp-CT1323_FBan0001082_dmel_4__23.aa 
Annotated pseudogene – alpha-

esterase-4apsi 
Yes - alpha-esterase-4apsi 

CG11821_FBan0011821_pp-CT33912_FBan0011821_dmel_2__16.aa - Yes 

CG12583_FBan0012583_pp-CT34407_FBan0012583_dmel_4__22.aa Annotated pseudogene – CR33294 
No - cDNAs (BT032700, BT031065, BT31064) exist that show that 

this could be spliced and translated to produce a 263bp 
polypeptide 

CG3506_FBan0003506_pp-CT11799_FBan0003506_dmel_6__27.aa - Yes 

CG4791_FBan0004791_CT15383_FBan0004791_dmel_4__58000 Annotated Pseudogene – CR13656 
No - Some of the DGRP lines (eg. 712 and 765) lack any apparent 

inactivating mutations 

CG8687_FBan0008687_pp-CT6361_FBan0008687_dmel_2__11.aa Annotated Pseudogene – Cyp6a15psi Yes – Cyp6a15psi 

CG9935_FBan0009935_pp-CT26798_FBan0009935_dmel_5__26.aa - 

No – this sequence is in the intron of and has almost perfect 
reverse complementarity to CG9935 in both D. melanogaster 
(99.6%) and D. sechellia (100%), despite being more different 

(96.0%) between species, suggesting that It may have some role 
at the RNA level 

Table 2.3. Initial analysis of the Harrison et al. (2003) potential pseudogene sequences 
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A comparison of the Flybase and Harrison et al. (2003) datasets (See Figure 2.3.) illustrates the 

differences in the composition of the datasets; while most of the Flybase pseudogenes were 

genuine pseudogenes and loss of function alleles, most of the Harrison et al. (2003) 

pseudogenes were in reality functional genes or transposable elements. 

 

Figure 2.3. Number of pseudogenes that fall into each category in the Flybase and Harrison et al. 

(2003) datasets. While most of the annotated Flybase pseudogenes likely genuine pseudogenes, most 

of the Harrison et al. (2003) pseudogenes matched to annotated genes. 
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2.3.3. Nuclear Mitochrondrial DNA (NUMTs)  

NUMTs were successfully identified in all twelve Drosophila species, with numbers ranging 

between one (D. sechellia, D. pseudoobscura, and D. grimshawi) and 39 (D. virilis). The large 

number in D. virilis appears to be due to the fact that each transfer from the mitochondria 

from the nucleus involves larger sections of the mitochondrial genome, each involving multiple 

genes. The total number of sections transferred ranged between one (D. sechellia, D. 

pseudoobscura and D. grimshawi) and six (D. erecta and D. virilis) (see Figure 2.4.).  

 

 

 

 

 

 

 

 

Figure 2.4. The number of pseudogenes and nuclear mitochondrial fragments identified in each of the 

twelve species. 
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2.3.4. All Pseudogenes 

In total 73 likely genuine pseudogenes were identified, and these are listed in Table 2.4., along 

with their locations, paralogs, retrotransposition status and inactivating mutations. We can 

further break these pseudogenes down into four types, as shown in Figures 2.5. and 2.6.: fixed 

new pseudogenes, which are pseudogenes that are only present in D. melanogaster but are 

apparently fixed in the Drosophila melanogaster population; polymorphic (for 

presence/absence) new pseudogenes, which are only present in D. melanogaster but some 

lines exist which do not contain them; inactivated genes, which are sequences that were once 

functional genes but have been inactivated in D. melanogaster and these inactivating 

mutations have been fixed in the D. melanogaster population (if they have not been fixed then 

the sequence represents a loss of function allele rather than a pseudogene) and ancient 

pseudogenes, which are pseudogenes that are present in multiple different species. There is 

some overlap between the inactivated gene and ancient pseudogene classes, with Cyp6t2Ψ, 

CR33315 and CG8397_FBan0008397_CT18265-FBan0008397_dmel_1__11000 all apparently 

once being functional, but having been inactivated before the divergence of D. melanogaster 

from D. simulans and D. sechellia. CG7204_FBan0007204_CT22233_FBan0007204_ 

dmel_3__46000 is also unusual in that a potentially functional copy exists in D. erecta, but it is 

a pseudogene in D. melanogaster and no copy can be found in any other species. See Figure 

2.7 for a gene inactivation tree showing the times when the pseudogenes were inactivated. Six 

of the pseudogenes were inactivated independently along multiple lineages. 

 

Analysis of the paralogs of genes that had been inactivated showed that they were involved in 

a large range of functions (See Table 2.5). 10/15 pseudogenes were members of gene families, 

which may suggest that members of gene families are more likely to be inactivated, however 

all of the pseudogenes in the Harrison et al. dataset, and the majority of those in the Flybase 

dataset were identified based on their similarity to known functional genes. This bias in 

pseudogene identification may be the reason that large numbers of inactivated genes 

belonging to gene families were identified. 
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Table 2.4
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Figure 2.5. Pseudogene types. (a). Fixed new pseudogenes: these are pseudogenes which can only be 

found in D. melanogaster, but seem to be fixed in the D. melanogaster population. (b). Polymorphic (for 

presence/absence) new pseudogenes: These can only be found in D. melanogaster, but some lines exist 

which do not contain these pseudogenes. (c). Inactivated genes: These are pseudogenes which have once 

been functional genes, but they have accumulated inactivating mutations and are no longer functional. 

(d). Ancient pseudogenes: These are pseudogenes that were created before the divergence of D. 

melanogaster from D. simulans and D. sechellia, and thus exist in multiple species. Note that a 

pseudogene can be both inactivated and ancient if it was inactivated before the divergence of D. 

melanogaster and D. simulans.  
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Figure 2.6. Pseudogene types. Most of the likely pseudogenes identified were new pseudogenes that 

were fixed in D. melanogaster (38). The next biggest class was polymorphic (for presence/absence) new 

pseudogenes (12), followed by inactivated genes (9), ancient pseudogenes (8), and finally pseudogenes 

that were both ancient and inactivated (3). 
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Figure 2.7. Pseudogene inactivation tree. This tree shows when D. melanogaster pseudogenes were 

formed by gene duplication (black) and gene inactivation (grey). The gene inactivation events along the 

non-melanogaster lineages represent the fact that some of the pseudogenes were inactivated multiple 

times in different species. 
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Pseudogene Paralog
Gene 

Family?
GO Term of Paralog

CG7204psi Neu2psi N Nucleic acid binding; zinc ion binding

CG8397psi CG8397 N Actin binding; Carbohydrate binding

CR9337 Quaker gene family Y RNA binding

CR31541 Lectin-37Da Y Galactose binding

CR33283 Inactivated Gene Y metallocarboxypeptidase activity; zinc ion binding

CR33315 CG15172 N -

CR33629 CG7707 N -

CR42548 CG16775 N -

Cyp12d-psi Cyp12 gene family Y
electron carrier activity; heme binding; iron ion binding; oxidoreductase activity,

acting on paired donors, with incorporation or reduction of molecular oxygen

Cyp6a15Ψ Cyp6a Gene Family Y
electron carrier activity; heme binding; iron ion binding; oxidoreductase activity,

acting on paired donors, with incorporation or reduction of molecular oxygen

Cyp6t2Ψ Cyp6t1 Y
electron carrier activity; heme binding; iron ion binding; oxidoreductase activity,

acting on paired donors, with incorporation or reduction of molecular oxygen

Ir48a (CR33471) CG13195 Y ligand-gated ion channel activity

Or98P Or98a Y odorant binding; olfactory receptor activity

Alpha-esterase-4a Ψ Alpha-Est4 Y carboxylesterase activity

GSTE3psi GSTE3 Y glutathione transferase activity
 

Table 2.5. Inactivated genes and the functions of their paralogs 
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2.4. Discussion 
 

After examining lists containing a total of 188 putative pseudogenes and performing an analysis 

to identify NUMTs in Drosophila I have successfully compiled a list of 73 sequences that are likely 

to be genuine pseudogenes. These sequences show no evidence of being part of any known 

functional genes, and no evidence exists that suggests that they can be spliced in such a way that 

a large open reading frame can be produced. All contain inactivating mutations, and although 

there remains some potential that they could be active at the RNA level they are not well 

conserved across species suggesting that if such a role does exist it will be recently arisen. 

 

2.4.1. Problems with Pseudogene Identification  

The fact that so many of the sequences examined were not genuine pseudogenes (115/188) 

shows that problems exist in the identification of pseudogenes. By far the largest problem found 

was that sequences that had been identified as pseudogenes in releases one and two of the 

Drosophila melanogaster genome matched sequences that were annotated as genes or 

transposable elements by release 5.22 of the Drosophila melanogaster genome. This points to a 

deeper problem; not only with annotating pseudogenes, but in annotating functional genes. This 

may be largely due to the fact that in the early genome annotations most of the genes that were 

annotated were predicted by computer algorithms alone (and were thus low-confidence and 

prone to error). The advent of high-throughput sequencing technology has enabled the 

sequencing of cDNA, which enables a far better understanding of gene structure. Annotation of 

splice junctions using RNASeq along with other tools such as 5’ RACE are being utilised as part of 

the modENCODE project to improve gene annotations (Celinker et al., 2009). 

 

The second biggest problem encountered was the annotation of sequences as pseudogenes when 

they are actually merely loss of function alleles in the sequenced line (Celera). This problem is 

primarily down to the fact that if only one sequence is available then there is no way to tell 

whether a sequence containing an inactivating mutation is fixed in the population (a pseudogene) 

or merely a polymorphism (a loss of function allele). This problem is larger than just pseudogene 
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identification, and applies to the entire genome – for example a gene may be present in the 

sequenced line but be absent in other lines. When only one sequence is available we can only 

know about the genome of that line rather than about the entire species. Recent large-scale 

sequencing experiments such as the Drosophila Genome Reference Panel (Mackay et al., 2012) 

and Drosophila Population Genetics Panel (Pool et al., 2012) will help to address this problem by 

enabling examination of the genome sequence in multiple individuals in the D. melanogaster 

population. 

 

2.4.2. Pseudogene Inactivation 

Despite these issues I have identified a total of 73 high-confidence pseudogenes in D. 

melanogaster. Most are fixed pseudogenes which are new in Drosophila melanogaster, with 

approximately equal numbers of pseudogenes being polymorphic (for presence/absence) in D. 

melanogaster, predating the divergence of D. melanogaster from D. simulans and D. sechellia, or 

being inactivated genes. Interestingly, 6 genes had been inactivated multiple times. 

CG11821_FBan0011821_pp-CT33912_FBan0011821_dmel_2__16.aa, OR98P, CR33283, and Ir48a 

have all been independently inactivated in both D. melanogaster and D. sechellia, GSTE3psi has 

been independently inactivated in D. melanogaster, D. sechellia, and D. yakuba, and CR42548 has 

been independently inactivated in D. melanogaster, D. yakuba and D. erecta. 

 

These multiple inactivation events suggest that the selective pressure acting to maintain the 

sequence as a functional gene has been relaxed in multiple species, allowing the gene to be lost 

multiple times. One potential explanation for this is that some genes may only be slightly 

advantageous. This means that if the selective pressure acting upon them is relaxed even slightly 

then it may result in the pseudogenisation of these sequences. This may occur for reasons such as 

environmental change, and/or decreases population size. A second explanation is that some 

genes may be strongly advantageous, but only under specific environmental conditions. If a 

species goes for a long time without experiencing these conditions, and/or moves into a niche 

where they never experience those environmental conditions, then the gene may be lost. A third 

explanation is that a gene may be actively disadvantageous under some conditions, and thus 
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actively eliminated from the genome if a species experiences these conditions. Finally, if a gene is 

only slightly advantageous but if located near a sequence that is subject to strong selective 

pressure, then there is potential for a null allele to become fixed via a selective sweep event. 

 

It is not surprising to find that some genes that have been lost in D. melanogaster have also been 

lost in D. sechellia – D. sechellia is a specialist species with a small population that lives on 

morinda fruit in the Sechelles. The small population means that the role of selective pressure 

acting upon the genome is smaller relative to genetic drift than it is in larger populations. The fact 

that the range and diet of D. sechellia is so limited means that genes that are no longer required 

in the environment will no longer have selective pressure acting upon them and will be prone to 

becoming pseudogenes. Thus we would expect D. sechellia to be prone to losing genes. This is 

indeed what has been observed in studies of Drosophila olfactory and gustatory receptors; D. 

sechellia has had six of its olfactory receptors and twelve of its gustatory receptors become 

pseudogenes (McBride & Arguello, 2007), which is more than any of the other  five Drosophila 

species studied. 

 

GSTE3psi is interesting, as there are two copies of GSTE3 present in D. melanogaster, D. simulans, 

D. sechellia, and D. yakuba. One of these copies has been inactived in D. melanogaster, D. 

sechellia and D. yakuba, whilst the other copy has been inactivated in D. simulans (Low et al., 

2007). The fact that this duplication occurred before the split of D. yakuba from D. 

melanogaster/D. simulans/D. sechellia and yet a different copy has been inactivated in the sibling 

species D. simulans and D. sechellia suggests that two functional copies of this gene existed in the 

genome for some time, so both may have had some function before one was eventually 

inactivated. 
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2.4.3. Final Conclusions 

In conclusion, the results of this chapter have shown how difficult it is to identify genuine 

pseudogenes, with many candidates proving unlikely to be genuine pseudogenes due to reasons 

such as incorrect annotations, and functional copies still existing in the population. Despite these 

problems, I have identified a list of 73 high-confidence Drosophila melanogaster pseudogenes 

that can be used for further study. 
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Chapter 3 - Gene Identification by 
Nonsense-Mediated Decay Inhibition 
(GINI) 
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3.1. Introduction  
 

Nonsense-mediated decay (NMD) is a process by which mRNA transcripts containing premature 

termination codons (PTCs) are selectively degraded within cells (for an overview see Maquat 

2004; Behm-Ansmant et al., 2007a). These include unspliced transcripts, erroneously spliced 

transcripts, transcripts with upstream open reading frames in the 5’ untranslated region, 

transcripts containing selenocysteine codons, transcripts derived from transposons, and 

pseudogenes (Mendell et al., 2004). In this chapter I investigate the use of nonsense-mediated 

decay suppression as a possible technique for the identification of pseudogenes. 

  

At a cellular level, nonsense mediated decay occurs at the ribosome. It is thought that before 

translation, transcripts are subjected to a ‘pioneering’ round of translation in which no 

polypeptides are produced but which allows the transcript to be scanned for the presence of 

PTCs. If PTCs are detected then the transcript enters the NMD pathway, the NMD ‘surveillance 

complex’ is assembled on the transcript, and the mRNA is degraded (reviewed in Behm-Ansmant 

et al., 2007a). 

 

The core components of the NMD ‘surveillance complex’ include the up-frameshift (UPF) proteins 

UPF1 (an RNA helicase), UPF2, and UPF3 (also known as SMG2, SMG3 and SMG4), along with the 

effectors SMG1, SMG5, SMG6, and SMG7. The UPF proteins are conserved in eukaryotes as 

distantly related as nematodes (Hodgkin et al., 1989) and yeast (Cui et al., 1995; He et al., 1997), 

and in Drosophila UPF1 and UPF2 have been found to be essential for NMD (Metzstein & 

Krasnow, 2006), larval development (Metzstein & Krasnow, 2006) and for normal cell cycle 

progression (Rehwinkel et al., 2005). The effectors SMG1, SMG5, SMG6, and SMG7 are conserved 

in most multicellular organisms, but no SMG7 ortholog has been found in Drosophila (Gatfield et 

al., 2003).   

 

The surveillance complex functions by UPF1 binding to the mRNA transcript and then being 

regulated by rounds of phosphorylation and dephosphorylation. The phosphorylation reaction 
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requires UPF1 and UPF2 and is catalysed by the SMG1, which is a phosphatidylinositol kinase-like 

kinase (PIKK). Subsequent dephosphorylation of UPF1 is mediated by SMG5, SMG6, and SMG7. 

 

Several studies show that knockout of SMG1 in Drosophila only impairs NMD in a limited fashion 

– some transcripts seem to be more impacted by SMG1 inactivation than do others (Chen et al., 

2005; Metzstein & Krasnow, 2006, Frizzell et al., 2012). To explain this result, Frizzell and others 

(2012) recently postulated that there may be second kinase in Drosophila which phosphyrates 

UPF1, thereby making SMG1 at least partially redundant in the NMD process.  

 

The mechanism by which PTCs are recognised varies between species. In mammals, transcripts 

enter the NMD pathway if they contain stop codons located more than 50-55bp upstream of the 

last exon-exon boundary, which is marked by the exon joining complex, a protein deposited on 

the transcript during splicing (Nagy & Maquat, 1998). The recognition of PTCs in invertebrates, 

however, appears to be independent of splicing, instead depending on the distance of the 

premature stop codon from the end of the transcript (Hogg & Goff, 2010). The factor responsible 

for this could be the polyA binding protein (PABP). Indeed, the tethering of PABP downstream of 

a PTC has been shown to result in NMD suppression in D. melanogaster (Behm-Ansmant et al., 

2007b). More recently, studies in human cells have suggested that the proximity of the 

premature stop codon to the polyA tail may also affect nonsense-mediated decay in mammals 

(Silva et al., 2008). 

 

Studies have shown that NMD can be suppressed when cells are exposed to certain drugs such as 

caffeine and wortmannin, both of which block the phosphorylation of the UPF1 protein by SMG1 

(Usuki et al., 2004; Ivanov et al., 2007). Another class of drugs which may potentially affect 

nonsense-mediated decay are aminoglycoside antibiotics. These act by binding to the decoding 

site of the ribosome and cause misreading of the genetic code (reviewed in Hermann, 2007), 

resulting in the readthrough of premature stop codons. This causes an increase in the amount of 

protein produced (eg. Linde et al., 2007).  
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Clinical trials have shown that aminoglycoside antibiotics can be used to suppress nonsense-

mediated decay and result in an improvement of the clinical symptoms in some patients with 

diseases such as Duchenne muscular dystrophy (Howard et al., 2004), haemophilia (James et al., 

2005) and cystic fibrosis (Wilschanski et al., 2003; Sermet-Gaudelus et al., 2007; Linde et al., 

2007) caused by PTCs. However the large doses required in order to be effective have been found 

to be highly neurotoxic, so more work in this field is required. 

 

Noensie & Dietz (2001) proposed a method of utilising the nonsense-mediated decay pathway to 

identify transcripts containing premature termination codons. They termed this ‘Gene 

Identification by NMD Inhibition’ (GINI). The theory behind GINI is that if subjects in which NMD is 

occurring normally are compared to genetically identical subjects in which NMD has been 

suppressed, we should see an enrichment of transcripts containing premature truncation codons 

in the subjects in which NMD has been suppressed. They confirmed this by subjecting two 

different human cell lines with known nonsense mutations to emetine (a translation inhibitor), 

and then performing cDNA microarrays. They found that in both cases they detected up-

regulation of the nonsense transcript. 

 

In 2007 Ivanov et al. proposed a modified version of the GINI protocol which they termed ‘GINI2’. 

This involved pre-treating cell lines with caffeine to block NMD before exposing them to 

actinomycin D (a transcription inhibitor), along with more caffeine. Using this technique they 

identified seven transcripts which contained inactivating mutations in colon cancer cell lines but 

not control cell lines, thus showing that GINI can be used to identify novel PTC-containing 

transcripts. 

 

Implications of this finding extend further than the identification of disease genes. The 

identification of PTC-containing transcripts may enable us to identify genes that have high 

frequencies of loss-of-function alleles in some populations but not others. This may give us 

insights into genes that are important in some environmental conditions but not others, 

therefore giving insights into the potential function of these genes. On a larger scale, comparison 

of the genes that have been inactivated in closely related species may give us some insight into 
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both gene functions and the changes driving the speciation event. For example, the M. leprae 

bacterium has lost several metabolic pathways that are present in the related species M. 

tuberculosis, including the anaerobic respiratory pathway (Cole et al., 2001). Identification of 

genes that have been inactivated in M. leprae but not M. tuberculosis may: a. aid in the 

identification of genes involved in these pathways, and b. help us to understand how the 

speciation event occurred in the first place. For example, it seems likely that the ancestor of M. 

leprae started to occupy a niche environment, has experienced some gene loss due to the 

subsequent relaxation in the selection acting upon them, and thus became effectively separated 

from the ancestor of M. tuberculosis. If we can identify which genes were lost it will help us to 

gain a greater understanding of how this process occurred. 

 

The aim of this chapter is to determine whether caffeine and/or the aminoglycoside antibiotics 

geneticin and hygromycin can be used to suppress nonsense-mediated decay in live Drosophila 

larvae. This technique could ultimately be used to detect loss of function alleles and pseudogenes 

in different lines of Drosophila (and potentially other animals) 

 

3.2. Methods 
 

3.2.1. Identification of a Drug which Inhibits Nonsense-Mediated Decay 

Three D. melanogaster lines were used in these experiments: the isogenic strain y; cn bw sp 

(Bloomington Stock Centre number BL-2057) which was used to produce the D. melanogaster 

reference genome, and is commonly referred to as ‘Celera’ after the genome sequencing centre; 

line DGRP-786 which is a Drosophila Genome Reference Panel (DGRP) line (Mackay et al., 2012) 

that is almost isogenic and contains a premature stop codon caused by a TGG->TGA mutation at 

amino acid position 356 of Esterase-7, and line BL-1983 from the Bloomington stock centre, which 

is homozygous for the Adhfn6 allele (FBal0000327). 
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Genes that contained functional and loss-of-function alleles were chosen from the literature or 

identified by bioinformatic analyses. The fn6 allele (FBal0000327) of Adh (FBgn0000055) contains 

a complex deletion that destroys the 5’ splice donor site of an intron, resulting in the retention of 

the intron and the introduction of premature stop codons (Benyajati et al., 1983).  Adhfn6 has 

previously been shown to result in significantly decreased levels of the Adh transcript due to NMD 

(Brogna, 1999).  

 

Esterase 7 (FBgn0000594) has a high frequency of naturally occurring loss of function alleles 

(Balakirev et al., 1996) and I chose a strain (DGRP-786) containing a PTC allele so that we could 

contrast it to the presumptively active allele of the reference strain.  

 

Large numbers of flies from each of the four lines were transferred to laying cages containing 

apple-juice-medium plates (Appendix 3) sprinkled with inactivated yeast. The following day the 

yeast was washed away, the eggs were returned to the apple-juice plates and left for one more 

day to hatch. 25 of the resulting first-instar larvae from each line were transferred to plates 

containing 200g/mL geneticin, 900g/mL caffeine, 30g/mL hygromycin, or no drugs at all 

(control). I had previously optimised these dosages to be around the LD25 in order to find the 

maximum possible dose which would ensure a good survival rate. Two replicates of each 

treatment were set up per day over a total of four days, resulting in a total of 8 

plates/treatment/line. 

 

Following this, the plates were checked three-times daily for third-instar larvae, which were 

removed and frozen in liquid nitrogen. They were ground in trizol (Invitrogen) on the same day, 

and stored at -80C before later having their RNA extracted (in groups of 10 larvae) using a 

standard trizol extraction protocol. cDNA was made using M-MuLV reverse transcriptase (NEB) 

following a standard protocol. 
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Real-time PCRs were performed on the Roche LightCycler 480 using the Esterase-7 primers Est7-

F:5’-GAACGTGCAGCGAATGTTTA-3’; Est-7R:5’-CCGTGGACAGTACCAAAATG-3’, and the Adh primers 

AdhF: 5’-AGCTCCCTGGCGAAACT-3’; AdhR: 5’-ATCCAACCAGGAGTTGAACG-3’, along with an Rpl9 

control (see Appendix 2). The reactions were performed in 10uL volumes, each of which 

contained a final concentration of 1 Immolase buffer, 0.05 Roche HRM MasterMix, 0.4M of 

each primer, 0.16mM dNTPs, and 2mM MgCl2, along with 0.05U Immolase DNA polymerase 

(mastermix protocol by Ronald Lee). The cycling conditions were: 95C for 10 minutes, then 50 

cycles of 95C for 10 seconds, 58C for 15 seconds, 72C for 15 second, followed by a melting 

cycle to ensure that the correct product had been amplified. 

 

An initial analysis involved testing six of the Adhfn6 samples from each treatment on the Roche 

LightCycler 480 in order to determine which treatments showed an up-regulation of the Adh 

transcript. Six of the Celera samples from each treatment were also run to ensure that any up-

regulation was due to the suppression of nonsense-mediated decay rather than a general up-

regulation of the transcript in response to the treatment. Data was extracted using the Roche 

LightCycler 480 software, and one-way ANOVAs with Tukey’s post-hoc tests were performed 

using MiniTab16. Graphs were produced using Microsoft Excel 2010. 

 

The remaining samples from the most promising treatment (caffeine) along with controls were 

then tested on the LightCycler 480 in order to ensure the consistency of the results. All data was 

extracted using the Roche LightCycler 480 software, T-tests were performed using Minitab 16, 

and graphs were produced using Microsoft Excel 2010. 

 

3.2.2. Loss of function alleles 

Five different genes were studied in this experiment. These were CR30029, Cyp6a20, CR13656, 

Cyp9f3 and CR14499 which are all loss of function alleles in Celera. The inactivating mutations in 

these are listed in Table 3.1. The cDNA used was from the lines Celera and DGRP-786 as described 

in part 1.  
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 Celera DGRP-786 

CR30029 Premature stop codon Appears functional 

Cyp6a20 1bp frameshifting deletion Appears functional 

CR13656 Stop codon, 4bp deletion Two 4bp deletions 

Cyp9f3 24bp deletion, 225bp(CDS)/282bp 

(genomic sequence) deletion  

including deletion of the entire last 

intron 

Appears functional 

CR14499 5bp deletion Appears functional 

Table 3.1. Inactivating mutations present in the pseudogenes/loss of function alleles studied. 

 

Real-time PCRs were performed on the Roche LightCycler 480 using the primers  

CR30029-F: 5’-CCTCGCCCTGAATGAGAAT-3’; CR30029-R: 5’-TTCGGCATGTTCTGCTCCTA-3’;   

Cyp6a20-F: 5’-TACGACAGCATGCGAGAGAT-3’; Cyp6a20-R: 5’- CGCTTCCTCATGGTCTCATC-3’;  

CR13656-F: 5’- GCGTCGTATTCCGAGCTTAT-3’;  CR13656-R: 5’- TCAGTGAGCAGAAAACAGCATAG-3’;  

Cyp9F3-F: 5’- TCATCTTGTTATTCGCATTGAAGA-3’; Cyp9F3-R: 5’- CCAGACGCACGAAATACTGA-3’; 

CR14499-F: 5’- TGGGCGGAAGTGAAGATTAC-3’; CR14499-R: 5’- CTGCCAGGGAAGGTAGAATG-3’; 

along with Rpl9 and alpha-tubulin controls (see appendix 3). All primers were designed using a 

combination of the programs Primer3 and Amplify, and were ordered from Integrated DNA 

Technologies (IDT). The reactions were performed in 10uL volumes, each of which contained a 

final concentration of 1 Immolase buffer, 0.05 Roche HRM MasterMix, 0.8M of each primer, 

0.16mM dNTPs, and 2mM MgCl2, along with 0.05U Immolase DNA polymerase (mastermix 

protocol by Ronald Lee). The cycling conditions were: 95C for 10 minutes, then 50 cycles of 95C 

for 10 seconds, 60C for 15 seconds, 72C for 15 second, followed by a melting cycle to ensure 

that the correct product had been amplified. All data was extracted using Roche LightCycler 480 

software, T-tests were performed using Minitab 16 and graphs were produced using Microsoft 

Excel 2010. 
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3.3. Results 
 

3.3.1. Identification of a Drug which Inhibits Nonsense-Mediated Decay 

Initial results showed that Esterase-7 expression could not be detected in any of the Esterase-7 

loss of function allele larvae under any condition. This is despite expression being detected in the 

Celera control larvae. These two lines were thus excluded from the analysis, leaving the Adhfn6 

loss of function allele line along with the Celera control.  

 

Consistent with previous publications (Chen et al., 2005; Brogna, 1999), the abundance of Adh 

transcripts is substantially reduced in Adhfn6 flies compared to Adh wild-type flies when reared on 

control diet. Furthermore, the results of a one-way ANOVA comparing the levels of the Adh 

transcript in Adhfn6 and Celera flies under different conditions was statistically significant, with 

F(3,17) = 4.179, p = 0.022. A Tukey’s pairwise comparison showed this was due to the difference 

between the caffeine-treated samples and the controls, in which the mean Adh transcript level 

was 2.34 times higher in the Adhfn6 caffeine-treated larvae than in the controls (see Figure 3.1.). 

This is in contrast to the pattern found in the Celera (control) larvae, where no statistically 

significant difference was found: F(3,15) = 2.366, p = 0.112.   
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When the analysis was repeated on ten different Adhfn6 control samples and twelve different 

caffeine-exposed samples the results were consistent with what had been found previously – the 

Adh transcript level was on average 2.21 times higher in the caffeine-exposed larvae than it was 

in the control larvae. A one-tailed two-sample t-test was highly significant, with tdf=20=3.632, p 

<0.001. In contrast, a comparison between seven control and seven caffeine-exposed Celera 

samples was not significant, with tdf=14=0.832,p=0.211 (See Figure 3.2.)  

 

Figure 3.1. Adh expression levels in an Adh wild-type line (Celera), and an Adh loss-of-function line when 

raised on food containing different chemicals. Although there was no significant upregulation of Adh 

expression in the wild-type line when raised on food containing any of the chemicals, the Adh transcript 

level was significantly upregulated in the Adh null line. Expression levels are relative to the Rpl9 control. 

Error bars are one standard error from the mean. 
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Figure 3.2.  Adh transcript levels in Celera (control) and Adhfn6 larvae under caffeine-treated and control 

conditions. Expression levels are relative to the Rpl9 control. Error bars are one standard error from the 

mean. Celera: n(control)=7;  n(caffeine)=7; Adhfn6: n(control)=10; n(caffeine)=12 

 

3.3.2. Loss of function alleles 

Of the five genes studied in this experiment, three – Cyp6a20, Cyp9f3 and CR13656 – were 

significantly up-regulated after the addition of caffeine. Of these three, the two (Cyp6a20 and 

Cyp9f3) that had loss-of-function alleles in Celera but appeared to be functional in DGRP-786 

were up-regulated in Celera but not DGRP-786, suggesting that exposure to caffeine may have 

resulted in the suppression of nonsense-mediated decay acting on these transcripts. Expression 

of CR13656 (which is a loss of function allele in both lines) was also increased upon caffeine 

exposure in both lines. In contrast, the expression levels of CR30029 and CR14499 were not found 

to be increased in the Celera strain, in which they are loss of function alleles (See Figure 3.3.). 
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Celera DGRP-786 

 Inactivating 

Mutations 

t P (one-

tailed) 

Inactivating 

Mutations 

T P (one-

tailed) 

CR30029 Premature stop 

codon  

0.278 0.396 Functional 0.096 0.464 

Cyp6a20 1bp frameshifting 

deletion 

2.862 0.014 Functional 0.144 0.445 

CR13656 Stop codon, 4bp 

deletion 

2.437 0.025 Two 4bp 

deletions 

3.519 0.006 

Cyp9f3 Two large 

deletions 

2.615 0.024 Functional 0.759 0.238 

CR14499 5bp deletion 0.504 0.316 Functional 0.856 0.216 

Table 3.2. One-tailed significance levels of the differences in expression levels under caffeine-exposed 

and control conditions. 
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Figure 3.3. Transcript levels of various loss of function alleles/expressed pseudogenes in Celera and 

DGRP-786 larvae under caffeine-treated and control conditions. Expression levels are relative to the Rpl9 

and alpha-tubulin controls. Error bars are one standard error from the mean. n=4 Null symbols represent 

alleles containing inactivating mutations. Asterisks represent significance levels (individual significance 

levels calculated by performing a Tukey’s post-hoc comparison), with * p<0.05, ** p <0.01, *** p < 0.001 
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3.4. Discussion 
 

3.4.1. The Role of Caffeine in NMD Inhibition 

These results suggest that caffeine is a promising candidate for the suppression of nonsense-

mediated decay in Drosophila. Raising Drosophila melanogaster larvae on food that contained 

caffeine resulted in a more than two-fold increase in Adh transcript levels in Adhfn6 null lines, 

restoring the level to more than half of the level found in the Celera control line. Geneticin also 

appeared to be a promising candidate, but the difference failed to reach statistical significance.  

 

The fact that caffeine has proven to be the most promising candidate is interesting in light of the 

results of other studies. In human cell lines, caffeine has been shown to suppress the 

phosphorylation of UPF1 (Usuki et al., 2004). It has been shown that SMG1 is responsible for the 

phosphorylation of UPF1 (Ohnishi et al., 2003, Kashima et al., 2006), and this is an essential 

component of the human NMD pathway (Yamashita et al., 2001; Ohnishi et al., 2003). However in 

Drosophila SMG1 seems to be a dispensable factor in the Drosophila NMD pathway - Chen et al. 

(2005) found that two Smg1 nonsense mutations did not appear to affect the ratio of Adhn4 null 

transcripts to wild-type transcripts in heterozygous flies. Similarly, Adhfn6 homozygous flies had 

similar levels of the Adh transcript when they had functional and null Smg1 alleles. Metzstein and 

Krasnow (2006) generated another Smg1 nonsense mutation and found that the effect of this on 

transcript levels varied. They found that Adhn4 transcript levels were 30% higher in flies that had 

the Smg1 nonsense mutation compared to flies that did not. The results for other transcripts 

were variable, with some having almost no detectable difference, and some having their levels 

increased by up to 50%. Similarly, Gatfield et al. (2003) generated RNAi knockdowns of several 

NMD-pathway genes including Smg1 and Upf1. They found that Adhn4 transcript levels more than 

doubled when Smg-1 was knocked down, but were not increased to the extent that they were 

when the other NMD-pathway genes were knocked down. Frizzell et al. (2012) recently showed 

that an Smg1 loss of function allele had a relatively minor effect on most of the transcripts 

targeted by NMD (relative to other NMD mutations). 
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Thus we are left with conflicting information: caffeine is responsible for blocking the 

phosphorylation of UPF1 by SMG1 in human cells, and this step is necessary for nonsense-

mediated decay to occur, however Smg1 does not appear necessary for nonsense-mediated 

decay to occur in Drosophila. Despite this, if we use caffeine which supposedly blocks the action 

of SMG1 then we see an increase in the Adhfn6 transcript, suggesting that nonsense-mediated 

decay has been suppressed. 

 

One explanation for this apparent contradiction is that caffeine may have an effect on NMD that 

does not act via SMG1. SMG1 phosphorylates UPF1 and that allows SMG6 to bind to UPF1, which 

leads to transcript degradation (Kervestin & Jacobson, 2012).  Frizzell et al. (2012) present 

evidence that Drosophila SMG6 can operate independently of SMG1 and they suggest that an 

alternative kinase may make SMG1 redundant.  There are three other phosphatidylinositol 

kinase-like kinase (PIKK) genes in the Drosophila genome (tefu, mei41 and Tor). As TOR exists in a 

complex known to be inhibited by caffeine (Reinke et al., 2006) this may be a good candidate to 

explain these findings. 

 

3.4.2. Generalisation to Pseudogenes 

In this experiment I found that four of the null transcripts – Adhfn6, Cyp6a20, Cyp9f3, and CR13656 

- were upregulated in response to caffeine, whilst three - Esterase-7, CR30029, and CR14499 - 

were not. This result shows that GINI is a promising technique for the identification of expressed 

pseudogenes and loss of function alleles in Drosophila, though it is unlikely to be able to be used 

to detect all inactivating mutations. 

 

Of particular interest is the fact that the premature stop codon in CR30029 is still relatively close 

to the end of the transcript - the loss-of-function 3’ UTR is 189 bases long compared to 90bp for 

the functional transcript. This may explain why the level of the null transcript of this gene did not 

appear to be lower than the level of the functional transcript; ie. The UTR of the nonsense 

transcript was simply too short to be recognized by NMD. These findings are consistent with the 
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faux 3’ UTR model of PTC recognition that is thought to act in Drosophila, where a termination 

codon is deemed ‘premature’ by the NMD machinery if it is too far from the poly-adenylation site 

(Amrani et al., 2004; Behm-Ansmant et al., 2007b) 

 

In the cases of Esterase-7 and CR14499 the detected expression level was zero or very close to 

zero, which suggests that there may have been further mutations in the null lines which result in 

the genes not being transcribed. If this is the case then suppressing NMD would not result in the 

up-regulation of these transcripts.   

 

Interestingly, Cyp9f3 was upregulated in response to caffeine in the loss of function allele but not 

the control. This is surprising because Cyp9f3 does not contain a premature stop codon, instead 

containing two large deletions, one of which spans the entire last intron. This finding may suggest 

that there are other elements in the region which are required in order to prevent the transcript 

from entering the nonsense-mediated decay pathway. 

 

In conclusion, the results of this experiment show that GINI is a promising candidate for the 

identification of some types of pseudogenes and loss of function alleles in live Drosophila larvae - 

we found that the addition of caffeine resulted in an up-regulation of four of our null transcripts, 

including the three with the longest 3’ UTRs. In future, this technique may be used in combination 

with RNAseq to identify PTC-containing transcripts in lines and species which have not yet had 

their genomes sequenced, potentially allowing us to identify disease genes, genes that are 

necessary in different environmental conditions, and genes involved in speciation events. 
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Chapter 4 – Pseudogene Resequencing 
and Characterisation 



80 | P a g e  

 

4.1. Introduction 
 

In chapter two I identified a set of 73 high-confidence pseudogenes in D. melanogaster and 

divided these into four different pseudogene classes based on their evolutionary histories. In this 

chapter I use these pseudogenes in order to characterise two different facets of neutral 

evolution: firstly, what can we learn about the evolutionary histories of the different 

pseudogenes based on their patterns of mutation and polymorphism? And secondly, what can 

the patterns of mutation and polymorphism present in pseudogenes tell us about neutral 

evolution as a whole? 

 

4.1.1. Pseudogene Type 

The pseudogenes obtained in chapter two can be classed into four categories representative of 

their age and mode of evolution:  

 

1. Ancient pseudogenes: These are pseudogenes that predate the divergence of D. 

melanogaster from D. simulans, and have likely been present as pseudogenes along the 

entire D. melanogaster lineage. 

2. Inactivated genes: These are genes that have been inactivated at some point since the 

divergence of D. melanogaster from D. simulans. This means that they are expected to 

have been present as active genes along the D. melanogaster lineage before becoming 

inactivated. 

3. New pseudogenes (fixed): These are genes that are expected to have never been active 

and are newly arisen along the D. melanogaster lineage.  

4. Polymorphic (for presence/absence) new pseudogenes: These are pseudogenes that are 

not fixed in the D. melanogaster population. Although interesting, these are not studied 

in this chapter due to the fact that their polymorphic nature means that we cannot 
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identify how many copies are being resequenced in the large-scale 454 resequencing 

experiment. 

 

Based on the different histories of these pseudogenes we might expect them to display different 

patterns of evolution. For example, ancient pseudogenes have been present in the genome as 

pseudogenes since the divergence of D. melanogaster and D. simulans, and are expected to have 

been evolving according to neutral expectations for the entirety of this time period. Thus we 

might expect them to have accumulated more polymorphisms than the other pseudogene types. 

We also expect them to conform to neutral expectations on all tests of neutrality such as 

pi(a)/pi(s), Tajima’s D (Tajima, 1989), and the McDonald-Kreitman test (McDonald & Kreitman, 

1991).  

 

Inactivated genes have also been present in the population since the divergence of D. 

melanogaster and D. simulans, but have been inactivated along the D. melanogaster lineage, and 

thus were expected to have been subject to selective constraint for some of this time, and to 

have likely accumulated fewer polymorphisms than ancient pseudogenes. Furthermore, the 

polymorphisms that are present in these pseudogenes may have arisen during the time when the 

pseudogene was under selective constraint, and thus we may expect to see more synonymous 

polymorphisms than non-synonymous polymorphisms due to the action of previous selective 

pressure, which may result in significant departures from neutral expectations on neutrality tests 

such as the McDonald-Kreitman test. 

 

New pseudogenes have not been present in the genome for as long as the other two pseudogene 

types. Assuming that new pseudogenes have arisen via a single duplication event, all 

polymorphism present in these sequences will have been eliminated at the time of their creation. 

Following this, new pseudogenes have not had long to accumulate mutations, and therefore are 

expected to have lower levels of polymorphism than have the other two pseudogene types. 

Furthermore, for much of their lifespan these pseudogenes will not have been fixed in the 

population, so the ‘effective population size’ of these pseudogenes will not have been as large as 
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that of other loci which were present throughout this time. This will likely have resulted in a 

decreased level of polymorphism in this type of pseudogene. 

 

4.1.2. Pseudogene Location 

As well as differences in pseudogene types, we might expect pseudogenes to show different 

patterns of evolution due to their locations in the genome. For example, genome regions that 

have lower recombination rates have been found to have lower levels of nucleotide diversity than 

regions with higher recombination rates (Begun & Aquadro, 1992). Singh et al. (2005) found that 

heterochromatic copies of the DNAREP1_DM transposable element have a significantly lower GC 

content than do copies located in low-recombination areas of the euchromatin, and this may be 

due to a reduced rate of A->G substitutions. 

 

We may also expect pseudogenes located on the X chromosome and autosomes to display 

different patterns of evolution. In a population with equal numbers of males and females, no 

natural selection, and all factors between males and females being equal, the expected ratio of 

nucleotide diversity between males and females is ¾ (Begun & Aquadro, 1992). The ratio of X 

chromosome to autosomal nucleotide diversity for populations located outside of Africa is 

generally consistent with this expected ratio (eg. 72.7% - Hutter et al., 2007; 61.9-79.6% - Langley 

et al., 2012; 66.7% - Mackay et al., 2012;). Surprisingly, in populations located in sub-saharan 

Africa this is not the case; in fact, in populations from this region the nucleotide diversity on the 

X-chromosome is usually higher than that found on the autosomes (Langley et al., 2012; Hutter et 

al., 2007; Andolfatto, 2001). Some possible explanations for this difference include an excess of 

females to males in sub-saharan African populations, population bottlenecks, and hitchhiking 

effects.  Due to previously identified differences in nucleotide diversity we are interested in 

studying whether this difference is also found for D. melanogaster pseudogenes. 
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4.1.3. Neutral Evolution 

Identification of sequences in the genome that are not subject to natural selection has proven to 

be a challenge for studies of genome evolution. Many studies of neutral evolution have focused 

on sites such as synonymous sites, introns, untranslated regions, and intergenic regions, which 

have been found to be subject to some selective pressure (eg. Andolfatto, 2005). Other studies 

have focused on transposable elements (Petrov et al., 1996; Petrov & Hartl, 1997; Petrov & Hartl, 

1998; Petrov & Hartl, 1999; Lozovskaya et al., 1999; Singh et al., 2005). These experiments are 

more promising and have allowed neutral evolution to be characterised more fully in D. 

melanogaster, but are potentially limited by the fact that most transposable elements occur in 

the heterochromatin, and the genome may potentially have some way to rid itself of highly 

repetitive sequences. Overwhelmingly, these studies have revealed that Drosophila melanogaster 

displays a tendency for in increased levels of G->A/C->T transition mutations relative to other 

single nucleotide mutations, and for deletions relative to insertions.  

 

Although pseudogenes themselves may have their own weaknesses when it comes to the 

characterisation of neutral evolution (eg. we can never be 100% certain that something is a 

genuine pseudogene), they also have advantages over other previously characterised sequences. 

For example, they are less repetitive than transposable elements and thus will be less susceptible 

to selection against repetitive elements, and they are not subject to size restraints as are small 

introns. Furthermore, pseudogenes are located throughout the genome so will enable us to 

compare different genomic regions. Thus gaining a greater understanding of pseudogene 

evolution in Drosophila will greatly add to our understanding of neutral evolution in Drosophila as 

a whole. In this chapter I sequence a set of high-confidence pseudogenes in great depth in three 

populations of D. melanogaster and use this together with the dataset identified in chapter 2 in 

order to increase our understanding of mutation and polymorphism in sequences that are 

expected to not be subject to selective constraint. 
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4.2. Methods 
 

4.2.1. DNA Extraction and Pseudogene Amplification  

Approximately 800 flies from Romsey, Victoria (collected by Robert T. Good) and 600 flies from 

Innisfail, Queensland (donated by Jennifer Shiriffs from Ary Hoffmann’s laboratory) were 

collected in Autumn 2010. 315 isofemale lines from Zambia (collected in 2010) were kindly 

donated by John Pool (U.C. Davis), and a single individual male was taken from each of these 

lines. Genomic DNA was extracted from male flies in groups of fifty using a standard CTAB 

extraction protocol (See Appendix 3 followed by treatment with RNase One (Promega). The 

concentration of DNA was calculated using a Thermo Scientific Nanodrop (model ND-1000), and 

equal amounts of DNA from each sample were combined to give a pooled sample of DNA from 

each population. 

 

All primers used in this experiment were designed using Primer 3 (Rozen & Skaletsky, 2000; 

http://frodo.wi.mit.edu/), checked using Amplify 3 (http://engels.genetics.wisc.edu/amplify/), 

and ordered from Integrated DNA Technologies. The final set of pseudogenes used in this chapter 

represents all fixed pseudogenes identified in Chapter 2 for which primers could be produced 

which successfully amplified only the pseudogene sequence (as judged by sequence analysis). 

These were 43 primer pairs representing 47 pseudogenes, and are shown in Table 1. Four of the 

primer pairs amplified sequences from multiple closely related pseudogenes (CR11386/CR33222, 

CR32010/CR32011, CR40190/CR42653, CR41507/CR41508/CR41509). Primers were ordered with 

the pigtail sequence GTTTCTT (Brownstein et al., 1996) attached in order to reduce ligation 

biases. 
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 Euchromatin Heterochromatin 

New in D. melanogaster CG13402psi (X) 

CR11386/CR33222 (X) 

CR32745 (X) 

CR33318 (A) 

CR33319 (A) 

CR42532 (A) 

ric8b (X) 

swapsi (X) 

Total = 8 (3 A, 5 X) 

 

 

 

 

 

CG6396psi (A) 

CG7467psi1 (A) 

CG7467psi2 (A) 

CR12798(A) 

CR14578 (A) 

CR32009 (A) 

CR32010/CR32011 (A) 

CR40190/CR42653 (A) 

CR40354 (A) 

CR40450 (U) 

CR40461 (A) 

CR41379 (U) 

CR41501 (A) 

CR41506 (Y) 

CR41508/CR41509 (Y) 

CR42545 (A) 

CR42546(A) 

Cox2_3L (A) 

Cox1_4 (A) 

Cox1_2L (A) 

Total = 20 (16 A, 2 Y, 2 U) 

Inactivated Genes Alpha-Esterase-4apsi (A) 

CR31541 (A) 

CR33283 (A) 

CR33471 (A) 

CR33629 (A) 

CR42548 (A) 

Cyp6a15psi (A) 

Cyp6t2 (A) 

gstE3psi (A) 

OR98P (A) 

Total = 10 (10 A) 

 

Ancient Pseudogenes CG3506psi (X) 

CG4788psi (A) 

CG5302psi (A) 

CG6001psi (A) 

CG16983psi (A) 

CR33315 (A) 

CR33701 (A) 

Lcp-psi1 (A) 

Total = 8 (7A, 1 X) 

CG8397psi(A) 

Total = 1 (1 A) 

Total 26 (20 A, 6 X) 21 (19 A, 4Y, 2 U) 

Table 4.1. The pseudogenes studied in this chapter, broken down by pseudogene type, chromatin type, 

and chromosome type (A = autosomal, X = X chromosome, Y = Y chromosome, U = unknown). 
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PCRs were conducted in 20uL volumes using a final concentration of 1 × Phusion Flash High 

Fidelity PCR Master Mix (Finnzymes), 0.2µM each primer, and the appropriate DNA. Cycling 

conditions were 98ºC 10 sec, then 35 cycles of 98ºC 1sec, 56ºC 5 sec,  72ºC 15 sec, followed by 1 

min at 72ºC. All PCR products were run on an agarose gel to check for amplification and lack of 

contamination, before equal amounts of each amplicon were pooled to create three sets of 

population amplicons. 

 

The pooled amplicon mixtures were purified using a Qiaquick PCR purification kit (Qiagen), 

checked for quality using a Nanodrop Thermo Scientific Nanodrop (model ND-1000), and sent to 

the Ramaciotti Centre for Gene Function Analysis (UNSW) for library preparation including the 

ligation of Molecular Identifier (MID) tags (these are unique sequences that allow a sequence 

from a pooled sample to be assigned to a specific population). The amplicons were sequenced by 

the Ramaciotti Centre using a Roche 454 Genome Sequencer FLX+ machine with titanium series 

reagents. Half a PicoTiterPlate was used for this experiment. 

 

4.2.2. Bioinformatic analyses 

Bioinformatic analysis was performed using a combination of the bioinformatics suite Galaxy 

(http://main.g2.bx.psu.edu/), GS Amplicon (Roche), and Java scripts written specifically for the 

analysis of this data by Andrew Stirling.  

 

Reads had previously been separated into the three populations based on the attached MIDs by 

the Ramaciotti Centre. These data were uploaded to Galaxy in .sff format, FASTQ data were 

extracted from the files, and all reads were trimmed using a sliding window approach (window 

size = 20, step size = 5) so that all windows had a mean quality score above 30. All bases with Q-

values lower than 30 were then masked (this value had been optimised to minimise false 

positives while still allowing detection of most true polymorphisms).  
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The data were downloaded from Galaxy, and reads corresponding to each amplicon were 

identified by searching for sequences beginning with the primer sequences (using the program 

‘Gene Match’ written by Andrew Stirling, see Appendix 6). Sequences were uploaded to Galaxy 

and mapped to amplicons using LASTZ, with gap opening penalty increased from 400 to 800, and 

gap extension penalty reduced from 30 to 3 to allow large indels to be mapped. These values 

were varied when necessary to optimise mapping of the reads. 

 

LASTZ uses a BLAST algorithm to align sequences to a reference sequence. Some consequences of 

this are: 1). Sequences are only aligned to the reference sequence if they are a good match to the 

reference sequence. 2). In a repetitive sequence a read may be matched to the reference 

sequence multiple times.  

 

The first factor is advantageous, as it means that amplicons that have been non-specifically 

amplified in the PCR reaction are not aligned to the reference sequence and therefore will not 

result in false polymorphisms. It can, however, potentially mean that pseudogene sequences that 

have undergone a lot of changes may not be mapped to the reference sequence. In order to 

resolve this problem, the script ‘Gene Analysis’ (Andrew Stirling, Appendix 6) was used to identify 

reads that contained the primer sequence but were not in the final alignment file. Sequences that 

fell into this category were investigated further, but in all cases were found to be due to non-

specific amplification.  

 

The second factor is always disadvantageous, as mapping a sequence to the reference sequence 

in multiple different ways can result in the discovery of false ‘polymorphisms’ due to alignment 

errors. In order to resolve this problem a script was written to identify reads that had been 

mapped multiple times (script ‘Gene Analysis’ by Andrew Stirling, Appendix 6). In the cases where 

this occurred, the alignment file was downloaded in tabular format. This format contains 

individual alignment scores. The highest-scoring alignment was identified for each read and all 

other reads were deleted from the SAM alignment file. 
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The Romsey population had been found to have some Drosophila simulans sequences present in 

it. In order to separate D. simulans sequences from D. melanogaster sequences, D. melanogaster 

sequences from the original 50 Drosophila Genome Reference Panel lines (MacKay et al., 2012) 

were downloaded. D. simulans sequences were downloaded from the NCBI trace archives. These 

consist of reads from the six different D. simulans lines sequenced as part of the original D. 

simulans genome sequencing project (Begun et al., 2007). The sequences were aligned by 

ClustalW using MEGA5 (Tamura et al., 2011), and fixed differences between the two species were 

identified. Species were then separated based on these differences (script ‘Gene Sorter’ by 

Andrew Stirling, see Appendix 6), with the pre-requisite that in order to be classed as D. 

melanogaster at least 60% of the identified sites had to be identical to the D. melanogaster 

sequence, and no more than 15% of identified sites could be identical to the D. simulans 

sequence. This required some adjustment for each amplicon, but it was found that in most cases 

more than 95% of the reads could be unambiguously assigned to D. melanogaster or D. simulans. 

Reads that could not be unambiguously assigned were excluded from the analysis. 

 

Despite this, the contamination may have implications on the findings of the study. Any changes 

that occurred in the D. melanogaster sequences that were discarded were not included in the 

analysis (this only applies to ancient pseudogenes, which are the only sequences that have 

paralogs in D. simulans). This will likely have resulted in a slight underestimation of the number of 

polymorphisms in these pseudogenes, as there may have been some polymorphisms in the 

discarded sequences that were excluded from the analysis. Furthermore, we lack the ability to 

determine the true number of D. melanogaster individuals from the Victorian population which 

were used in this study, which may result in errors in the calculation of nucleotide diversity and 

Tajima’s D, as they rely on knowing the number of individuals used in the analysis.  

 

The resulting D. melanogaster alignments were used to generate pileup alignment files (using 

Galaxy), and a Java script (‘Gene Changes 2’, Andrew Stirling, Appendix 6) was used to identify 

polymorphisms that were at frequencies greater than 0.5% and that occurred more than three 

times in the aligned reads.  
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These polymorphisms were then confirmed by comparison to the alignment obtained using GS 

Amplicon in which all reads beginning with each primer were aligned to the reference sequence 

without masking. Sequences containing indels were realigned to the reference sequence using 

ClustalW (MEGA5), to ensure the correct placement of indels. 

 

4.2.3. π, πn/πs , Tajima’s D,  FST Values, and McDonald-Kreitman Test Results 

Tajima’s D, πn/πs and π values were calculated individually for each pseudogene from each 

population using PoPoolation 1.2.2. (Kofler et al, 2011a; Futschik & Schlötterer, 2010). Tajima’s D 

and πn/πs were calculated using the Syn-nonsyn-at-position.pl module on the pileup alignment file 

created in Section 4.2.2.. Pool sizes used for autosomes were: 1400 for the Victorian population 

(this represents 2× the 800 individuals included in the analysis minus an estimate of ~100 

individuals due to contamination by D. simulans); 1200 (600 × 2) for the Queensland population; 

and 630 (315 × 2) for the Zambian population. In the case of pseudogenes located on the sex 

chromosomes, this number was halved for the Victorian and African populations (where all flies 

sampled were male). In the Innisfail population in which approximately two thirds of the samples 

were from males and one third were from females, a population size of 800 was used for X 

chromosome pseudogenes, and 400 was used for Y chromosome pseudogenes. Other parameters 

used were: max coverage 5000; min-coverage 50; min-count 2.  

 

Π values were counted in an identical manner, with the exception that changes were made to the 

codon table. In order to allow the calculation of π using this program, parameters were adjusted 

by setting up an artificial system where all codons represented the same amino acid and thus all 

changes were classed as synonymous. This meant that the calculated ‘πs‘ value was equal to π. 

This method was used to calculate the average pairwise nucleotide diversity (π) for each 

pseudogene in each population.  

 

The values obtained for each population were separated by pseudogene type (new pseudogene, 

inactivated gene, or ancient pseudogene), pseudogene chromatin type, and pseudogene 
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chromosome, and imported into SPSS so that graphs could be produced and statistical tests could 

be performed.  

 

The different types of pseudogenes were compared within each population on the following 

measures: nucleotide diversity, Tajima’s D, and πn/πs using Kruskall-Wallis tests in order to 

determine whether differences could be detected between pseudogene types. In the case of 

Tajima’s D which was not skewed and no difference could be found between pseudogene types, 

pseudogene types were pooled in order to test whether the results were different to the neutral 

expectation of 0. T-tests were used for this purpose. 

 

Mann-Whitney U tests were conducted within each population in order to determine whether 

differences could be detected between the pseudogenes based on chromatin type. Chromatin 

type was then controlled for, and the pseudogenes were compared between the three 

populations using a Friedman test in order to determine whether population differences could be 

detected. Mass-Whitney U tests were performed in order to determine whether differences 

could be detected between autosomal and X chromosome pseudogenes in the three populations. 

 

FST values were calculated for each amplicon for each pair of potential population comparisons 

using the PoPoolation 2 module fst-sliding.pl (Kofler et al., 2011b). The input files used for this 

analysis were the pileup files described in section 4.2.2.. Population sizes were entered 

individually for each population due to differing population sizes, and default parameters were 

used for all other fields. The distribution of FST values for each type of population comparison was 

characterised. Population comparisons were performed using Wilcoxon Signed Rank tests in SPSS. 

 

In order to test whether selection was acting differently on the different pseudogene types the 

pseudogene sequences were aligned against the D. simulans ortholog (using MEGA5 with default 

parameters), regions containing indels were deleted, and the numbers of non-synonymous and 

synonymous changes were calculated. Note that these could only be calculated for ancient 

pseudogenes and inactivated genes due to the fact that new pseudogenes lack a suitable D. 
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simulans ortholog. The numbers were pooled for the two pseudogene types, and a McDonald-

Kreitman test was performed using a standard G-Test in Microsoft Excel 2010. 

 

4.2.4. Substitution analysis 

The D. melanogaster reference line (y; cn bw sp ‘Celera’) (Adams et al., 2000) sequences of all 

pseudogene amplicons were aligned to their nearest homolog and an outgroup using Muscle 

(MEGA5) with default parameters. In most cases this involved aligning the pseudogene to its 

paralog in D. melanogaster and the corresponding sequence in D. simulans. In the case of 

pseudogenes which were present in multiple species the pseudogene was aligned against the 

sequence of the same pseudogene in D. simulans or D. sechellia, and then against the closest 

outgroup sequence available (either the pseudogene in D. yakuba or D. erecta, or the paralog in 

D. melanogaster). Alignments with outgroups could be made for 44 pseudogenes in total – for 

three pseudogenes (CG4788psi, CG6396psi and OR98P) no suitable outgroups were available, so 

these are excluded from the substitution analysis. 

 

In the case of the 44 pseudogenes for which an outgroup was available, the polymorphism file 

was then compared to the alignment in order to polarise the polymorphisms into ancestral or 

derived states and to identify the non-polymorphic sites that have diverged from the ancestral 

state by the fixation of mutations along the D. melanogaster lineage using a maximum parsimony 

technique (script ‘Gene Diff’ by Andrew Stirling, Appendix 6). 

 

The nucleotide composition of different pseudogenes was expected to impact the type of 

substitutions that were found. For example, if a pseudogene was composed of 90% A and 10% of 

the other three bases, then we would expect that the most common substitutions would be A->T, 

A-> C, and A->G simply due to the fact that these substitutions were given the most opportunity 

to occur. In order to control for this, the proportion of each nucleotide was calculated in the 

closest functional homolog. The nucleotide composition of the functional homolog was expected 

to be closer to the true ancestral composition due to the fact that functional constraints have 



92 | P a g e  

 

been acting on this sequence. The adjusted number of substitutions of each sort was then 

calculated by using the following formula, which gives the number of substitutions expected if the 

sequence contained 25% of each type of nucleotide: 

 

 

For example, if there are 3 G->A substitutions in a sequence but the closest functional homolog 

only has 10% G, then we would calculate 3 × (0.25/0.10) = 7.5. (ie.  We would have expected 7.5 

G->A substitutions to have occurred if the original sequence contained equal numbers of each 

nucleotide). 

 

In order to determine whether the substitution spectrum displayed a DNA strand bias a G-test for 

goodness of fit was performed across the six pairs of nucleotide substitution types. A G-test was 

also used to compare the nucleotide substitutions that occurred in the euchromatic and 

heterochromatic regions of the genome. 

 

4.2.5. Pseudogene Divergence 

Divergence statistics were calculated for all 11 pseudogenes for which a D. simulans outgroup 

sequence was available on Flybase.org. In all cases the entire pseudogene was aligned to its D. 

simulans ortholog using Mega5, regions containing indels were deleted, and the sequence was 

imported into DNAsp v5 (Librado & Rozas, 2009) where nucleotide divergence was calculated 

using the technique of Nei (1987). Mean and median nucleotide divergence for the 11 

pseudogenes were calculated using Microsoft Excel 2010.  
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4.2.6. Pseudogene Half-Life 

The expected time for half of the pseudogene to be deleted was calculated using the method of 

Petrov & Hartl (1998) which uses the exponential decay formula: 

 

Equation 4.1. Expected pseudogene remaining, where Lt represents the proportion of the pseudogene 

remaining at time t, L0 is the proportion at time 0, s is the average size of deletions, n is the number of 

deletions per year, and t is time 

 

As per the method of Petrov & Hartl (1998) the estimate of the number of point substitutions per 

year derived by Sharp and Li (1989) (16 × 10-9) was multiplied by the ratio of deletions to point 

substitutions found in our study in order to derive an estimate of the number of deletions per 

year. Lt was set to 0.5, and the equation was then solved for t in order to calculate the half-life of 

a pseudogene. 
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4.3. Results 
 

Pseudogene sequences from three D. melanogaster populations were amplified using PCR and 

sequenced using Roche 454 technology (titanium amplicon sequencing). After trimming and 

masking, a total of 390,479 reads with pseudogene primers attached were identified. These had 

an average length of 333.7bp and a total number of 107,046,243 usable (non-N) bases. There 

were an average number of 2514.5 (standard deviation = 1133.0) reads per amplicon for the 

Victorian population, 1679.2 (standard deviation = 781.9) reads per amplicon for the Queensland 

population, and 1842.9 (standard deviation = 912.7) reads per amplicon for the Zambian 

population.  

 

4.3.1. Pseudogene Type Comparisons 

Various population measures were compared between the three different types of pseudogenes 

(ancient pseudogenes (n=9), inactivated genes (n=10) and new pseudogenes (n=28)) in order to 

characterise the patterns of mutation expected in pseudogenes with different evolutionary 

histories. It was expected that ancient pseudogenes to conform closely to neutral expectations, 

while inactivated genes might have some residual selection patterns remaining from the time 

when they were functional, and new pseudogenes might show signs of population expansion. 

 

4.3.1.1. Nucleotide Diversity 

 

As expected, ancient pseudogenes were found to have the highest levels of nucleotide diversity in 

every population (Victoria median = 0.011; Queensland median = 0.009; Zambia median = 0.017), 

followed by inactivated genes (Victoria median = 0.007; Queensland median = 0.006; Zambia 

median = 0.010), and then new pseudogenes (Victoria median = 0.003; Queensland median = 

0.003; Zambia median = 0.003) (see Figure 4.1.). This difference was highly statistically significant, 

with p < 0.001 (Kruskall-Wallis) in all populations. These results are consistent with what is 

expected from the pseudogene population history: ancient pseudogenes have been present and 
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free from selective constraint since before the divergence of D. melanogaster from D. simulans. 

Inactivated genes have been present but subject to selective constraint for much of their history. 

New pseudogenes have recently arisen and have had a relatively small “pseudogene effective 

population size” for much of that time, and no have on average the lowest level of nucleotide 

diversity.  

 

Note that the nucleotide diversity calculations for the Victorian population may be inaccurate due 

to uncertainty about the population size. Despite this, the results for the Victorian population are 

similar to those found for the Queensland population (as we would expect for two populations 

from the same continent). This suggests that these inaccuracies are not having a major influence 

on the data. 
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Post-hoc Mann-Whitney U tests were conducted in order to determine which pseudogenes were 

responsible for these differences. The results are presented in Table 4.2. Statistically significant 

differences were found between new pseudogenes and both other pseudogene types, but not 

between inactivated genes and ancient pseudogenes. 

 

Figure 4.1. Histograms of the average pairwise nucleotide diversity (pi) by pseudogene type in each of 

the three populations. In all three populations ancient pseudogenes have the highest levels of 

nucleotide diversity, followed by inactivated genes, and then followed by new pseudogenes, which is 

consistent with what we expect from their population histories. 
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New Pseudogenes vs. 

Inactivated Genes

New Pseudogenes vs. 

Ancient Pseudogenes

Inactivated Genes vs. 

Ancient Pseudogenes

Mann-Whitney U 49 33 30

p 0.002* 0.001* 0.243

Mann-Whitney U 37 48 45

p <0.001* 0.006 1

Mann-Whitney U 50 26 30

p 0.003* <0.001* 0.243

Victoria

Queensland

Zambia

Table 4.2. Post-hoc Mann-Whitney U tests of the differences in nucleotide diversity between pseudogene 

types. Statistically significant differences were found between new pseudogenes and inactivated genes 

and between new pseudogenes and ancient pseudogenes, but not between inactivated pseudogenes and 

ancient pseudogenes. Results that were below the Bonferroni-corrected significance threshold of 0.006 

are marked with an asterisk. Note that the result for new pseudogenes vs. ancient pseudogenes was 

borderline significant for the Queensland population. As the Bonferroni method is overly conservative, 

and statistically significant results were found for both of the other populations using this test, it is likely 

that there is also a genuine difference between these pseudogene types in the Queensland population. 

 

Due to the fact that there is substantial bias in the genome location of the pseudogene types with 

new pseudogenes being far more likely to be found in the heterochromatin and the other types 

being more likely to be found in the euchromatin (See Table 4.1.), the analysis was repeated 

including only euchromatic pseudogenes. The results of this remained statistically significant for 

all populations despite reduced pseudogene numbers (see Figure 4.2.), with ancient pseudogenes 

having the highest level of nucleotide diversity, followed by inactivated genes, and then followed 

by new pseudogenes. 
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Figure 4.2. Average pairwise nucleotide diversity in euchromatic pseudogenes of the three different 

types. The differences between the pseudogene types remain statistically significant when chromatin 

type is controlled for, with ancient pseudogenes having the highest level of nucleotide diversity, 

followed by inactivated genes, followed by new pseudogenes. 
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4.3.1.2. Pi(A)/Pi(s) 

 

πa/πs measures the average pairwise nucleotide diversity amongst non-synonymous sites and 

compares this to the average pairwise nucleotide diversity amongst synonymous sites. The 

expectation is that if a sequence is evolving neutrally then these two values should be equal, and 

πa/πs should equal one. A very low πa/πs value usually suggests selective constraint acting upon 

non-synonymous sites, and an unusually high πa/πs value can be indicative of positive or balancing 

selection acting at the amino acid level. 

 

A comparison of πa/πs among the three different pseudogene types failed to find significant 

differences in any of the three populations (p(Victoria) = 0.618, p(Queensland) = 0.736, p(Zambia) 

= 0.518, Kruskal-Wallis) (See Figure 4.3.). Despite this, there are several important observations 

that we can make about the distribution of πa/πs values: firstly, the ancient pseudogenes have 

values that are approximately normally distributed around one, as would be expected for truly 

neutrally evolving sequences. Secondly, the πa/πs values obtained for the inactivated genes are 

low (eg. the median value was 0.595 in the Queensland population), suggesting that there is 

potentially some residual polymorphism remaining in these pseudogenes from the time when 

they were functional. Thirdly, the distribution of πa/πs values for the new pseudogenes is 

positively skewed (Victorian population Skewness = 0.71, Std. Error = 0.72; Queensland 

population Skewness = 2.689, Std. Error = 0.72, Zambian population Skewness = 1.51, standard 

error = 0.72).  This can be put down to the fact that most of the new pseudogenes have low levels 

of polymorphism (as discussed in Section 4.3.1.1.). Because πa/πs is a ratio, this means that very 

small changes can result in large differences in the calculated ratio. For example, if there are two 

non-synonymous polymorphisms at relatively high frequencies and one synonymous 

polymorphism at a low frequency, then the calculated πa/πs value will be very high. Alternatively, 

if there is only one synonymous change and no non-synonymous changes, then they calculated 

πa/πs value will be zero. In general these results are consistent with the values that we expect to 

find for the different pseudogene types despite their failure to reach statistical significance. 
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Figure 4.3. πa/πs values in the three populations. Although there are no significant differences between 

the three populations, ancient pseudogenes seem to be roughly normally distributed around one as 

would be expected for a truly neutrally evolving sequence, inactivated genes tend to have lower values, 

potentially due to residual polymorphisms remaining from when they were functional, and new 

pseudogenes tend to have positively skewed distributions, potentially due to their low overall total 

numbers of polymorphisms. 
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4.3.1.3. Tajima’s D 

 

Tajima’s D (Tajima, 1989) compares the estimate of theta based on the number of segregating 

sites to the estimate of theta based on the average number of pairwise differences. In a truly 

neutrally evolving sequence we expect these numbers to be the same, and for Tajima’s D to be 

zero. If there is an excess of low frequency polymorphisms segregating in the population as is 

expected following a selective sweep or in a rapidly growing population, Tajima’s D will be 

negative. Alternatively, if there is a scarcity of low frequency polymorphisms in the population as 

would be expected in the case of balancing selection, we expect a Tajima’s D value of above zero. 

Tajima’s D is approximately normally distributed (though it does have some positive skew), so 

approximately 95% of neutrally evolving sequences will have values between -2 and 2.  

 

The expectation is that since ancient pseudogenes should been free from selective constraint 

along the entire D. melanogaster lineage their values should be close to one. Inactivated genes 

should have values close to one, except where the pseudogene has been inactivated by a 

selective sweep in which case we might expect to see a negative value. New pseudogenes have 

had expanding populations (and may have been fixed by selective sweeps), so their Tajima’s D 

values may be negative. 

 

The results from this experiment are mixed – although the Tajima’s D values obtained for ancient 

pseudogenes are all between -2 and 2 (see Figure 4.4.), the results for new pseudogenes and 

inactivated genes vary between populations. For example, in the case of inactivated genes, the 

median value is -1.071 in the Victorian population, and yet very close to zero (0.0867) in the 

Queensland population. There is no significant difference between the pseudogene types in any 

population. Despite this, Tajima’s D values were lowest for new pseudogenes in two of the three 

populations, which may suggest that there has been some ‘pseudogene’ population expansion 

but the results are too variable to detect this. Notably, new pseudogenes tend to have very few 

polymorphic sites (see Section 4.3.1.1.), meaning that Tajima’s D has been calculated using little 

data and thus the overall values obtained are expected to be more variable than for the other 

pseudogene types. 
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Note that the Tajima’s calculations for the Victorian population may be inaccurate due the fact 

that some ancient pseudogene sequences were excluded from the analysis because of 

uncertainty about whether they were from D. melanogaster or D. simulans. This may have 

resulted in some rare polymorphisms being excluded from the analysis, which is expected to push 

the Tajima’s D result upwards. Despite this, the Tajima’s D result for the Victorian population is 

actually slightly lower than that of the Queensland population, suggesting that this is unlikely to 

be having a large impact on the results. 

 

 

 

 

Figure 4.4. Tajima’s D values for the different pseudogene types in the three populations. The results are 

generally mixed, though in two of the three populations new pseudogenes have the lowest Tajima’s D 

values, and in two of the three populations ancient pseudogenes have the highest Tajima’s D values. 

Tajima’s D values tend to be lower in the Zambian population. 
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Strikingly, the values obtained for the Zambian population appear to be lower than those 

obtained for the other populations. To investigate this further the pseudogene types were 

pooled, resulting in distributions that were approximately normal (see Figure 5.5.), which meant 

that t-tests could be performed. It was found that while the mean of the Zambian population was 

statistically significantly different to zero (µ = -0.764, σ = 1.124, p < 0.001, two-tailed t-test), this 

was not the case for the Victorian (µ = -0.393, σ = 1.521, p = 0.087, two-tailed t-test) and 

Queensland (µ = 0.258, σ = 1.468, p = 0.239, two-tailed t-test) populations, suggesting that there 

may be some population phenomenon that is unique to the Zambian population. 

 

 

 

 

Figure 4.5. Tajima’s D values of pseudogenes in the three populations. The black arrows represent mean 

values. While the mean values of the Victorian and Queensland populations were not significantly 

different to the expected value of zero, the mean Tajima’s D value of the Zambian population was  -

0.764, which was significantly different to zero  (t = -4.608, df = 45, p<0.001, two-tailed t-test). 
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4.3.1.4. McDonald-Kreitman Test 

 

The McDonald-Kreitman test involves comparing the number of synonymous and non-

synonymous polymorphisms found in a species (in this case D. melanogaster) to the number of 

synonymous and non-synonymous differences between the species and another species (in this 

case D. simulans) using a G-test. If the result of this G-test is significant then it suggests a 

departure from neutral expectations along one or both of the lineages tested.  

 

All polymorphisms and fixed changes found were pooled in order to obtain the maximum power 

for comparing pseudogenes of each class. This measure could not be calculated for new 

pseudogenes due to the lack of a D. simulans outgroup. I expected to find that ancient 

pseudogenes were evolving as expected according to neutral expectations. In contrast, 

inactivated genes have been subject to selection along the D. simulans lineage and for some of 

the D. melanogaster lineage, and were thus expected to potentially have a significant departure 

from neutral expections. The results are shown in Table 4.2. As expected, ancient pseudogenes 

had non-significant McDonald-Kreitman test results, while inactivated genes had a borderline-

significant McDonald-Kreitman test result (p=0.065). 

  Synonymous Non-

Synonymous 

G P 

Ancient 

Pseudogenes 

Polymorphic 62 218 0.07 0.793 

Fixed 39 129 

Inactivated 

Genes 

Polymorphic 89 214 3.41 0.065 

Fixed 77 130 

Table 4.3. McDonald-Kreitman Test results. While the ratios of polymorphic and fixed synonymous and 

non-synonymous changes are very close for the ancient pseudogenes, the difference is borderline-

signficiant for the inactivated gene class, with 29.4% of the polymorphic changes being synonymous, 

while 37.2% of the fixed changes are synonymous. 



105 | P a g e  

 

Interestingly, on closer examinination it was found that the result for the inactivated genes could 

be attributed almost entirely to the inclusion of a single pseudogene: CR33471. When this 

pseudogene was analysed by itself it returned a highly significant McDonald-Kreitman test result 

(G = 9.73, p = 0.002), and removal of this pseudogene from the inactivated gene dataset reduced 

the significance value of this test for the rest of the inactivated gene class from (G = 3.41, p = 

0.06) to (G = 1.60, p = 0.21). 

 

CR33471 is an unusual pseudogene, in that it is an inactivated gene in which no inactivating 

mutations have been fixed in the population. This was already known from the results of the 

original resequencing experiment (see chapter 2) where CR33471 contained completely different 

inactivating mutations in one line than in the other lines. This result was replicated in the 454 

resequencing experiment – although a total of three different premature stop codons and seven 

different frameshifting deletions (along with four non-frameshifting deletions) were observed in 

the 616bp of sequence analysed none of these mutations were fixed in the population. 

 

The fact that no inactivating mutations were found to be fixed in CR33471 meant that the 

possibility of functional copies of CR33471 existing in the D. melanogaster population could not 

be excluded. The reads obtained from the experiment were short (~350bp) compared to the 

length of CR33471 (1267bp), and although some of the reads did not contain any obvious 

inactivating mutations this could not be extrapolated to the rest of the sequence, as other 

inactivating mutations may have been present in the sequence. Therefore, the entire CR33471 

was obtained from all of the DGRP reference sequences for which this data was available. This 

included 99 lines from the DGRP panel (Mackay et al., 2012), and 119 lines from the DPGP2 panel 

(Pool et al., 2012). Of these sequences all contained at least one inactivating mutation. The 

probability of finding no functional alleles in 218 independent sequences is less than 1% if 

functional alleles are present at a frequency of more than 2.1% in the population. This it seems 

unlikely that functional alleles of CR33471 still exist, although we cannot absolutely exclude the 

possibility. Despite this, due to the fact that CR33471 displays unusual evolutionary patterns for a 

pseudogene it has been removed from the remainder of the analyses. 
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4.3.2. Pseudogenes by Chromatin 

It has long been known that recombination rates are severely reduced in heterochromatin 

compared to euchromatin, and it is known that nucleotide diversity tends to be lower in regions 

of lower recombination (Begun & Aquadro, 1992).  This is thought to be because recombination 

happens much less frequently in heterochromatin relative to euchromatin, resulting in long-range 

linkage disequilibrium. This in turn can theoretically result in selective sweeps that involve large 

regions of the heterochromatin and result in the elimination of nucleotide diversity. Based on 

this, we hypothesised that there would be decreased levels of nucleotide diversity present in the 

heterochromatin relative to the euchromatin, and Tajima’s D may also be lowered in 

heterochromatic pseudogenes, as is expected when there has been a selective sweep. 

 

4.3.2.1. Nucleotide Diversity 

 

As expected, euchromatic pseudogenes were found to have higher levels of nucleotide diversity 

than heterochromatic pseudogenes in all populations (p < 0.001 in all populations, Mann-Whitney 

test) (See Figure 4.6.). When pseudogene type was controlled for by only considering the most 

common, well-represented type of pseudogenes (new pseudogenes) the pattern remained the 

same – nucleotide diversity was higher in euchromatic pseudogenes in all populations (See Figure 

4.7.). Despite this, the results were no longer statistically significant in the Victorian (p = 0.095, 

Mann-Whitney U) and Queensland (p = 0.051, Mann-Whitney U) populations, presumably due to 

small sample size. The result remained statistically significant in the Zambian population (p < 

0.001, Mann-Whitney U). This pattern is consistent with results found for D. simulans where 

higher levels of nucleotide diversity have been found in the euchromatin than in the 

heterochromatin (Begun et al., 2007). 

. 
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Figure 4.6. Nucleotide diversity in the different chromatic regions in the three different populations. In all 

three populations the nucleotide diversity was higher in the euchromatin than it was in the 

heterochromatin. 
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One interesting finding was the difference in nucleotide diversity between the populations in 

regards to chromatin. A comparison of pseudogenes in the euchromatin and heterochromatin 

showed that the Zambian population had higher levels of nucleotide diversity than the other two 

populations for euchromatic pseudogenes (p < 0.001, Friedman test), which is consistent with 

other studies that have found that Sub-Saharan African populations generally have higher levels 

of nucleotide diversity than do populations from outside of Sub-Saharan Africa (eg. Langley et al., 

2012; Yukilevich et al., 2010; Hutter et al., 2007; Pool & Aquadro, 2006; Anfolfatto, 2001).  

Figure 4.7. Nucleotide diversity of newly arisen pseudogenes located in the heterochromatin and 

euchromatin of the three different populations. Although the results are no longer statistically significant 

for the Victorian and Queensland populations, nucleotide diversity was found to be higher in the 

euchromatin in all three populations. 
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Despite this, no significant difference was found between the populations for sequences located 

in the heterochromatin (p = 0.786, Friedman Test) (Figure 4.8). 

 

 

 

 

Tajima’s D results were not significantly different between heterochromatin and euchromatin (p > 

0.05 in all three populations, Mann-Whitney U test), suggesting that there is nothing in the 

patterns of polymorphism found in these sequences to suggest that pseudogenes located in the 

heterochromatin have been any more subject to factors such as selective sweeps than have 

pseudogenes located in the heterochromatin. 

 

 

Figure 4.8. Nucleotide diversities of pseudogenes located in the heterochromatin and euchromatin of the 

three populations. The amount of nucleotide diversity differed significantly between the populations for 

euchromatin pseudogenes (p < 0.001), but not heterochromatin pseudogenes (p = 0.786). 
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Figure 4.9. Tajima’s D values of pseudogenes located in the heterochromatin and euchromatin in the 

three populations. Although there were no statistically significant differences between the Tajima’s D 

values of the different chromatic regions in any population, Tajima’s D values were lower in the 

heterochromatin in every population, as would be expected in the case of a selective sweep. 
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4.3.3. Pseudogenes by Chromosome 

Previous studies have found that in Sub-Saharan African samples the nucleotide diversity on the X 

chromosome is elevated compared to nucleotide diversity on the autosomes (Langley et al., 2010; 

Hutter et al., 2007; Andolfatto, 2001), although this is not the case for populations located 

outside of Africa (Langley et al., 2012; Mackay et al., 2012; Hutter et al., 2012). For this reason we 

might expect to find similar patterns in pseudogenes from the Zambian population compared to 

the Australian populations. 

 

Due to the fact that previous analyses had concentrated on euchromatic sequences I decided to 

characterise these sequences in this study. In an ideal situation I would also have controlled for 

pseudogene type, but low numbers prevented this. 

 

 No statistically significant differences were found between the X chromosomes and the 

autosomes in any of the three populations (p > 0.05 for all populations, Mann-Whitney U), 

Despite this, the median values obtained for the X chromosomes and autosomes for the 

Australian populations are quite different (See Figure 4.10.), which may suggest that true 

differences do exist but the low numbers used in this experiment results in low power and a 

failure to detect these differences. 
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4.3.4. Substitution analysis 

A total of 876 fixed polarised (ie. changes that could be inferred to have occurred along the D. 

melanogaster lineage) changes (889.0 after adjustment for nucleotide background) were 

identified, including 796 (809.0) single nucleotide changes, 9 insertions, and 71 deletions. A total 

of 1022 polymorphic polarised changes (1037.5 after adjustment for nucleotide background) 

were identified, including 870 (885.5) single nucleotide changes, 30 polymorphic insertions, and 

Figure 4.10. Nucleotide diversity for euchromatic pseudogenes on the X chromosomes and autosomes in 

the three populations used for this study. No significant differences were found between the 

chromosome types in any of the three populations, though numbers were low. 
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122 polymorphic deletions. Note that there may have been a slight underestimation of the 

number of polymorphic substitutions present due to the exclusion of some ancient pseudogene 

sequences from the Victorian population because of uncertainties about whether or not they 

were from D. simulans or D. melanogaster. 

 

Consistent with other studies, the most common type of DNA change found in the pseudogenes 

studied was a G → A / C → T transition (See Figure 4.11). A total of 568 instances of this transition 

(615.0 after adjustment for nucleotide background) were discovered, which is more than double 

the number of any other change found. The least common type of single nucleotide change found 

was a A → C / T → G transversion, with only 122 (111.5) of this type of change being detected. 

There were almost five times as many deletions (193) as there were insertions (39), and the 

median size of deletions (14) was almost five times as large as that of insertions (3) (see Figure 

4.12.). 

 

Figure 4.11. The proportion of each type of fixed (in dark grey) and polymorphic (light grey) change. N = 

1926.5 after adjustment for nucleotide background. Error bars are sampling error only. 
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A G-test conducted to determine whether strandedness existed in the data was statistically 

significant when both the actual number (G=14.2, df=6, p = 0.028) and adjusted number (G = 

27.5, df=6, p < 0.001) of nucleotide changes were tested. This was shown to be primarily due to 

differences between the number of A → G and T → C transitions; a total of 162 (184.2 after 

adjustment for nucleotide background) A → G transitions were observed, compared to only 114 

(107.8) T → C transitions. When the A → G/ T → C transition was removed the G-test was no 

longer statistically significant  (Non-adjusted substitutions: G=5.50, df=5, p=0.36; Adjusted 

substitutions:  G = 7.26, df = 5, p = 0.297).  

 

A previous study (Singh et al., 2005) detected a difference in mutation patterns between 

euchromatic and heterochromatic regions of the genome, ans thus I decided to test for this in this 

dataset. In order to increase power I pooled the results of the polymorphic and fixed changes. 

The distribution of the different nucleotide changes are shown in Table 4.3.. The results of a G-

test are not significant, with Gdf=11 = 9.52, p = 0.0.574 for the non-adjusted substitutions, and 

Gdf=11 = 15.10, p = 0.178 when the substitutions were adjusted for background nucleotide 

Figure 4.12. The proportion of mutations that were SNPs, insertions, and deletions. Dark grey 

represents fixed mutations, while light grey represents polymorphic mutations. 
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variation. These results were in the same direction as that found by Singh et al. (2005), with more 

A->G mutations being found in the euchromatin than in the heterochromatin, however this 

difference was minor, with A->G mutations representing 10.1% (8.8% after adjustment for 

nucleotide background) of the single nucleotide mutations in the euchromatin and 8.0% (7.2% 

after adjustment for nucleotide background) of mutations in the heterochromatin.  

 

 Euchromatin Heterochromatin Total 

T->A 81.8 (7.0%) 48.2 (9.1%) 130.0 

C->A 100.7 (8.7%) 55.0 (10.4%) 155.8 

G->A 225.0 (19.3%) 105.0 (19.8%) 330.0 

A->T 79.1 (6.8%) 34.3 (6.5%) 113.4 

C->T 198.3 (17.0%) 86.8 (16.4%) 285.1 

G->T 105.9 (9.1%) 40.1 (7.6%) 146.0 

A->C 35.3 (3.0%) 19.6 (3.7%) 55.0 

T->C 78.2 (6.7%) 21.0 (4.0%) 99.1 

G->C 66.8 (5.7%) 26.2 (4.9%) 93.0 

A->G 102.6 (8.8%) 38.0 (7.2%) 140.6 

T->G 32.9 (2.8%) 23.6 (4.5%) 56.5 

C->G 58.0 (5.0%) 32.1 (6.1%) 90.1 

Total 1164.5 530.0 1694.5 

Table 4.4. Breakdown of single nucleotide mutations in the euchromatin and heterochromatin. The 

numbers presented are the number of single nucleotide changes adjusted for nucleotide background. A 

G-test showed no statistically significant difference between the two types of chromatin. 
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Figure 4.13. Histogram of indel sizes, with deletions represented by light grey and insertions represented 

by dark grey. Far more deletions than insertions were found in this study, and the median size of 

deletions was larger than the median size of insertions. 

 

Comparison of the mutations that were polymorphic and fixed showed that there was no 

statistically significant difference in the nucleotide change spectrum (G = 3.81, df=5, p = 0.703), 

however a statistically significant difference did exist between the ratio of single nucleotide 

changes to insertions and deletions (G = 17.56, df = 2, p < 0.001). Polymorphic insertions and 

deletions were far more common than fixed ones, with the ratio of polymorphic insertions:single 

nucleotide changes and deletions:single nucleotide changes being 1:29.5 and 1:7.3 respectively, 

compared to 1(insertion):89.9(single nucleotide) and 1(deletion):11.4(single nucleotide) as they 

are for fixed changes. 
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4.3.5. Fst Values 

FST is a measure of population structure which measures the proportion of total heterozygosity 

that can be contributed to differences between populations (Wright, 1951). If FST values are low it 

suggests that very little population structure exists. Population structure can be caused by two 

main mechanisms: firstly, if different selective pressures act on different alleles in different 

populations it will result in increased differentiation between the populations and thus increased 

FST values. Secondly, gene flow will likely be reduced between populations relative to within 

populations. This means that local genetic drift effects may result in different allele frequencies in 

different populations, resulting in increased FST values. Elements of the genome which are 

undergoing natural selection will usually be subject to both of these effects. In contrast, 

sequences that are evolving neutrally (such as pseudogenes) should only be subject to the latter 

effect. Thus by characterising FST in neutrally evolving sequences we can gain an understanding of 

the baseline amount of population structure that is due to gene flow and genetic drift alone.  

 

FST values were calculated for a total of 43 different amplicons (Figure 4.14.). FST values were 

lower for comparisons between the two Australian populations (median = 0.0298, IQR=0.0162-

0.0554) than for the comparisons between the Australian and Zambian populations (median 

Victoria vs. Zambia = 0.104, IQR: 0.0699-0.1712; median Queensland vs. Zambia = 0.089, IQR: 

0.0470-0.1243), suggesting that the pseudogenes within the Australian population are more 

closely related to each other than they are to the African population. This difference is statistically 

significant (Wilcoxon signed rank test: Victoria/Zambia vs. Victoria/Queensland: p < 0.001; 

Queensland/Zambia vs. Victoria Queensland: p < 0.001), and is not surprising given th proximity 

of the Australian populations relative to each other and to the Zambian population. As expected, 

most FST values are low, as is expected of a neutrally evolving sequence. 
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4.3.6. Pseudogene Divergence 

Pseudogene divergence relative to D. simulans was calculated for the 11 pseudogenes for which a 

D. simulans outgroup was available. Both the mean and median divergence of this distribution 

were 0.11. 

Figure 4.14. Fst values for the comparison of pseudogenes between the populations. Black arrows represent 

the median values 
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Figure 4.15. Divergence between D. melanogaster and D. simulans for pseudogenes that have been 

inactive along the entireity of both the D. melanogaster and D. simulans lineages (n=11). Both the mean 

and median divergence are 0.11. 

 

4.3.7. The Half-Life of a Pseudogene 

The results obtained in this study are consistent with previous findings that suggest that deletions 

are more common than insertions in neutrally evolving D. melanogaster sequences. This means 

that if the pseudogenes in this dataset continue to evolve neutrally then they will eventually 

disappear from the genome. I calculated the half-life of a pseudogene using the method of Petrov 

and Hartl (1998), which compares the number of deletions to the number of point substitutions. 

  

One problem with this calculation is in working out which deletions to include. If I include all 71 

fixed deletions detected in our dataset then the mean length of deletion is 123.2bp. If I exclude 

the two largest deletions (a 5260bp deletion located in CG7467psi in the heterochromatin and a 

1351bp deletion located in CR32009, also in the heterochromatin), then the mean drops to 
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28.2bp. The overall median deletion size is 15bp. I have thus made multiple calculations using 

these values (See Table 4.5.). 

 

Condition Deletion Size Half-Life

Petrov & Hartl 24.9 14.3Myr

All deletions (mean) 123.2 4.1Myr

Deletions >1000bp 

excluded
28.2 17.7Myr

All deletions (median) 15 33.4Myr
 

Table 4.5. The half-life of a pseudogene 
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4.4. Discussion 
 

The initial aims of this chapter were to sequence as many high-confidence pseudogenes as 

possible in great depth in multiple populations of D. melanogaster and to use the results to 

characterise pseudogene and neutral evolution in this species. I have successfully amplified 47 

pseudogene sequences, including 28 new pseudogenes, 10 inactivated genes, and 9 ancient 

pseudogenes and have found that they varied on factors such as nucleotide diversity and πa/πs 

 

4.4.1. Pseudogene Type 

4.4.1.2. Ancient Pseudogenes 

Ancient pseudogenes have the highest levels of nucleotide diversity; their ratios of non-

synonymous to synonymous mutations (πa/πs) are centred around 1; and their McDonald-

Kreitman test results are not statistically significant. These results conform to neutral 

expectations, suggesting that ancient pseudogenes are likely to be neutrally evolving sequences. 

This is likely because ancient pseudogenes were inactivated before the divergence of D. 

melanogaster and D. simulans, and have been free to randomly accumulate mutations for the 

entirety of this period, longer than any other pseudogene type.  

 

Interestingly, although the median nucleotide diversity present in this class of pseudogenes is 

much higher than that present in the younger classes, the nucleotide diversity is much more 

variable. We can think of this in terms of the time to coalescence; although the most recent 

common ancestor of the younger pseudogenes has occurred after the divergence of D. 

melanogaster and D. simulans (with the possible exception of CR33471, where no inactivating 

mutations are fixed), this is not necessarily the case for ancient pseudogenes – there is a far 

greater time range over which the most recent common ancestor could have existed. D. 

melanogaster and D. simulans have been found to share 3.98% of their synonymous substitutions 

(Langley et al., 2012). This means that the time to coalescence of these shared substitutions likely 
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occurred before the divergence of D. melanogaster and D. simulans. Similarly, we may expect 

ancient pseudogenes to have polymorphisms that existed before this time. 

 

4.4.1.3. Inactivated Genes 

 

Inactivated genes have lower levels of nucleotide diversity than do ancient pseudogenes. This is 

likely due to the fact that although they have existed since the divergence of D. melanogaster and 

D. simulans they have had selective pressure acting upon them for much of this time, so have had 

less freedom to accumulate mutations. We can also think of this in terms of the time to 

coalescence: in the case of inactivated pseudogenes which have at least one fixed inactivating 

mutation, the most recent common ancestor of this mutation must have occurred along the D. 

melanogaster lineage. This means that in these instances, the time to coalescence of that part of 

the pseudogene is limited to a shorter time period than is the case for ancient pseudogenes. 

Furthermore, the inactivating mutation can be thought of as an “expanding population”, so in the 

area around it nucleotide diversity is reduced. 

 

We can compare these types of pseudogenes to CR33471, which is an inactivated gene in which 

multiple inactivating mutations have been fixed in the population. This pseudogene stands out as 

having a low pi(a)/pi(s) value in all populations, a statistically significant McDonald-Kreitman test 

result, and very high levels of polymorphism; CR33471 has far higher levels of polymorphism than 

expected of an inactivated gene, with 6.85 times as many polymorphic changes as there are fixed 

changes, compared to the 1.16 times as many found in the rest of the inactivated gene dataset. 

We can put this down to the fact that no particular inactivating mutation has yet to be fixed in the 

population, so many “sub-populations” of inactive alleles still exist, resulting in high levels of 

polymorphism.  

 

Previous resequencing experiments (see chapter two) had also found that there appeared to be 

no fixed inactivating mutations in this pseudogene, but every copy that had been resequenced 

contained multiple inactivating mutations. Based on the data available we still cannot with 100% 
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confidence exclude the possibility that there are still active alleles in the Drosophila melanogaster 

population, though given the number of alleles studied and the fact that no functional alleles 

were found makes this seem unlikely. The most likely explanation for the pattern observed in 

CR33471 seems to be that CR33471 has recently experienced a relaxation in the amount of 

selective pressure acting upon it, allowing inactivating mutations to accumulate to the point that 

it has become a pseudogene, but not to the point at which an individual inactivating mutation has 

had time to drift to fixation in the D. melanogaster population. Interestingly although CR33471 is 

active in D. simulans it has also become a pseudogene in sibling species D. sechellia, suggesting 

that CR33471 has been lost multiple times throughout history. 

 

4.4.1.4. New Pseudogenes 

 

New pseudogenes have the lowest levels of nucleotide diversity of any of the pseudogene types. 

There are several factors which are all likely contributors to this. New pseudogenes have not 

existed for as long as the other pseudogene types, and assuming that they arose via a single 

duplication event they will have lost all polymorphism at the time of their creation. Subsequently, 

they are expected to have not had as much time to accumulate polymorphisms. They can be 

thought of as being part of an expanding “pseudogene” population, which, like all expanding 

populations is expected to have reduced levels of nucleotide diversity. Another possible 

explanation that could result in decreased levels of nucleotide diversity in new pseudogenes is 

that new pseudogenes could have been fixed via selective sweeps. The majority of the new 

pseudogenes are located in the heterochromatin, and heterochromatin is known to have reduced 

levels of recombination, which results in increased levels of linkage disequilibrium, meaning that 

selective sweeps can act upon wider regions. Although the Tajima’s D test did not find evidence 

of recent selective sweeps, this does not definitively show that these are not responsible for the 

fixation of these pseudogenes. 

 

An alternative explanation to these theories could be that new pseudogenes are not actually fixed 

in D. melanogaster. Before conducting this experiment we found that these pseudogenes are 

fixed in all of the available DGRP sequences (Mackay et al., 2012), and also tested our primers to 
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ensure that the sequences were amplified in a set of D. melanogaster lines from around the 

world. Despite this, we have no way of ensuring that the pseudogene is present in every D. 

melanogaster fly in every population in the world, so it could be that we have sequenced flies in 

which this simply is not the case.  

 

4.4.2. Neutral Evolution 

4.4.2.1. Mutational Spectrum 

 

The most common type of mutation found in the pseudogene dataset was a G → A / C → T 

transition, and the least common type of single nucleotide change found was an A → C / T → G 

transversion. There were 5.23 times as many deletions as insertions, and the median size of these 

deletions was 4.67 times times the size of the median size of insertions. 

 

These findings are consistent with previous studies of the Drosophila melanogaster genome. In a 

study of mutation in Helena transposable elements in the Drosophila melanogaster species 

subgroup and D. virilis, Petrov and Hartl (1999) found that approximately 30% of the single 

nucleotide mutations found were due to G → A / C → T transitions, and only 10% were due to A 

→ C / T → G transversions. Since then this phenomenon has been observed in many different 

studies. For example, in a study of synonymous site evolution on the autosomes and X 

chromosomes of D. melanogaster and D. sechellia Singh et al. (2007) found that  G → A and C → T 

transitions were the most common types of mutations and A → C and T → G transversions were 

the least common types of mutations in both species and in both chromosome types. 

 

Studies of mutation accumulation lines have also shown this pattern – in a study of three 

spontaneous accumulation lines Keightly et al. (2009) found that 53/174 (30.5%) single nucleotide 

mutations were  G → A / C → T transitions, and that only 20/174 (11.5%) single nucleotide 

mutations were A → C and T → G transversions. 
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These results point to some potential role of methylation in shaping the mutational spectrum of 

the genome. Methylation results in an increase of cytosine to thymine transition mutations at 

CpG sites, which is consistent with the results observed in this study. Although for a long time 

methylation was thought not to exist in Drosophila, more recent work indicates that it does exist, 

although only in the early stages of embryonic development (Hung et al., 1999; Lyko et al., 2000).  

 

Significant strand non-complementarity was found in this data, with A → G transitions occurring 

42.1% more frequently (and 70.9% more frequently after adjustment for nucleotide background) 

than T → C transitions. This is surprising given that we would expect elements that are evolving 

neutrally to be naïve to chromosome strands. Despite this, this is not the first time that such a 

pattern has been observed; Singh et al. (2005) found statistically significant non-complementarity 

in four out of the six possible nucleotide changes in the DNAREP1_DM transposable element of D. 

melanogaster, including the A → G/ T → C non-complementarity observed in our study. Nielson 

et al. (2007) observed strand non-complementarity in D. melanogaster coding and intronic 

sequences, but the direction of the non-complementarity observed was different from that 

observed by Singh et al. (2005), and that found in our data. 

 

The causes of strand non-complementarity are unknown, but there could be biases due to origins 

of replication or complex effects involving neighbouring nucleotides which are not yet clear 

(Singh et al. 2005). 

 

One other surprising result in our data was that indels were more frequent relative to single 

nucleotide changes in the polymorphism data than they were in the fixed change data. This 

departure from expectations may be due to several reasons. Firstly, it could be that some of the 

indels that we found are not genuine indels and instead are relics of the experiment and analysis. 

It is unlikely that indels were artificially introduced during the analysis stage due to the fact that 

all sequences containing indels were manually realigned to the genomic sequence in order to 

ensure that they were aligned correctly. It is however possible that there was still something 
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about our analysis that resulted in an increased ratio of indels to single nucleotide changes. It is 

also possible that indels were introduced during the experimental stage, for example during PCR 

amplification. I used a high fidelity taq (Phusion Flash High-Fidelity PCR master mix) for the PCR 

reactions, which has an error rate of 9.5 x 10-7 (product information guide for Thermo Scientific 

Phusion Flash High-Fidelity PCR Master Mix), however due to the sheer size of this experiment 

(~25kb of pseudogene sequence in three populations and accepting any polymorphism that 

occurs at a frequency of greater than 0.5% in at least one population) it is possible that PCR errors 

may have had some impact on our experiment.  

 

Secondly, it may be that we see a reduction in fixed indels due to the fact that indels can fall on 

top of previous indels, meaning that the initial indel may not be observed in the final sequence. 

Although this will likely have some effect on the results this effect is not expected to be a major 

one due to the fact that indels are uncommon relative to nucleotide substitutions, so we can 

expect the effect of indels being masked by other indels to be even more uncommon. It thus 

seems likely that some other factor is also at play here. 

 

Thirdly, the differences observed in this experiment may not be differences in the indel frequency 

at all, but could instead be a difference in the single nucleotide change frequency. It is difficult to 

see how this could occur except by experimental error, and given that our frequency of single 

nucleotide changes is consistent with other studies it is unlikely that this is a problem. 

 

Finally, it may be that indels are still deleterious in supposedly neutral sequences. This may be 

because indels can cause structural changes (eg. by changing the spacing of important genome 

elements), or because large deletions can involve other important elements surrounding the 

pseudogene, which may result in negative selection occurring against the deletion. If we exclude 

any possible effect of experimental error, then it seems likely that this phenomenon is having 

some impact on our results. 
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It has previously been hypothesised that the high rate of deletions in Drosophila could be due to 

selection for a smaller genome size (Petrov et al., 1996, Petrov & Hartl, 1997). The above results 

do not contradict this, but rather provide some insight into the method of this selection. Selection 

for a smaller genome size has two possible modes of action: firstly, it could be acting to favour 

deletions that occur in the genome. These results suggest that this is likely not the case. Secondly, 

and more likely, it could be working on the replication machinery itself, to make errors resulting 

in deletions more likely than those involving insertions. The fact that we have found far more 

total deletions than we have insertions (193 vs. 39) makes this scenario appear likely. 

 

4.4.2.2. Euchromatin/Heterochromatin 

 

The results of this study suggest that nucleotide diversity is higher in euchromatin than in 

heterochromatin. Further to this, more of the polarised changes that were identified in the 

euchromatin were polymorphic (58.2%) compared to those identified in the heterochromatin 

(44.0%), where most changes were fixed. It is well accepted that heterochromatic regions of the 

genome have vastly reduces recombination rates relative to euchromatic regions. Regions of 

reduced recombination have been found to have lower levels of nucleotide diversity (Begun & 

Aquadro, 1992), presumably due long-range linkage disequilibrium resulting in selective sweeps 

which act to reduce nucleotide diversity. Indeed, increased levels of nucleotide diversity of 

euchromatin relative to heterochromatin have previously been identified in D. simulans (Begun et 

al., 2007).  

 

This may mean that selective sweeps can act on sites that are quite distant to the pseudogenes 

included in this study and result in a decrease in amounts of genetic variation in the pseudogene 

sequences. This selective sweep phenomenon could also result in pseudogenes in the 

heterochromatin being swept to fixation more easily than pseudogenes in the euchromatin, 

which would explain why far more of the new pseudogenes are found in the heterochromatin 

rather than the euchromatin.  
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4.4.2.3. X Chromosomes/Autosomes 

 

The finding that in the Australian (non-African) populations nucleotide diversity is higher for 

autosomal pseudogenes (medians: 0.0067-0.0068) than it is for X-chromosomal pseudogenes 

(medians: 0.0042-0.0048) (though not statistically significant) has previously been observed in 

other types of sequences (eg. MacKay et al. 2010; Yukilevich et al., 2010; Hutter et al., 2007; 

Andolfatto, 2001), as has the finding that this pattern does not hold for African pseudogenes. In 

this study we found that African autosomal pseudogenes have similar levels of nucleotide 

diversity (median = 0.0115) to that of the X chromosomes (median = 0.01000). This is also 

consistent with previous findings where the X chromosome was found to have similar (Yukilevich 

et al., 2010; Hutter et al., 2007) or higher (Andolfatto, 2001) levels of nucleotide diversity than 

autosomes in sub-Saharan African populations.  

 

Possible explanations for this include: 1. Increased numbers of inversions on the African 

autosomes. Inversions are expected to result in increased levels of linkage disequilibrium, which 

in turn increases the likelihood of long-range selective sweeps, which are expected to result in a 

reduction in nucleotide diversity (Andolfatto, 2001). 2. Differing purifying selection. If one 

population has greater levels of purifying selection acting upon a genome region then it will be 

expected to have lower levels of nucleotide diversity in and around this region (Hutter et al., 

2007). Note that while purifying selection is not expected to act upon pseudogenes, linkage 

disequilibrium may result in a reduction of nucleotide diversity due to purifying selection acting 

upon surrounding regions. 3. Differing gender ratios. If the gender ratios are different between 

populations it will result in non-equal effective population sizes for males and females, which in 

turn will result in differing levels of nucleotide diversity on the X-chromosomes and autosomes 

(Hutter et al., 2007, Charlesworth et al., 2001).  
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4.4.2.4. General Nucleotide Diversity and Divergence 

 

The results of this experiment show that pseudogene nucleotide diversity is higher in the Zambian 

population than it is in either of the Australian populations, which is consistent with previous 

studies of other regions of the genome that show that populations from sub-Saharan Africa 

typically have higher levels of nucleotide diversity than populations from elsewhere in the world 

(eg. Langley et al., 2012; Yukilevich et al., 2010; Hutter et al., 2007; Pool & Aquadro, 2006; 

Anfolfatto, 2001). It is thought that this difference is due to population bottlenecks occurring as 

Drosophila melanogaster moved out of Africa, resulting in decreased levels of nucleotide diversity 

elsewhere in the world as compared to Africa.  

 

The average pairwise nucleotide diversities calculated for the pseudogenes located in the 

euchromatin were similar to the nucleotide diversity found in previous whole-genome 

resequencing experiments (MacKay et al., 2012; Kolaczowski et al., 2011) and specific loci 

resequencing experiments (Yukilevich et al., 2010; Hutter et al., 2007). The general nucleotide 

diversities found in our experiment are lower than the average nucleotide diversities found at 

synonymous sites by Mackay et al. (2012), for new pseudogenes and inactivated genes, but 

similar values were found for ancient pseudogenes: Mackay et al. (2012) found nucleotide 

diversity at synonymous sites to be in the range of 0.010-0.014 for synonymous sites on the 

different autosomes, and 0.007 for the X chromosome in the North American population studied. 

The most likely explanation for this is, as discussed earlier in this discussion, that ancient 

pseudogenes are the only pseudogene sequences that have been evolving neutrally along the 

entirety of the D. melanogaster lineage. Additionally, D. melanogaster from North America are 

known to have higher levels of nucleotide diversity relative to other populations from outside 

Africa, which is also a likely contributor to this difference (Yukilevich et al., 2010). 

 

The nucleotide diversity found amongst the ancient pseudogenes and inactivated genes in this 

study (k=0.11) is similar to that found by Mackay et al. (k≈0.11 for all autosomes). Taken together 

these results are interesting, in that synonymous sites have been thought to have selective 

pressure acting upon them; however the level of selection acting upon synonymous sites at a 
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whole-genome level seems to be similar to that acting upon pseudogenes. It has previously been 

found that the selective pressure acting upon synonymous sites in D. melanogaster is relaxed 

relative to that acting upon D. simulans. It may be that although selective pressure is acting upon 

selective sites in some D. melanogaster genes, the selection in relaxed in many others to the 

point that they can evolve close to neutrality. This may be due to a smaller population size in D. 

melanogaster relative to D. simulans. 

 

4.4.2.5. Tajima’s D 

 

Although the mean Tajima’s D values of both Australian populations lay close to zero as is 

expected under neutral expectations, the mean Tajima’s D value of the Zambian population was 

found to be -0.764, which was significantly different to zero (p<0.001). This indicates an excess of 

rare alleles relative to expectations.  

 

Pool and Aquadro (2006) found a similar result in a study of four intergenic X-linked loci;  of the 

21 sub-Saharan African populations that they studied 17 had negative values for Tajima’s D. They 

tested three different scenarios that could have resulted in reduced values of Tajima’s D – 

population structure, population growth, and negative selection – and determined that 

population structure had had little effect on the proportion of rare alleles in their data, and that 

the reduced value was unlikely to be caused by negative selection alone. They thus concluded 

that recent population growth (possibly coupled with negative selection) likely resulted in 

decreased Tajima’s D values. 

 

One alternative explanation to this is that low-level admixture may have resulted in decreased 

Tajima’s D values in the African population. Cosmopolitan admixture is known to exist in African 

D. melanogaster populations. Pool et al. (2012) found that in the Zambian populations used for 

our analysis the amount of admixture found in individual genomes ranged from 1.4% to 84%. 

While a moderate amount of admixture can result in an increased Tajima’s D value, a small 

amount results in an excess of rare alleles, thus resulting in a decreased value of Tajima’s D. The 
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fact that low-level admixture is known to exist in the Zambian population used for this analysis 

means that this is a likely explanation for the low Tajima’s D value observed in our dataset, 

potentially coupled with recent population growth. 

 

4.4.2.6. Fst Values 

 

The Fst values calculated for the pseudogenes in this study were relatively low, with a median of 

0.030 (IQR: 0.005-0.055) for comparisons between the two Australian populations, and medians 

of 0.101 (IQR: 0.070-0.166) (Victoria) and 0.091 (0.047-0.126) (Queensland) for the comparisons 

between the Australian and Zambian populations. 

 

These values are lower than other previously reported Fst values, with a genome-wide 

comparison between Australian flies from Queensland and Tasmania returning a mean FST value 

of 0.112±8.23×10-5 (Kolaczkowski et al., 2011), which is considerably higher than the median 

value of 0.030 obtained for our experiment (note that the mean value obtained for our 

pseudogenes was 0.053, but the distribution is strongly positively skewed). Previously obtained 

FST values for sub-Saharan-African populations vs. non-African populations are typically in the 

range of about 0.15 to about 0.3 (Verspoor & Haddrill, 2011; Pool & Aquadro, 2006; Caracristi & 

Schlötterer, 2003), but have been found to be higher for genes that are known to be functional – 

for example, Braverman and others (2005) found that the Ewg gene had an FST value if 0.688 for 

comparisons between the US and Africa,  and 0.811 for comparisons between Europe and Africa. 

These lower FST values reflect the fact that pseudogenes should not have selective pressure acting 

upon them, and most of the pseudogenes should have become differentiated due to population 

separation and genetic drift alone (note that in some cases linkage disequilibrium between the 

pseudogenes and sites subject to selection may have resulted in an increased FST value). Thus the 

FST values obtained obtained in this experiment provide us with a good baseline for understanding 

population differentiation in the absence of natural selection. 
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4.4.3. Conclusions 

In conclusion, many of the results found in this experiment are consistent with previous 

experiments of supposedly neutrally evolving sequences; there were far more deletions in this 

dataset than there were insertions, the single nucleotide change spectrum was consistent with 

previous results, strand non-complementarity was found as in previous studies, nucleotide 

diversities were as expected, and there was more nucleotide diversity present in the euchromatin 

than in the heterochromatin. The fact that these results are consistent indicates that both 

pseudogenes and some elements previously used to characterise neutral evolution (synonymous 

sites and dead-on-arrival transposable elements) are all likely to be good estimators of neutral 

evolution. 

 

Despite this, there were a number of results that had not been found previously. Firstly, I used 

the pseudogene dataset to characterise baseline FST values occurring in neutrally evolving 

sequences. These values may be used in future as a point of comparison for other sequences in 

similar populations to determine whether selection may have been occurring. Secondly, I found 

that more indels are polymorphic than are fixed relative to single nucleotide changes. This 

suggests that despite Drosophila melanogaster apparently favouring a smaller genome size, 

selection may actually be acting against the fixation of indels. This means that any selection for a 

smaller genome is likely occurring at the point of the replication machinery rather than at the 

point of selection once deletions have occurred. Finally, the amount of polymorphism occurring in 

pseudogenes is related to pseudogene type, which is likely a direct consequence of genetic drift 

acting differently on different pseudogene effective population sizes. This gives us greater insight 

into the role of genetic drift in shaping non-functional elements in the genome in their initial 

stages of existence.   
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Chapter 5 - Esterase-7 
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5.1. Introduction 
 

In previous chapters I identified and characterised sequences that are likely to be genuine 

pseudogenes. But what does a gene look like when it is in the process of becoming a 

pseudogene? One gene that may help us to answer that question is Esterase-7. Esterase-7 is a 

member of the beta-carboxyl-esterase cluster in D. melanogaster (Figure 1). The cluster contains 

two genes; Esterase-6, which is known to be catalytically active, and Esterase-7, which is also 

catalytically active (Dumancic et al., 1997), but has a high frequency of loss of function alleles - 

from 14.3% in Africa to 52.9% in North America - in natural populations of Drosophila 

melanogaster (Coppin, 2003). Thus it has been suggested that the selective pressure acting on 

Esterase-7 may have been relaxed, and it may be undergoing the process of becoming a 

pseudogene. 

 

 

Figure 5.1. Esterase-6, Esterase-7 (also known as Esterase-P) and Thoc6, as viewed using Flybase GBrowse 

(http://flybase.bio.indiana.edu/cgi-bin/gbrowse/dmel/) 

 

The beta-esterase cluster has long been of interest to evolutionary biologists working with 

Drosophila due to the fact that Esterase-6 was one of the first genes found to have a latitudinal 

cline – Oakeshott and others (1981) found that the frequencies of the Fast/Slow allozymes of this 

gene cline on three continents in both hemispheres, with the fast allozyme being present at 

higher frequencies in equatorial latitudes on all continents. This suggests that some form 

environmental selection which changes with changing latitude may be acting upon Esterase-6. As 
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yet the exact nature of this selective pressure or even the specific residues of the Esterase-6 locus 

which are subject to selective pressure have yet to be determined. It has been found, however, 

that Esterase-6 is transferred from males to females upon mating and affects subsequent mating 

behaviour (Scott, 1986; Gilbert & Richmond, 1982), and also that it seems to have a role in sex 

pheromone response in adult males (Chertemps et al., 2012). It is not clear how these functions 

relate to the latitudinal clines in allozyme frequencies. Thus it may be that Esterase-6 clines as a 

result of linkage disequilibrium with variants affecting neighbouring genes upon which selection is 

acting. 

 

The role of Esterase-7 is even less clear: it is known to be catalytically active (Dumancic et al., 

1997), however very high frequencies of loss of function alleles exist in natural populations. This 

has led to several hypotheses being proposed that may explain this pattern. The first of these was 

by Balakirev and Ayala (1996), who proposed that Esterase-7 could be redefined as a “cryptic” 

pseudogene; that is, a sequence that no longer performs a useful function, but that displays some 

characteristics of functional genes such as having an intact open reading frame in some lines, and 

producing a catalytically active enzyme. Although this could potentially be the case, many genes 

that are known to have important functional roles (for example Alcohol dehydrogenase) are 

known to have loss-of-function alleles segregating in natural populations (Langley et al., 1981), so 

it may well be that despite the high frequency of loss-of-function alleles Esterase-7 is still 

performing some important functional role. 

 

Another hypothesis, also proposed by Balakirev and Ayala (2004) is that the -esterase cluster 

could be an example of an ‘intergene’ in which both Esterase-6 and Esterase-7 are required for 

proper gene function.  Coppin (2003) further added to this hypothesis by suggesting that 

Esterase-7 may act via an RNAi mechanism to regulate the Thoc6 gene, with which it has been 

proposed to have extensive overlap (see Figure 5.1.) This hypothesis is particularly interesting 

because Thoc6 is a member of the THO protein complex, which is highly conserved in species as 

distantly related as animals (Rehwinkel et al., 2004) and yeast (Piruat & Aguilera, 1998), and has 

homologs in plants (Furumizu et al., 2010). Other members of the Drosophila THO complex have 

been shown to be essential for the transport of heat shock mRNA out of the nucleus (Rehwinkel 

et al., 2004). If Esterase-7 regulates the Thoc6 gene then this may even explain the cline observed 
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in Esterase-6: Esterase-6 may cline due to linkage disequilibrium with Esterase-7 which is in turn 

regulating Thoc6 which may play a role in climatic response. 

 

One different but related hypothesis that does not require interactions between neighbouring 

genes is that Esterase-7 itself may only be necessary under some environmental conditions (eg. 

low temperatures), and thus a large frequency of loss of function alleles may accumulate where 

these pressures do not exist. Conversely, it may be that it is advantageous to have non-functional 

Esterase-7 alleles under some environmental conditions, and there may be positive selection for 

loss-of-function alleles in these environments. 

 

Finally there is the hypothesis that the selective constraint acting upon Esterase-7 in D. 

melanogaster has recently been relaxed to the point that it is no longer strong enough to 

overcome genetic drift, and Esterase-7 may be in the process of becoming a pseudogene. 

Population data support this hypothesis - for example, a study of 78 Drosophila melanogaster 

lines from around the world found the pairwise nucleotide diversity of the coding region to be 

0.0115 for Esterase-7 compared to 0.0057 for Esterase-6 (Balakirev & Ayala, 2004), which 

suggests that there is more selective constraint acting upon Esterase-6 than there is upon 

Esterase-7. Similarly, in a study of ten D. melanogaster lines πa/πs was found to be much higher 

for Esterase-7 (0.624) than it was for Esterase-6 (0.250) (Balakirev & Ayala, 1996). Studies of six 

other member of the melanogaster subgroup (Balakirev et al., 2006) have also failed to find any 

loss-of-function alleles (See Figure 5.2), suggesting that the high frequency of loss-of-function 

alleles may be unique to D. melanogaster. This would be consistent with the hypothesis that the 

requirement for a functional Esterase-7 gene has recently been lost in D. melanogaster. 

 

In this chapter I will test these hypotheses, and attempt to determine whether Esterase-7 is in the 

process of becoming a pseudogene or if an alternative hypothesis can better explain the patterns 

observed. 
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5.1.1. Main Tests and Hypotheses 

Hypothesis 1: If the selective constraint acting upon Esterase-7 has been relaxed in Drosophila 

melanogaster and it is in the process of becoming a pseudogene in this species but is still 

undergoing strong selection in other species, then we expect signatures of purifying selection to 

be stronger in other species than in D. melanogaster. To test this, I resequenced Esterase-7 in 

multiple lines of the closely related species D. simulans, along with the more distantly related 

species D. takahashii (See Figure 5.2).  

 

 

 

 

 

 

 

Figure 5.2. Phylogenetic tree based on figures by Kastanis and others (2003), Ko and others (2003) and 

Jeffs and others (1994). The exact phylogenies of the melanogaster subgroup and the branch involving 

D. simulans, D. sechellia and D. mauritiana are unclear possibly due to ancestral lineage sorting 

(Pollard et al., 2006). D. simulans, D. sechellia, D. mauritiana, D. yakuba, D. terissieri, D.erecta and D. 

orena have all previously been sequenced as a single copy and no inactivating mutations have been 

found. In this experiment I focus on resequencing D. simulans, D. takahashii and D. ananassae. 
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Hypothesis 2: It may only be advantageous to have a functional Esterase-7 allele in some 

environmental conditions, or conversely, it may be advantageous to have a non-functional 

Esterase-7 allele in some environmental conditions. If this is indeed the case we would expect to 

find differing frequencies of loss-of-function alleles in different environmental conditions. In 

order to test this hypothesis I conducted three different experiments to characterise the 

frequency of Esterase-7 loss of function alleles along the East Coast of Australia which spans a 

range of climates, from warm tropical temperates in the North, to cooler temperates with cold 

Winters in the South. 

 

Hypothesis 3: If Esterase-7 does indeed regulate Esterase-6 or Thoc6, as posited by the intergene 

hypothesis of Balakirev and Ayala and speculated by Coppin (2003) then we might expect to see 

altered levels of Esterase-6 and/or Thoc-6 in lines containing Esterase-7 loss-of-function alleles. In 

order to test this, two experiments were performed: firstly transcript levels of the three genes 

were compared among Esterase-7 null lines and wild-type lines. Secondly, after finding evidence 

that the frequency of the most common Esterase-7 LOF allele clines along the east coast of 

Australia, the level of all three transcript in flies from different populations from along the east 

coast of Australia were measured to determine whether expression levels also cline. 

 
 
5.2. Methods 
 

5.2.1. Resequencing of Other Drosophila Species  

5.2.1.1. D. simulans Resequencing 

 

The following Bloomington stock centre D. simulans lines were used for this analysis: 

 

 001 (Guyana, 1956) 

 004 (Australia, 1955) 
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 005 (Peru, 1956) 

 006 (California, 1961) 

 009 (Papua New Guinea, 1961) 

 180 (Mexico, 2002) 

 181 (Greece, 2002) 

 184 (Congo, 2003) 

 194 (California, 1995) 

 197 (Madagascar, 1998) 

 198 (New Caledonia, 1991) 

 199 (Kenya) 

 

Along with these, three isofemale Australian lines (kindly donated by Jennifer Shiriffs) were also 

sequenced. 

 

DNA was extracted from single flies from each line using the ‘squishing buffer’ protocol described 

by (Gloor et al., 1993) The entire Esterase-7 locus was then amplified using two sets of 

overlapping primers: 

F1: 5’-GCTTATTCCCAACTGGCTTG-3’; R1: 5’-AGCTTCGGACAGCAGAGAC-3’  

F2: 5’-GGTCATACAGCAGGGTGGAC-3’; R2: 5’-CAATGTAGAGGGCGAGGAAA-3’  

which were designed using Primer3 (Rozen & Skaletsky, 2000; http://frodo.wi.mit.edu/), checked 

for specificity and primer dimers using Amplify version 3.1.4 (Bill Engels; 

engels.genetics.wisc.edu/amplify), and ordered from Geneworks. The PCR reaction was carried 

out in volumes of 50L using homemade taq polymerase (Robert Good) with a final concentration 

of 1 NEB ThermoPol PCR buffer; 200M each dNTP; and 0.2M of each primer.  
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Cycling conditions were: 94C 2 minutes; 35 cycles of (94C 15 seconds, 62C 15 seconds, 72C 1 

minute); 72C 1 minute; hold at 4C.  The PCR products were run on agarose gels to check for 

amplification of the correct sized products, before being sent to Macrogen for purification using 

ethanol precipitation followed by sequencing on a 3730xl DNA analyser. 

 

The sequences were assembled with Sequencher version 4.6 using the sequenced line (white501) 

as a reference. Double peaks were called (default settings) to allow identification of 

heterozygotes. They were then manually scanned to ensure appropriate base-calling before being 

imported into MEGA4 (Tamura et al., 2007; http://www.megasoftware.net/), where the intron 

was removed and the sequences were translated to determine whether stop-codons, frameshifts, 

large indels, or substitutions of important residues (as defined by Coppin, 2003) were present.  

 

The data were then imported into DNAsp 4.10 (Rozas et al., 2003), and the nucleotide diversity 

and replacement and silent site polymorphism data was calculated. 

 

5.2.1.2. D. takahashii Resequencing 

 

The following D. takahashii lines were ordered from the UC San Diego Drosophila Stock Centre 

and used for this analysis: 

 

14022-0311.00 – Nepal (1954) 

14022-0311.01 – Kerale, India (1968) 

14022-0311.02 – Wulai, Taiwan (unknown date) 

14022-0311.03 – Luzon, Philippines (1968) 
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14022-0311.04 – Los banos, Philippines (1968) 

14022-0311.05 – Yun Shui, Taiwan (1968) 

14022-0311.06 – Chiang Doa, Thailand (1971) 

14022-0311.07 – Ulu Temburong National Park, Brunei (2003) 

 

DNA was extracted from single flies of each line using a modified chelex method (crush fly with 

6L 4mg/mL proteinaseK; add 150L 5%(w/v) chelex solution and mix; incubate at 55C for 1 

hour; vortex and incubate at 95C for 10 minutes; centrifuge at maximum speed for 5 mins). 

 

Redundant primers were designed by eye against a multiple species alignment, checked for 

primer dimers and specificity using Primer 3 (Rozen & Skaletsky, 2000; http://frodo.wi.mit.edu/) 

and Amplify version 3.1.4 (Bill Engels; engels.genetics.wisc.edu/amplify), and ordered from 

Invitrogen. 

 

 

The final primer sequences were as follows:  

 

1F: 5’-ATCSATKCCSWAYGCNGA-3’; 1R: 5’-GTCRTCTCCRTGNACNGTACCT-3’; 

2F: 5’-AAARYAYGGCAARAGYCCNGT-3’; 2R: 5’-CNTGCTACTCNGCAGTNTGG-3’; 

 

This PCR was performed using a hot-start touch-down protocol. The final cycling conditions were: 

94C 1 min; 94C 15 sec, 64C to 50C touchdown at 1C/cycle, 72C 1 min; 35 cycles of 94C 15 

sec, 50C 15 sec, 72C 1 min; 72C 1 min. PCR products were then sent to Macrogen for 

purification and sequencing, before being analysed using the method described for D. simulans. 
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5.2.1.3. D. ananassae Resequencing 

 

While the above study was being conducted, it was discovered that Drosophila ananassae has 

four genes in its -esterase cluster - three which are derived from Esterase-6 (Denoted 

Esterase6a-c) and one derived from Esterase-7 (Robin et al., 2009). Although Esterase-6b appears 

to be functional in the sequenced line, the other three genes all contain inactivating mutations – 

Esterase-6a contains a 2bp frameshifting insertion; Esterase-6c contains a premature stop codon; 

and Esterase7 contains a 2bp frameshifting deletion. Thus it appears that following an expansion 

of the β-esterase cluster in D. ananassae, selective constraint may have been relaxed and 

members of this cluster may be in the process of becoming pseudogenes. In order to examine the 

patterns of evolution in D. ananassae beta-esterases I resequenced them in nine other strains of 

D. ananassae. The following UC San Diego stock centre D. ananassae lines were used for this 

analysis: 

 

 1402-0371.03 (Hawaii, 1966) 

 1402-0371.12 (Florida, 2002) 

 1402-0371.15 (St Kitts Island, 2005) 

 1402-0371.16 (Mexico, 2004) 

 1402-0371.17 (Guinea, 2005) 

 1402-0371.18 (Ghana, 2004) 

 1402-0371.31 (India, 2006) 

 1402-0371.33 (Malaysia, 2004) 

 1402-0371.34 (Indonesia, 2004) 
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As well as these, the following lines from Queensland, Australia (collected by Robert T. Good) 

were analysed: 

 

 CTA1 (Australia, 2006) 

 CTA4 (Australia, 2006) 

 ICA2 (Australia, 2006) 

 

DNA was extracted from single flies of each line using a standard chelex extraction method. 

 

Primers were designed using Primer3 (Rozen & Skaletsky, 2000; http://frodo.wi.mit.edu/), 

checked for specificity and primer dimers using Amplify version 3.1.4 (Bill Engels; 

engels.genetics.wisc.edu/amplify), and ordered from Invitrogen. Each set of primers ordered 

amplified approximately 1.2kb of the internal sequence of each gene. 

 

The final primer sequences were as follows: 

 

Esterase6a: F 5’-CAAGGATCCACTTTTGGTACA-3’; R 5’-AGACAGGACTTTTTCCAGACG-3’ 

Esterase6b: F 5’-CTGAGCTGCCTCTGGATCG-3’; R 5’-CGAAGGCGTAGGAAGGACTC-3’ 

Esterase6c: F 5’-CGCAAATGGACAGAAACCTTC-3’; R 5’- CAGACGGGAATCTCTCAGG-3’ 

Esterase7: F 5’-CCTCTTCTGATCCTCTGATTGTC-3’; R 5’- CGTTGTCCCACTCCACTAATC-3’ 

 

Two further pairs of primers were later ordered to sequence the remaining region of Esterase6c. 

These were: 
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Esterase6c1F: 5’- AGATAACGTGGGCAGTGAGG -3’; R: 5’- AAGCTGCCTTCTCGCATAAC-3’ 

Esterase6c2F: 5’- AGTGGCGCAGGTTCTAACTC -3’; R: 5’- ACCCGTGCACCACTTCAT -3’ 

 

The PCR reactions were all carried out in volumes of 50L with a final concentration of 1 NEB 

ThermoPol PCR buffer; 200M each dNTP; and 0.2M of each primer. Cycling conditions were: 

94C 2 minutes; 35 cycles of (94C 15 seconds, 58C 15 seconds, 72C 1 minute); 72C 1 minute; 

hold at 4C.  The products were run on agarose gels to check for amplification of the correct sized 

products, before being sent to Macrogen for purification using ethanol precipitation followed by 

sequencing on a 3730xl DNA analyser. 

 

Sequences were assembled and analysed using the same method described for D. simulans with 

the exception that sequences which were found to contain indels were cloned into JM109 

(Promega) competent cells using the pGEM-T easy kit (Promega) before being resequenced. 

 

 

5.2.2. Clinal Analysis 

5.2.2.1. Loss of function allele High Resolution Melt Analysis 

 

DNA was extracted from individual field females from 17 different populations from along the 

east coast of Australia and is described in McKechnie et al. (2010).   

 

The quality of all DNA samples was assessed by performing a standard PCR reaction using the 

Esterase-7 genotyping primers described below, and cycling conditions 95C for 10 minutes, then 

30 cycles of 95C for 10 seconds, 58C for 15 seconds, and 72C for 15 seconds. The resulting 

products were then run out on a 2% agarose gel. Any samples that did not produce products of 
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the expected size were excluded from further analysis. A total of 332 samples had DNA which was 

suitable for genotyping, and population numbers ranged from 9 to 25, with an average number of 

19.5.  

 

A high resolution melt analysis technique was then used to genotype the samples for the most 

common premature stop codon found in the Australian population, which is caused by a G to A 

mutation at position 1068 (Coppin, 2003). The primers used in this analysis were:  

 

F: 5’-AGAAACAAATTAACTGGCGAGAG-3’; R: 5’- AACCATCGATCATTGAGTAGGTC-3’.  

 

The product produced using these primers is 53bp in length, with only 10bp in the region 

between the two primers, thus minimising the likelihood of other polymorphisms affecting the 

analysis. The cycling conditions were: 95C for 10 minutes, then 50 cycles of 95C for 10 seconds, 

58C for 15 seconds, 72C for 15 seconds, followed by a melting cycle consisting of 95C for 1 

minute, 40C for one minute, ramping to 60C at 4.4C/second, then ramping to 95C at 

0.02C/second. The reaction was performed on the Roche LightCycler 480 using 10uL volumes, 

each of which contained a final concentration of 1 Immolase buffer, 0.05 Roche HRM 

MasterMix, 0.4M of each primer, 0.16mM dNTPs, and 2mM MgCl2, along with 0.05U Immolase 

DNA polymerase (this mastermix protocol was designed and optimised by Siu Fai Lee). As it 

occasionally proved difficult to tell the two different types of homozygotes apart the master-mix 

was spiked with DNA from line DGRP-732, which represented the sequence of the wild-type allele 

in this region. This meant that all flies containing at least one loss of function allele would look 

like heterozygotes, and all flies that did not have the inactivating mutation would look like 

homozygotes. Following this, the real-time PCR was repeated on the loss of function allele-

containing lines, this time without spiking the master-mix in order to distinguish null 

homozygotes from null heterozygotes. Regression analyses including testing of regression 

assumptions were performed using SPSS 17.0.0. 
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5.2.2.2. North-South 454 Study 

 

As a highly significant Esterase-7 cline had been found for one loss of function allele, we decided 

to test whether frequencies of other Esterase-7 loss of function alleles differed significantly 

between northern and southern Australian populations by including Esterase-7 in the large-scale 

454 study described in the previous chapter. The methodology of fly collection, DNA extraction, 

primer design, sequencing and initial data analysis is described in chapter four of this thesis. The 

two populations used were the Innisfail (Northern Australia) and Romsey (Southern Australia) 

populations as described previously. 

 

The sets of primers used in this study are as follows: 

 

1F: 5’- CAGAATAGGCAGCATGTGGA - 3’; 1R: 5’- AGCAATCCTCATCACCCATC - 3’; 

2F: 5’- CGTTTGTTTACCCGCAGTTT - 3’; 2R: 5’- TTTCCCGGCAAGTGTCTATC - 3’; 

3F: 5’- TTGAAGCACCTCAGCCGTAT - 3’; 3R: 5’- ACCCTGCTGTATGACCCAAG - 3’; 

4F: 5’- CGTGAGGGAACTTTGCTTGT - 3’; 4R: 5’- TCCCGCTCTTAATCACTGCT - 3’; 

5F: 5’- TTGTGCTCATTGGTCACTCTG - 3’; 5R: 5’- CTGCTGCCTGAGATCAAATG - 3’; 

6F: 5’- TCCGAAGCTTCCTTGTGTTT - 3’; 6R: 5’- CGCAAGTATGTACCCACCAA - 3’; 

7F: 5’- ATTGGGCACCATACTTGCTC - 3’; 7R: 5’- TTTCGTGAAATACGCAGCAC - 3’; 

8F: 5’- GGAGTGGGTCAATTGCTTTC - 3’; 8R: 5’- CACACTGCCTGCTACTCTGC - 3’; 

 

The region covered by these primers extends from 203bp upstream of the Esterase-7 start codon 

to 254bp downstream of the normal stop codon, and includes all of the potential Esterase-7 

inactivating mutations identified by Coppin (2003) (See Figure 5.3). 
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All polymorphisms with frequencies above 0.5% were identified using the techniques described in 

chapter 4, and the frequencies of inactivating mutations were extracted from these. A G-test was 

conducted in order to determine whether the frequencies of inactivating mutations differed 

between populations.  

 

As the individual reads did not cover the entire locus, haplotype data were not available for the 

entire gene and thus the total number of loss of function alleles could not be accurately 

determined from this data alone. In an attempt to calculate this information the haplotypes 

obtained by Coppin (2003) were examined, and seven mutations were identified that were non-

overlapping between haplotypes in any of the 153 lines sequenced by Coppin (2003). Thus these 

were ‘diagnostic’ of inactivated alleles. G-tests were then conducted to determine whether the 

frequencies of these differed significantly between the populations. Note that this technique can 

only be considered an approximate method due to potential recombination events between the 

inactivating mutations.  

 

5.2.2.3. Clinal Expression Study 

 

The cDNA used for this experiment was created from RNA extracted from 96-hour-old (third 

instar) larvae from 14 different D. melanogaster populations which had been collected from along 

Figure 5.3. Locations of the amplicons covered in this experiment in relation to the Esterase-7 coding 

region. Partial copies of the Esterase-6 and Thoc-6 coding regions are also shown in this diagram. 
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the East coast of Australia in 2008. It was kindly given to me by Siu Fai Lee, and is described in Lee 

et al. (2011). 

 

Expression levels of Esterase-6, Esterase-7 and Thoc6 were measured by performing real-time 

PCR reactions using a Roche LC480. Reactions were performed using the following real-time PCR 

primers, which were designed using Primer3 and Amplify and ordered from Invitrogen, along with 

the RpL9 and Alpha-tubulin housekeeping primers (See Appendix 4). 

 

Est6 F : 5’ -  CATTGGATCTTCATCGCAAA – 3’; R: 5’ – CACCGTGTACAGTTCCAAAATC – 3’; 

Est7 F: 5’ -  GAACGTGCAGCGAATGTTTA – 3’; R: 5’ – CCGTGGACAGTACCAAAATG – 3’; 

Thoc6 F: 5’ – TTCCTCGACAGCAAGATTGA – 3’; R: 5’ – ATATGCTCGGTTTCCCTTTATG – 3’; 

 

Real-time PCRs were performed on the Roche LightCycler480 using the Esterase-6, Esterase-7, 

Thoc6, RpL9 and Alpha-tubulin primers described in the above section. The reactions were 

performed in 10uL volumes, each of which contained a final concentration of 1 Immolase buffer, 

0.05 Roche HRM MasterMix, 0.4M of each primer, 0.16mM dNTPs, and 2mM MgCl2, along with 

0.05U Immolase DNA polymerase (mastermix protocol by Siu Fai Lee). The cycling conditions 

were: 95C for 10 minutes, then 50 cycles of 95C for 10 seconds, 58C for 15 seconds, 72C for 

15 second, followed by a melting cycle to ensure that the correct product had been amplified. 

 

In-run standard curves were constructed, and the data was quantified using the advanced relative 

quantification pathway in the Roche LC480 software. Cycling and reaction conditions were the 

same as those used for the high resolution melt genotyping reaction.  

 

Regression analyses were performed using the statistical package Mintab 16.0. Graphs of the 

residuals vs. predicted values were produced, and regression assumptions were tested. Graphs 



149 | P a g e  

 

were produced using Microsoft Excel 2010, and regression lines and R-squared values were 

calculated by this program. 

 

5.2.3. Expression Analysis 

Lines used in this analysis were the Drosophila Genome Reference Panel lines 25203, 25204 and 

25205 (Bloomington Stock Centre Numbers), and four highly inbred Australian lines which were 

kindly given to me by Lea Rako – 62, 126, 140 and 171. Of these, lines 25204, 126, and 62 had 

been found to contain a loss-of function allele caused by a G->A mutation at position 1068 

resulting in a premature stop codon – 25204 by analysing the publicly available sequences, and 

126 and 62 using the high-resolution melt genotyping protocol described in Section 2.2.1. of this 

chapter. 

 

Large numbers of flies from each line were transferred to laying cages containing plates sprinkled 

with live yeast. The flies were allowed to adjust for 24 hours, after which time the plates were 

replaced with new ones. After four hours the plates were removed and the eggs were washed 

before being returned to the plates to hatch overnight. The following day first instar larvae were 

transferred in groups of thirty to vials containing Cornmeal-Dextrose Drosophila medium 

(Appendix 2). They were left to grow at 25 degrees Celsius in constant lighting conditions until 

they reached the third instar wandering phase, at which time they were removed from the vials 

and snap-frozen in liquid nitrogen in groups of ten. They were then ground in TRIsure (Bioline) 

and stored at -70C before later having their RNA extracted using a standard TRIsure extraction 

protocol. cDNA was made using M-MuLV reverse transcriptase (NEB) following a standard 

protocol. LightCycler reaction conditions were the same as in the above section. 

 

The data were analysed by performing a nested ANOVA using Minitab 17.0. Graphs were created 

using Microsoft Excel. 
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5.3. Results 
 

5.3.1. Reseqeuncing Experiment Results  

5.3.1.1. D. simulans and D. takahashii Resequencing 

In order to determine whether high frequencies of loss-of function Esterase-7 alleles existed in 

species apart from D. melanogaster, Esterase-7 alleles were sampled in multiple lines of two 

other species: D. simulans, which is a sister species to D. melanogaster and also has a 

‘cosmopolitan’ range, and D. takahashii which is an outgroup to the melanogaster group and has 

a broad range in Asia. The sequences of twenty D. simulans alleles and ten D. takahashii were 

obtained by direct Sanger sequencing. No obvious inactivating mutations could be found in any of 

the D. simulans or D. takahashii lines sequenced, although in two D. simulans lines the lysine 

residue at position 272 (which has a role in salt-bridge formation) (Coppin, 2003) was replaced by 

a threonine. This is in contrast to the pattern found in D. melanogaster, where loss-of-function 

alleles are present at high frequencies – if loss-of-function alleles are present in these species 

they are unlikely to be at the high frequency found in D. melanogaster. 

 

The average pairwise nucleotide diversity () between the D. simulans lines was 0.0280 (SD = 

0.0013) (see Table 5.1.), which is consistent with the value expected for functional D. simulans 

genes - in a study of functional autosomal D. simulans genes Andolfatto (2001) found nucleotide 

diversities ranging from 0.0062 to 0.0514 with a mean of 0.0276. The pairwise nucleotide 

diversity for D. takahashii was 0.0355 (SD = 0.0061). There are no published studies testing 

nucleotide divergence in D. takahashii, but this level is in the range expected for D. simulans, D. 

melanogaster, and D. ananassae (see table 1). 

 

There are more silent site polymorphisms than there are replacement polymorphisms segregating 

in the Esterase-7 gene in both D. simulans (119 vs. 74) and D. takahashii (74 vs. 34), as is expected 

of a functional gene. This is in contrast to D. melanogaster, in which a study by Coppin (2003) 

found 65 silent site polymorphisms compared to 80 replacement polymorphisms. The ratio of 
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replacement to silent site polymorphisms is 0.62 in D. simulans and 0.46 in D. takahashii, but 1.23 

in D. melanogaster (Coppin, 2003).  

 

Similarly, the ratio of replacement site nucleotide diversity to synonymous site nucleotide 

diversity is lower in D. simulans (0.16) and D. takahashii (0.14) than it is in either active (0.30) or 

inactive (0.32) D. melanogaster alleles. 

 

Esterase-7 was not found to differ significantly from neutral expectations in any of the species 

studied in the McDonald-Kreitman test, Tajima’s D, Fu and Li’s D or Fu and Li’s F (for explanations 

of these see Section 1.1.2.). 

 



152 | P a g e  

 

 

 D. melanogaster 

Active AllelesϮ 

(Coppin, 2003) 

D.melanogaster 

Inactive AllelesϮ 

(Coppin, 2003) 

D. simulans D. takahashii 

N 77 45 20 10 

Π 0.016 0.013 0.028 0.035 

π (SD) 0.001 0.002 0.001 0.006 

Replacement 

Substitutions (Fixed)* 

18 20 24 65 

Silent Substitutions* 

(Fixed) 

29 29 28 121 

Replacement 

Substitutions 

(Polymorphic) 

52 57 74 34 

Silent Substitutions 

(Polymorphic) 

53 40 119 74 

πa/ πs 0.30 0.32 0.16 0.14 

McDonald Kreitman: G=1.66, p = 0.198 G=4.22, p = 0.040 G = 1.03, p = 0.310 G = 0.369, p = 0.543 

Tajima’s D 0.46 -0.29 0.71 (p>0.10) -0.40 (p>0.10) 

Fu and Li’s D* -0.03 -0.09 0.17 (p>0.10) 0.10 (p>0.10) 

Fu and Li’s F* 0.24 -0.18 -0.16 (p>0.10) -0.08 (p>0.10) 

Table 5.1. A comparison of various population metrics amongst D. melanogaster, D. simulans, and D. 

takahashii populations. Ϯ = as assessed by allozyme electrophoresis * = calculated using a D. simulans 

outgroup for D. melanogaster, and a D. melanogaster outgroup for D. simulans and D. takahashii  

 



153 | P a g e  

 

5.3.1.2. D. ananassae Resequencing 

 

While the above study was being conducted, it was discovered that Drosophila ananassae has 

four genes in its -esterase cluster - three which are derived from Esterase-6 (Denoted 

Esterase6a-c) and one derived from Esterase-7 (Robin et al., 2009). Although Esterase-6b appears 

to be functional in the sequenced line, the other three genes all contain inactivating mutations – 

Esterase-6a contains a 2bp frameshifting insertion; Esterase-6c contains a premature stop codon; 

and Esterase7 contains a 2bp frameshifting deletion. Thus it appears that following an expansion 

of the β-esterase cluster in D. ananassae, selective constraint may have been relaxed and 

members of this cluster may be in the process of becoming pseudogenes. I resequenced these in 

nine strains of D. ananassae, and the results are shown below. 

 

The inactivating mutations found in the original sequenced line (Matsuda AABBg1) were not 

present in any of the other lines sequenced, however other inactivating mutations were found in 

Esterase-6a, Esterase-6c and Esterase-7 (see Figure 5.4). No inactivating mutations were detected 

in Esterase-6b in any line sequenced.  
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Figure 5.4. Inactivating mutations found in the D. ananassae -esterase genes. Horizontal lines represent 

the alleles sequenced, and the shapes represent various inactivating mutations as shown in the key. 

Esterase-6a has a 2bp frameshifting insertion in the sequenced line and a 1bp frameshifting deletion in 

line 33. No inactivating mutations could be found in Esterase-6b in any of the lines sequenced. Esterase-

6c contained multiple inactivating mutations including a premature stop codon in the sequenced line; a 

12bp deletion in line 3; a 147bp deletion in line 33; and a complex event resulting in the net deletion of 

18bp and the creation of a premature stop codon, which was present in 6 lines. One of these lines (CTA4) 

also contained a replacement substitution at an amino acid residue that is invariant among catalytically 

active carboxylesterases (this is purportedly involved in the formation of the structure called the 

‘oxyanion hole’). Esterase-7 contained a 2bp frameshifting deletion in the sequenced line, a 10bp 

frameshifting deletion in both line 16 and line 18, and an additional 27bp deletion in line 16. The number 

of replacement and silent substitutions within each line are listed. 
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Along with the high frequency of loss of function alleles, it was found that Esterase-6a, Esterase-

6c, and Esterase-7 all have higher ratios of replacement to silent substitutions and higher πa/πs 

values than does Esterase-6b, suggesting that these three genes are experiencing less selective 

constraint than is Esterase-6b. Interestingly, although Esterase-6b has a lower proportion of 

replacement to silent site substitutions than do the other lines, this is due to an increase in the 

number of silent site substitutions rather than a decrease in replacement substitutions. On closer 

analysis, it was found that seven of the 18  silent site polymorphisms (but only one replacement 

polymorphism) in Esterase-6b were unique to Line 17 (from Guinea, Africa). This effect is not 

observed for line 17 in any of the other genes studied. The copy of Esterase-6b found in the 

sequenced line is also quite different to that found in the other lines, although these differences 

occur at both replacement and silent sites (4 vs. 5). Between four and six of the polymorphic sites 

in each of the other esterase genes are also unique to the sequenced line. 

 

Pairwise nucleotide diversity () is 0.0038 (SD = 0.0007) for Esterase-6a; 0.0042 (SD = 0.0012) for 

Esterase-6b; 0.0067 (SD = 0.0014) for Esterase-6c, and 0.0031 (SD = 0.0007) for Esterase-7. When 

line 17 is removed from the analysis, the value for Esterase-6b is reduced to 0.0034 (SD = 0.0011). 

 

The McDonald-Kreitman test did not detect any differences between the ratios of synonymous to 

non-synonymous mutations that were polymorphic in D. ananassae compared to those that were 

fixed between D. ananassae and D. melanogaster, suggesting that these data conform to neutral 

expectations. The results of Tajima’s D, Fu and Li’s D, and Fu and Li’s F are all negative for every 

gene, suggesting that there may be an excess of rare alleles in the data. In the case of Esterase-6b 

this is likely to be due to the pattern observed in Line 17, however the reason for this finding in 

the other lines is unclear. Despite the fact that low values were obtained for all of these genes 

they did not actually differ significantly from neutral expectations (the value of Tajima’s D 

obtained for Esterase-6a is unlikely to be significant after Bonferroni correction is applied). 
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 Esterase6a Esterase6b Esterase6c Esterase7 

N 17 18 20 16 

Π 0.0066 0.0068 0.0357 0.0032 

π (SD) 0.0025 0.0026 0.0253 0.0007 

Tajima’s D -1.84 (p<0.05) -1.56 (p>0.10) -1.55(p>0.10) -0.80(p>0.10) 

Fu and Li’s D* -0.66 (p>0.10) -0.66(p>0.10) -0.66(p>0.10) -1.03(p>0.10) 

Fu and Li’s F* -1.24 (p>0.10) -1.13(p>0.10) -1.08(p>0.10) -1.26(p>0.10) 

McDonald Kreitman: G = 0.001, p=0.971 G = 0.375, p=0.540 G=1.974, p=0.160 G=2.08, p=0.149 

Replacement 

Substitutions (Fixed)* 

114 92 190 133 

Silent Substitutions* 

(Fixed) 

169 165 237 191 

Replacement 

Substitutions 

(Polymorphic) 

18 14 31 9 

Silent Substitutions 

(Polymorphic) 

27 31 26 6 

Pi(a)/Pi(s) 0.360 0.084 0.505 0.449 

Table 5.2. Population data for the four D. ananassae Beta-Esterase genes *Note: D. melanogaster 

Esterase 6 has been used as the outgroup for Esterase 6a, 6b and 7c, whereas D. melanogaster Esterase 7 

has been used as the outgroup for D. takahashii Esterase 7. 
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5.3.2. Clinal Analysis 

5.3.2.1. Loss of function allele High Resultion Melt Analysis 

 

To determine whether Esterase-7 loss-of-function alleles showed a spatial distribution suggestive 

of selection in some environments, I started by examining a common loss-of-function allele in 

populations spanning a latitudinal gradient. High resolution melt (HRM) genotyping for the G->A 

mutation at position 1068 resulted in the identification of 1 null homozygote, 295 wild-type 

homozygotes, and 36 heterozygotes. Despite the low number of loss of function alleles identified, 

a significant negative correlation was detected: F(1,16) = 11.185, p = 0.004, R-Square = 0.427. One 

extreme outlier was detected – no loss of function alleles were detected in Cooktown, the most 

Northerly population studied. Only ten flies from this population were sampled, so this result may 

be due to sampling error. When this point was excluded, the regression analysis improved, with 

F(1,15) = 51.523, p < 0.001, R-Square = 0.786 (see Figure 5.5). 

 

 

 

Figure 5.5. The proportions of alleles containing the G to A mutation at position 1068 in various 

populations from along the east coast of Australia. The Cooktown population at latitude 15.5 is excluded 

from the trend-line and R-square calculations, but is represented by an empty circle in the graph. 
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5.3.2.2. North/South 454 Genotyping Experiment 

 

If selection is indeed acting on the loss of function allele resulting from the G->A mutation at 

position 1068, then we might expect that other loss-of-function alleles may also cline. Rather 

than individually genotyping known loss-of-function alleles along the cline, it was decided to 

perform an initial experiment deeply resequencing two populations at the cline ends in order to 

allow a comprehensive comparison of all loss of function alleles at both ends of the cline. To this 

end, the entire Esterase-7 gene locus was deeply sequenced in a pool of more than 500 flies from 

the Northern end of the cline (Innisfail, Queensland), and more than 800 flies from the Southern 

end of the cline (Romsey, Victoria) using 454 pyroseqeuncing. The amplicons used are shown in 

Table 5.3. 

 

The number of 454 sequencing reads obtained for each amplicon and population are shown in 

table 2, along with their average lengths and proportion of bases with qualities greater than 30.  

 

Amplicons 2 and 4 were ultimately found to have polymorphisms in their primer binding sites, 

and were thus excluded from the analysis. Despite this, due to the fact that the experiment was 

designed using overlapping primers the remaining amplicons still covered the entire region of 

interest. A total of 161 polymorphisms in the 2148bp region were identified, 29 of which were 

only found in the Victorian (Southern) population, and 17 of which were found only in the 

Queensland (Northern) population. Along with these, an apparent duplication/inversion was 

found in the Queensland population which resulted in the reverse primer of amplicon 15 

amplifying a 180bp fragment from both ends. Because only the area around the breakpoint was 

amplified it is not possible to tell how big this inversion is (See Figure 5.6). 
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 Victoria Queensland 

Amplicon Reads Mean 

Length 

Q > 30 Reads Mean 

Length 

Q > 30 

1 9450 349.4 82.2% 3891 337.7 81.1% 

2* 3781 353.7 87.2% 2154 341.5 86.6% 

3 8600 343.0 85.5% 5063 324.9 85.0% 

4* 984 382.1 88.0% 1721 395.1 88.9% 

5 1524 346.5 84.5% 1033 365.8 85.8% 

6 6329 361.5 85.4% 4618 352.0 85.0% 

7 478 323.8 80.9% 203 302.5 80.1% 

8 1674 299.1 78.7% 1126 291.7 78.8% 

Table 5.3. The number of reads, mean lengths, and quality scores of the amplicons resequenced. 

*Amplicons 2 and 4 were found to have polymorphisms in their primer binding sites, and were thus 

excluded from this analysis. 

 

 

 

 

 

Figure 5.6. Illustration of the inverted fragment that was amplified along with amplicon 15 in the 

Queensland population. This fragment is amplified from both ends using the amplicon 15 reverse primer, 

and suggests that there is an inversion present in Esterase-7. I did not find the other breakpoint, and it is 

impossible to tell how large the inversion is based on these results. 
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A comparison of this data with that obtained by Chris Coppin (2003) showed that of the 161 

polymorphisms identified 120 had previously been found in his sequencing experiment of 153 

lines, and 41 were novel. All of novel mutations were found to be at low frequencies (<5%) in 

both populations, apart from two mutations that were only present in the Victorian population: 

1539A->C was present at a frequency of 17.4% in the Victorian population, and 1708A->C was 

present at 57.8% in the Victorian population. 65 polymorphisms that had previously been 

identified were not identified in this experiment. This is likely due to the fact that only two 

Australian populations were sampled in this experiment, whereas Coppin sampled multiple 

populations from three different continents. 

 

Of the 161 mutations identified, 18 were inactivating (see Table 5.4.). 16 of these had previously 

been identified (Coppin, 2003), but two were novel – an 11 base pair deletion from position 173 

to position 183, and a 5 base pair insertion between position 1079 and position 1080. Both of 

these indels are frameshifting mutations. Of the 18 inactivating mutations, 8 were at higher 

frequencies in the Southern population, and 10 were at higher frequencies in the Northern 

population. Despite this, both the mean and median frequencies of the individual inactivating 

mutations were higher in the Southern population (mean = 0.057, median = 0.042 (IQR: 0.016-

0.066)) than in the Northern population (mean = 0.052, median = 0.034 (IQR: 0.011-0.067)) 

though this difference was not statistically significant (p = 0.777, Wilcoxon Signed-Rank Test). 

When I considered only the four inactivating mutations with the highest frequencies (highlighted 

in table 5.4), I found that two of them had higher frequencies in the Northern population than in 

the Southern one, including the 

G->A mutation previously identified, while two had higher frequencies in the Northern population 

than in the Southern one. 
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Position Mutation Victoria 

(Southern 

Population) 

Frequency 

Queensland 

(Northern 

Population) 

Frequency 

-176 A->C 0.173 0.288 

148 T->A 0.250 0.088 

173 to 183 11 bp deletion (TCCGTTTTGAA) 0.070 0.008 

304 T->C 0.028 0.035 

377 G->T 0.019 0 

428 T->A 0.094 0.033 

462 C->T 0.028 0.036 

464 A->T 0.063 0.067 

466 C->G 0.061 0.067 

527 T->C 0.058 0.047 

963 C->A 0 0.012 

989 C->A 0.023 0 

1068 G->A 0.065 0.157 

1079.5 5bp insertion (ACCTA) 0.051 0 

1138 A->G 0 0.036 

1379.5 9bp insertion (CATTTGATG) 0.033 0.014 

1453 A->C 0 0.026 

1500 G->T 0.007 0.026 

Table 5.4. Inactivating mutations identified in the two Australian populations and their frequencies. The 

four most common inactivating mutations are highlighted in black. Note that all of these mutations apart 

from the novel 11bp deletion and 5bp insertion were determined to be inactive by Chris Coppin (2003) in 

an allozyme study. 
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Seven inactivating mutations that were previously found to be non-overlapping (Coppin, 2003) 

may be considered ‘diagnostic’ of inactive haplotypes. Of these, five were more common in the 

Southern population than in the Northern population (table 5.5), while only two were more 

common in the Northern population than in the Southern population, including the G->A 

mutation at position 1068 that had previously been found to cline. If we assume that each of the 

diagnostic inactivating mutations represents a different haplotype, then a total of 54.6% of alleles 

in the Southern population are inactive, compared to only 37.4% of the alleles in the Northern 

population, which is the opposite direction to the previously discovered G1068A cline. This 

difference is statistically significant (G = 176.81, p < 0.001) due to the large number of reads 

included in this experiment. 

 

Mutation Southern Northern 

148 T->A 0.250 0.088 

304 T->C 0.028 0.035 

377 G->T 0.019 0 

428 T->A 0.093 0.033 

527 T->C 0.058 0.046 

1068 G->A 0.065 0.157 

1379 Ins 0.033 0.014 

Total 0.546 0.374 

Table 5.5. The frequencies of each of the ‘diagnostic’ inactivating mutations in the two Australian 

populations. 
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5.3.2.3. Does Esterase-7 Have an Effect on the Expression Levels of its Neighbouring Genes? 

 

Balakirev and Ayala (2004) proposed an ‘intergene’ hypothesis to explain the high frequency of 

loss of function alleles in Esterase-7, suggesting that there may be some functional interplay 

between Esterase-6 and Esterase-7, potentially at the RNA level. Chris Coppin (2003) noted that 

the 3’ end of Esterase-7 apparently overlaps with the 3’ end of downstream gene Thoc6 and 

postulated that Esterase-7 may have some role in regulating Thoc6 at the RNA level, perhaps 

through an RNAi-like mechanism. If either of these hypotheses are indeed true, then we may 

expect that the expression levels of Esterase-6 or Thoc6 to increase in response to decreased 

levels of the Esterase-7 transcript (such as is the case for loss-of functional alleles which are 

subject to nonsense-mediated decay). The fact that Thoc6 belongs to the THO complex which is 

known to be involved in the transport of heat-shock protein mRNA transcripts from the nucleus 

(Rehwinkel et al., 2004) means that if Esterase-7 is involved in the regulation of this gene it would 

explain the observed clines in both Esterase-6 and Esterase-7. In order to determine whether 

there is indeed an association between the RNA levels of these three genes, RNA levels were 

measured in a total of seven lines, three of which were thought to contain Esterase-7 loss of 

function alleles. 

 

As expected, no Esterase-7 expression was detected in any of the lines containing Esterase-7 loss-

of-function alleles due to the fact that these are likely degraded by nonsense-mediated decay. 

Surprisingly, one of the lines thought to be functional – 25205 – also had negligible expression of 

Esterase-7. This may be due to reasons such as a previously undetected promoter polymorphism. 

This line has been considered to be an Esterase-7 loss-of-function allele for the purpose of the 

analysis. Expression levels of the three genes are shown in Figure 5.7. 

 

A nested ANOVA failed to detect a statistically significant difference between Esterase-6 levels 

either between null and functional Esterase-7 alleles (F1,5<0.01, p=0.953) or between lines nested 

within allele type (F5,18=1.56, p=0.245), likely due to the large amount of variation found in the 

expression levels of this gene. Similarly, no significant difference was found for Thoc6 expression 

levels for null and functional alleles (F1,5=0.12, p=0.738), though a statistically significant 
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difference was found between lines nested within Thoc6 allele type (F5,18=4.55, p=0.015). As 

expected, a significant difference in Esterase-7 levels was detected between null and functional 

alleles (F1,5=10.63, p=0.022). A difference between lines nested within Esterase-7 allele type was 

also detected (F5,18=4.51, p=0.015). 

 

 

 

 

 

5.3.2.4. Clinal Expression Analysis 

 

The experiment described above failed to find a significant association between Esterase-7 

transcript levels and Esterase-6 or Thoc6 transcript levels, however this experiment only involved 

a small sample of lines, so they may not have had enough power to pick up on a relationship if 

one existed. Therefore, to complement this experiment I performed a clinal expression analysis 

Figure 5.7. Esterase-6, Esterase-7 and Thoc6 after normalising to the mean value of all lines. Error bars 

are one standard error from the mean. All loss of function alleles studied in this experiment result from a 

G->A mutation at position 1068. 
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analysing the expression levels of Esterase-6 and Thoc6 along the East coast of Australia. If 

Esterase-7 expression clined along the East coast of Australia (as I hypothesised that it would 

after obtaining the loss of function allele cline), then if Esterase-7 is involved in the regulation of 

Esterase-6 and Thoc6 then we would also expect the expression levels of these genes to cline. In 

order to test this, expression levels of the three genes were measured in pools of flies from 15 

populations from along the East coast of Australia.  

 

No statistically significant cline in either Esterase-7 expression (F(1,13) = 3.026, p = 0.107 (see 

Figure 5.8.)) or Thoc-6 expression (F(1,13) = 0.519, p = 0.519) (see Figure 5.9.) was detected in this 

study. In comparison, there was a significant negative association F(1,13) = 6.618, p = 0.024, R2 = 

0.355 between latitude and Esterase-6 expression levels (see Figure 5.10.). When the two outliers 

at latitudes 17.52 and 21.14 were removed, this relationship improved to F(1,11) = 16.261, p = 

0.002, R2 = 0.619 see Figure 5.11.).  

 

 

Figure 5.8. Esterase-7 expression levels in populations from along the east coast of Australia. All 

expression levels are plotted relative to the mean level of the Rpl9 and Alpha-tubulin housekeeper genes 
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Figure 5.9. Thoc6 expression levels in populations from along the east coast of Australia. All expression 

levels are plotted relative to the mean level of the Rpl9 and Alpha-tubulin housekeeper genes 

Figure 5.10. Esterase-6 expression levels in populations from along the east coast of Australia. 
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5.4. Discussion 
 

Esterase-7 is an unusual gene that is known to have a very high frequency of loss of function 

alleles (up to 52.9%) in natural populations of Drosophila melanogaster. Despite this, catalytically 

active copies do exist. Multiple explanations have been proposed to explain this phenomenon, 

including that Esterase-7 may already be a pseudogene (that has properties of a functional gene); 

that Esterase-7 may be experiencing a relaxation of selective constraint and be in the process of 

becoming a pseudogene; that Esterase-7 may only be necessary under some environmental 

conditions; and that Esterase-7 may be involved in the regulation of neighbouring genes at the 

RNA level. In this thesis chapter, I have studied these in more detail, eventually coming to the 

conclusion that Esterase-7 is likely to be in the process of becoming a pseudogene.   

 

  

Figure 5.11. Esterase-6 expression levels in populations from along the East coast of Australia with two 

significant outliers removed. 
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5.4.1. Hypothesis One: The selective constraint upon Esterase-7 has been 

relaxed and it is in the process of becoming a pseudogene in D. melanogaster 

I resequenced twenty D. simulans alleles and ten D. takahashii alleles, and failed to detect the 

presence of any inactivating mutations in either of these species. This result suggests that if loss-

of-function alleles are present in these species they are unlikely to be at the high frequency found 

in D. melanogaster. Additionally, D. melanogaster had a higher number of replacement site 

polymorphisms relative to silent site polymorphisms than did D. simulans or D. takahashii, and a 

higher level of replacement site relative to silent site nucleotide diversity (πa/πs). These findings 

could indicate that either balancing or positive selection are acting upon Esterase-7 in D. 

melanogaster, but in light of the frequency of null alleles present in D. melanogaster it seems 

more likely that purifying selection has been relaxed in this species relative to D. simulans and D. 

takahashii. These findings are consistent with those found in previous studies comparing 

nucleotide diversity between these species (Balakirev & Ayala, 1996; Balakirev & Ayala, 2003), 

and lends support to the hypothesis that the selective constraint acting upon D. melanogaster is 

not as strong as that acting upon other related species and it may be on the way to becoming a 

pseudogene. 

 

In light of this conclusion, the results found for D. ananassae are somewhat surprising – in D. 

ananassae Esterase-7 also has a high frequency of loss of function alleles, as do two of the three 

orthologs of Esterase-6 found in this species. These three genes (Esterase-7, Esterase-6a, and 

Esterase-6c) all have high πa/πs values (0.360-0.505) that are even higher than those obtained for 

Esterase-7 in D. melanogaster, suggesting that it is very likely that they have also lost their 

functions and are in the process of becoming pseudogenes, though these values are still lower 

than the value of one which they are expected to reach if they are evolving completely neutrally, 

so they may have had selection acting upon them for some of their lifetimes. In comparison, 

Esterase-6b has a low πa/πs value of 0.084, which suggests that it is likely to be the functional 

copy. Interestingly, the three copies of Esterase-6 are highly diverged (the silent site divergence is 

between 0.75 to 1 substitution/site) (Robin et al., 2009), suggesting that they have existed for a 

long period of time, and are possibly almost as old as the time of divergence between D. 

melanogaster and D. ananassae. The fact that some apparently active forms of these genes still 
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exist in the population coupled with the fact that their πa/πs have not yet reached the expected 

equilibrium value of one expected for neutrally evolving sequences means that multiple active 

forms of Esterase-6 have likely existed in D. ananassae until recent times when they have begun 

to be lost. 

 

Esterase-7 also appears to be in the process of being lost in D. ananassae. This could be for 

several reasons that are consistent with our hypothesis: firstly, it may be that Esterase-7 is a gene 

that is advantageous under some conditions, but is not essential and is dispensable in multiple 

species. Several of the pseudogenes that I have characterised (eg. CR33471 as discussed in 

chapter 4) appear to be functional in some species and yet to have been independently lost in 

multiple other species. It may be that this is also the case with Esterase-7. Another possibility is 

that Esterase-7 may have different functions in D. ananassae and the melanogaster group. 

Esterase-6 underwent a dramatic change in the time period following the divergence of D. 

melanogaster and D. simulans from D. yakuba and D. erecta, evolving from a dimer to a monomer 

and experiencing a change in expression patterns (Oakeshott et al., 1995). It may be that 

Esterase-7 has also undergone dramatic changes and its function may have changed over time. 

 

 

5.4.2. Hypothesis Two: It is only advantageous to have a functional copy of 

Esterase-7 under certain environmental conditions  

 

The results of the clinal genotyping study indicate that the loss of function allele characterised by 

a G to A mutation at position 1068 clines along the east coast of Australia, with populations from 

the north having higher frequencies of the inactivating A allele than populations further South. 

This result was highly significant (p < 0.001 after removal of an outlier), suggested that it may be 

more important for flies from regions further South to have a functional Esterase-7 gene (or 

alternatively, that it may be more important for flies from further North not to have a functional 

Esterase-7 gene). 
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The 454 results on the other hand, show that this finding is not true of all Esterase-7 loss of 

function alleles – although the G->A mutation at position 1068 was again found to be more 

common in Northern (15.7%) than Southern (6.5%) populations, five out of the seven inactivating 

mutations studied were instead more common in the Southern population than in the Northern 

one. In fact, the Southern population had more estimated total loss of function alleles (54.6%) 

than did the Northern one (37.4%). These findings are inconsistent with the hypothesis that 

possession of a functional Esterase-7 allele is more important in Southern populations than in 

Northern ones. 

 

So why does the G->A mutation at position 1068 show such a strong cline? One possible reason is 

that it could be due to a demographic reason – perhaps this mutation has recently originated in 

the North and gene flow and genetic drift is slowly spreading it South, resulting in a lower 

frequency of loss of function alleles being present in Southern populations than in Northern ones. 

This is potentially supported by work done by Chris Coppin (2003), which found that although the 

G->A mutation was detected at the relatively high frequency of 8.9% in Australian populations 

and 5.9% in Northern American populations, but was not found in any of the African flies 

sequenced, suggesting that it may be recently arisen. 

 

Another possible explanation for the cline is that there may be linkage disequilibrium between 

this variant of Esterase-7 and selectively favoured variants in the surrounding genes Esterase-6 

and/or Thoc6. Both of these are likely candidates – Esterase-6 has previously been found to cline 

along the East coast of Australia (Oakeshott et al., 1981; Coppin, 2003), and Thoc6 is a member of 

the THO complex, which has been shown to have a role in the transport of heat shock mRNAs out 

of the nucleus (Rehwinkel et al., 2004). Coppin (2003) found that there is significant linkage 

disequilibrium between the region containing the G->A (1068) polymorphism and the region 

extending as far as 189bp upstream of the Esterase-7 start codon in Australian D. melanogaster 

populations, so this linkage disequilibrium may extend into the Esterase-6 coding region. 

Although the extent of linkage disequilibrium between Esterase-7 and Thoc6 has not been 

reported, there is a gap of only 67 base pairs between the coding sequence of the two genes, and 

the distance between the G->A (1068) polymorphism and the Thoc6 coding sequence is only 691 
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base pairs, so it is likely that significant linkage disequilibrium also exists between these two 

genes. 

 

Despite these experiments, the possibility still remains that functional copies of Esterase-7 are 

only necessary under some environmental conditions but these conditions do not cline along the 

East coast of Australia so could not be detected in this experiment. For example, it may be that 

Esterase-7 is involved in detoxification and Drosophila melanogaster that live in some areas need 

the gene either to survive insecticides or to live off certain host plants, whereas others do not 

require an active copy. 

 

5.4.3. Hypothesis Three: Esterase-7 may be involved in the regulation of 

Esterase-6 or Thoc6 

I conducted two experiments to test the hypothesis that Esterase-7 may be involved in the 

regulation of its neighbouring genes Esterase-6 and Thoc6 – one involving measuring the level of 

Esterase-6 and Thoc-6 expression levels in Esterase-7 null mutants, and the other examining the 

expression levels of these three genes along the East coast of Australia. The expression level 

analysis failed to detect any regulation of these genes by Esterase-7. The sample sizes were small 

due to the limited Esterase-7 lines available, but if there was a major difference between 

expression levels in null and functional alleles we would still expect to pick it up in this 

experiment. Interestingly, while this experiment was being conducted, RNAseq data from the 

modENCODE project (The modENCODE Consortium, 2010) was released which suggested that 

thoc6 may be shorter than previously supposed, and may not overlap with Esterase-7 at all. Thus, 

if Esterase-7 does have any role in regulating Esterase-6 or thoc-6 it is likely to be a minor one. 

 

The clinal expression analysis failed to detect a significant cline in expression levels of Esterase-7 

or Thoc6, but did detect a cline in Esterase-6 expression levels. Esterase-6 promoter 

polymorphisms have previously been found to cline along the East coast of Australia (Coppin, 

2003), and thus it is more likely that the expression cline is due to these differences rather than 
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regulation by Esterase-7. The fact that no significant cline was found in Esterase-7 is despite the 

fact that the 1068 G->A polymorphism clines is likely due to the fact that Esterase-7 loss-of-

function allele frequencies are relatively low even Northerly populations (the highest frequency 

found was 15% at Innisfail), and the expression study is expected to have more noise than the 

genotyping study. Despite the lack of a significant cline, the Esterase-7 expression levels in more 

northerly populations do appear to be higher than those in more Southerly ones. 

 

5.4.4. Conclusions 

A series of experiments were conducted in an attempt to determine why high frequencies of 

Esterase-7 loss-of-function alleles exist in natural populations of D. melanogaster. Based on the 

results of these, it seems unlikely that Esterase-7 is involved in the regulation of its neighbouring 

genes Esterase-6 and Thoc6 at the RNA level. Despite the fact that one loss-of-function mutation 

was found to cline along the East coast of Australia, other loss-of-function mutations appear to 

show the opposite pattern, suggesting that if selection is acting upon these it may be due to 

linkage disequilibrium with surrounding elements (such as Esterase-6) rather than direct selection 

acting upon the loss-of-function alleles themselves. The results of a resequencing experiment of 

related species D. simulans and D. takahashii showed that stronger selective constraint seems to 

be acting upon Esterase-7 in these species, lending support to the hypothesis that the selective 

constraint acting upon Esterase-7 in D. melanogaster may have been relaxed to the point that 

genetic drift has overpowered the action of selection, and inactivating mutations have been 

allowed to accumulate. If this continues then Esterase-7 is expected to eventually become a 

pseudogene. 



173 | P a g e  

 

 

 

 
 
 
 
 
 
Chapter 6 - General Discussion 
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6.1 Project aims 
 

The initial aims of this project were to identify a list of likely genuine D. melanogaster 

pseudogenes and to resequence these in multiple populations in order to characterise neutral 

evolution in this species. Further to this, I aimed to determine whether the Esterase-7 gene is in 

the process of becoming a pseudogene, and if so to use the patterns present in this gene to gain a 

greater understanding of what genes look like when they are in the process of becoming 

pseudogenes. 

  

I have successfully identified a list of 73 high-confidence D. melanogaster pseudogenes, and have 

reseqeunced 47 of these to characterise their patterns of evolution. Furthermore, I have 

identified inactivated genes that are at several stages in the process of pseudogenisation, and 

have used this to characterise what the process of gene inactivation can look like.  

 

6.2. Pseudogene Identification 
 

Genuine (completely non-functional) pseudogenes are a gold-standard sequence to use for the 

characterisation of neutral evolution: they should be lacking in function (and therefore should not 

have selection acting upon them), are found throughout the genome, are usually not highly 

repetitive (so will not be subject to pressures which may be acting against highly repetitive 

elements), and are usually long enough that they can allow insertion and deletion of relatively 

large sequences of DNA without the deletion of functional elements. 

 

Unfortunately, determining whether a sequence is or is not a genuine pseudogene can be highly 

problematic due to the fact that although it is possible to show that something is functional, it is 

not possible to determine that something is completely non-functional. This has come up many 

times throughout the literature, with new functions being identified for sequences that had 

previously been thought to be pseudogenes (eg. Long & Langley, 1993; Lin et al., 2007; Korneev et 

al., 1999). I have found this again in the datasets of pseudogenes that I analysed as part of this 
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project: of the 86 annotated pseudogenes on Flybase, only 57 of these were likely to be genuine 

pseudogenes. Of the 109 putative pseudogenes identified in the original Harrison et al. (2003) 

dataset only 19 were likely to be genuine pseudogenes. 

 

There are many reasons why sequences that have been thought to be pseudogenes may turn out 

not to be pseudogenes after all, including the formation of new genes with structures that are 

different to those expected (eg. development of new splicing patterns or being captured as new 

exons of other genes), misannotation of the genome, new RNA functions, and loss-of-function 

alleles. Although it is impossible to absolutely determine that something is non-functional, many 

new advancements have allowed and will continue to allow us to better understand these 

sequences and to either decide that they are functional, or allow us to become more confident in 

their non-functionality. These include improvements in genome annotation (largely helped by 

RNAseq experiments), sequencing of small RNAs, and large-scale resequencing experiments. 

 

6.2.1. GINI 

Along with providing insights into recognising a genuine pseudogene at the genomic level, the 

results of this thesis have suggested that gene identification by nonsense-mediated decay 

inhibition (GINI) may be a promising technique for the identification of sequences containing 

premature termination codons. Caffeine appears to successfully inhibit nonsense-mediated decay 

for several loss of function allele transcripts, most notably those with longer 3’ untranslated 

regions. Further investigation into this phenomenon is required, but this may be rewarded by the 

identification of further transcribed pseudogenes and loss-of-function alleles in Drosophila by 

using this technique. 
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6.3. Pseudogene Evolution 
 

6.3.1. Pseudogene Formation 

In this thesis I examined pseudogene history in two different ways: firstly I studied Esterase-7 as 

an example of a gene that may be in the process of becoming a pseudogene. I then characterised 

the mutational spectrum of pseudogenes belonging to two different age groups: pseudogenes 

that predate the divergence of D. melanogaster and D. simulans; pseudogenes that have been 

inactivated along the D. melanogaster lineage; and pseudogenes that are newly arisen in D. 

melanogaster in order to determine what these two groups can tell us about the evolution of 

pseudogenes. 

 

6.3.1.1. Inactivated genes 

 

Esterase-7 has a large number of null/loss-of-function alleles in natural populations of D. 

melanogaster (Balakirev and Ayala 1996, 2003, 2004; Coppin, 2003) despite the fact that 

catalytically active alleles are known to exist. Various hypotheses have been put forward as to 

why this might be the case, including the hypothesis that Esterase-7 may have developed a role at 

the RNA level; that it may be a pseudogene that cannot yet be recognised as such; and that it may 

have had the selective constraint acting upon it relaxed and it may be in the process of becoming 

a pseudogene. The experiments conducted in chapter 5 of this thesis lend support to only one of 

these: that Esterase-7 is still functional in the sibling species of D. melanogaster, but the selection 

acting upon this gene has likely to have been relaxed in D. melanogaster relative to other species, 

and it is likely in the process of becoming a pseudogene. 

 

In light of this finding, it is interesting to examine the pattern of mutations found in Esterase-7 in 

D. melanogaster. The haplotype data of Coppin (2003) show that although some haplotypes are 

functional, different inactivating mutations exist on different haplotypes, with some haplotypes 

having accumulated multiple inactivating mutations. This is supported by the dataset in this 
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thesis, in which the frequencies of the individual inactivating mutations sum to more than one, 

suggesting that there must be multiple inactivating mutations present on the same haplotype. 

These results suggest that when the selection acting upon a gene is first relaxed inactivating 

mutations begin to randomly accumulate, sometimes occurring in the same haplotype as other 

inactivating mutations. Esterase-7 is likely at the point where this process is occurring, but 

functional alleles still exist in the population. 

 

If the process of random mutation followed by drift continues to occur, then the gene may get to 

the point represented by CR33471 (see chapters 2 and 4) where selection has been relaxed for a 

sufficient time period such that all haplotypes have developed at least one inactivating mutation, 

and there are no longer any functional alleles segregating in the population (See Figure 6.1.). At 

this point none of the inactivating mutations are fixed in the population. 

 

If this process continues, then it is expected that eventually at least one of the inactivating 

mutations that are present in the pseudogene sequence will become fixed in the population. If 

this process has happened due to genetic drift, then it will likely have been long enough since the 

most recent common ancestor of the alleles containing that inactivating mutation existed that 

multiple other inactivating mutations exist (on top of the fixed mutation), and these will be seen 

as polymorphic inactivating mutations. This is what we see in most of the other inactivated genes: 

both fixed and polymorphic inactivating mutations are segregating in the population. 

 

In order for a gene to become a pseudogene in this way does not require a complete lack of 

selective advantage – even if the presence of a gene is advantageous, if it is not advantageous 

enough to overcome genetic drift then the gene is expected to eventually become a pseudogene. 

Other factors can also contribute to this – for example, if a pseudogene locus is linked to a 

sequence that is subject to selective pressure then selection acting upon the linked sequence may 

cause allele frequency changes in the pseudogene locus. In the most extreme case, positive 

selection acting upon a variant in linkage disequilibrium with a loss of function allele could result 

in fixation of the loss of function allele, thus resulting in the gene at that locus becoming a 
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pseudogene. In less extreme cases, background selection acting on the linked sequence may 

contribute to frequency changes at the pseudogene locus, in effect speeding up genetic drift.  

 

It is also possible that selective pressure may actually result in a gene becoming a pseudogene. 

For example, loss-of-function mutations in the FRIGIDA gene of Arabidopsis thaliana are 

associated with an early-flowering phenotype which seems to provide an advantage in cold 

environments (Johanson et al., 2000; Le Corre et al., 2002). Similarly, a loss-of-function mutation 

in the CCR5 gene of humans provides resistance to HIV-1 infection in homozygotes, and seems to 

have been subject to positive selection (Galvani & Novembre, 2005). It is easy to see how given 

the right selective pressures these genes could become pseudogenes.  

 

6.3.1.2. New pseudogenes 

 

In contrast to inactivated genes, new pseudogenes are caused by the duplication and inactivation 

of genes following the divergence of D. simulans and D. melanogaster. In our dataset the majority 

of new pseudogenes are due to partial duplications, meaning that the sequences are truncated 

and are likely to have never been functional. Interestingly, almost all of the new pseudogenes 

found in this study were located in the heterochromatin rather than in the euchromatin. This can 

potentially tell us two things about new pseudogenes: firstly, there may be selection acting 

against pseudogenes that are inserted into the euchromatin, possibly due the likelihood of them 

interrupting important functional elements, and secondly it may be easier for pseudogenes to 

become fixed in the heterochromatin due to reduced recombination resulting in long-range 

linkage disequilibrium which in turn may result in pseudogenes being swept to fixation. Although 

the Tajima’s D results obtained in this thesis failed to show conclusive evidence that this has been 

the case, Tajima’s D was lowest for new pseudogenes in two of the three populations studied, 

which is what we would expect if the pseudogenes had been swept to fixation.  
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Figure 6.1. The formation of the different pseudogene types. The crosses represent inactivating 

mutations, and the lightning flashes represent duplication events. D. melanogaster images (downloaded 

from flybase.org) represent individuals in the D. melanogaster population.  a. Inactivated genes. In this 

case the most recent common ancestor of D. melanogaster and D. simulans has an active copy of the 

gene. If the selection is relaxed upon the gene, inactivating mutations are expected to gradually 

accumulate until all copies of the gene are inactivated. Over time genetic drift may lead to the fixation of 

one or more of these mutations. b. Ancient pseudogenes. These were inactivated before the divergence 

of D. melanogaster and D. simulans, and thus are expected to have been free to accumulate mutations 

for the entire time of their existence. c. and d. New pseudogenes. These have existed for less time than 

the other classes, and so have had less time to accumulate mutations. Panel c. represents fixed new 

pseudogenes. These are present in every individual in the population. Panel d represents polymorphic 

(for presence/absence) pseudogenes, which are not yet present in all individuals in the population. 
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6.3.1.3. Ancient Pseudogenes 

 

Following their creation, both new pseudogenes and inactivated genes are expected to evolve 

neutrally. Eventually if they are not eliminated from the population due to the effects of genetic 

drift/genetic draft they are expected to come to the point represented by the sequences in the 

ancient pseudogene class, which have been evolving neutrally for millions of years. In this dataset 

these sequences conform to neutral expectations on all neutrality tests (Tajima’s D, McDonald-

Kreitman, πa/πs, as is expected of truly neutrally evolving sequences. These sequences have 

continued to accumulate deletions, and will eventually be eliminated from the population. 

 

Interestingly, although the median nucleotide diversity present in this class of pseudogenes is 

much higher than that present in younger pseudogenes, the nucleotide diversity is much more 

variable. We can think of this in terms of the time to coalescence – although the most recent 

common ancestor of the younger pseudogenes has occurred after the divergence of D. 

melanogaster and D. simulans (with the possible exception of CR33471, where no inactivating 

mutations are fixed), this is not necessarily the case for ancient pseudogenes – there is a far 

greater time range over which the most recent common ancestor could have existed. 

 

The expected average time to coalescence is 4Ne (Kimura & Ohta, 1969), and it has been 

calculated that the divergence of D. melanogaster and D. simulans occurred 7.1Ne generations 

ago (Andolfatto et al., 2011). Although the average time to coalescence occurs after the 

divergence of D. simulans from D. melanogaster there is some variation within this, and the time 

to coalescence for many sequences will be longer than 4Ne. We can see this in the fact that D. 

melanogaster and D. simulans have been found to share 3.98% of their synonymous site 

polymorphisms (Langley et al., 2012). Although this may frequently be due to balancing selection 

maintaining multiple alleles in the population, it may also be because variation in the time to 

coalescence means that the polymorphisms have not yet had time to be fixed in the population. 
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 What this means at a species-wide level is that older pseudogenes and other neutrally evolving 

sequences are expected to average a coalescence time of 4Ne, but this may be longer (even 

stretching back before the divergence of D. melanogaster and D. simulans), resulting in higher 

levels of nucleotide diversity. For pseudogenes that only exist in D. melanogaster, however, the 

time period of their existence is shorter; they did not exist before the divergence of D. 

melanogaster and D. simulans, so their coalescence time cannot be before this time point (if we 

imagine a normal curve this is equivalent to having part of one tail cut off, which will shift the 

mean downwards). This means that: (a). the mean time to coalescence in these sequences will be 

more recent, and (b). the range of possible coalescence time is smaller, so they will be less 

variable. This is reflected in the mutation pattern that we see. 

 

6.4. Genome Evolution 
 

One of the initial aims of this experiment was to compare pseudogene evolution to the evolution 

of other neutrally evolving sequences. I have found that the results for pseudogenes are largely 

consistent with the results obtained for other neutrally evolving sequences, and these are 

discussed below. 

 

6.4.1. General mutational pattern 

 

C->T and G->A transitions were by far the largest class of mutation found in this study, 

representing more than 30% of the single nucleotide changes detected in both the polymorphism 

and fixed change class of polarised substitutions. This is consistent with every other experiment 

investigating baseline mutations and neutral evolution, including experiments on mutation 

accumulation lines, transposable elements, synonymous sites, and small introns.  

 

The results of this experiment also showed that nucleotide diversity is higher in euchromatin than 

heterochromatin, as has been found in other studies. It seems likely that this reduction in 
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nucleotide diversity is due to the fact that recombination is lower in heterochromatin than it is in 

euchromatin, and areas of low recombination have lower levels of nucleotide diversity (Begun & 

Aquadro, 1992), presumably due to long-range linkage disequilibrium resulting in selective 

sweeps. This means that the sequence of the pseudogene can change as selective pressure acts 

on nearby sequences (genetic draft). This is expected to be more directional than genetic drift, 

and can thus result in faster purging of some pseudogene alleles from the genome despite their 

own selective neutrally. This means that the last recent common ancestor of pseudogenes 

located in heterochromatin is expected to have occurred more recently than that of euchromatic 

pseudogenes, ultimately resulting in lower levels of nucleotide diversity.  

 

6.4.2. Indels 

 

The results of previous studies by Petrov & Hartl (1996, 1997, 1998, 1999) on Helena DOA 

transposable elements suggested that Drosophila has an unusually high occurrence of deletions in 

the genome. This led them to suggest that Drosophila may be subject to selection for a smaller 

genome size. 

 

In Chapter 4 I found that the ratio of indels to single nucleotide substitutions was higher amongst 

the polymorphism dataset (0.137 deletions and 0.034 insertions per point substitution) than it 

was amongst the fixed change set (0.088 deletions and 0.011 insertions per point substitution). 

This difference was found to be highly statistically significant (p<0.001). Under strict neutrality we 

would expect the ratios to be equal between the two datasets; the fact that there are more indels 

in the polymorphism dataset than in the fixed change dataset suggests that there may be 

negative selection acting against indels.  

 

In this is the case, and selection is acting against insertions as well as deletions, then this suggests 

that there is not selection for a smaller genome size, at least at the direct mutation level. It is, 

however, possible that there may be selection for a smaller genome size at a broader level; it may 

be that the replication machinery is more likely to introduce deletions into the genome than 
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insertions. When these deletions are introduced into essential genes in the genome they will be 

strongly selected against, however when deletions are introduced into neutrally evolving (or 

near-neutrally-evolving) sequences the selection acting against them will not be so strong, and 

despite minor selection acting against them many will persist and result in a direct reduction of 

the amount of DNA present in the genome.  

 

 

6.5. Population Structure 
 

Along with understanding patterns of mutation, the results of this project allow us to gain a 

greater understanding of population structure in the absence of natural selection. When genes 

are subjected to different selective pressures in different populations then the allele frequencies 

can differ between the populations, ultimately resulting in increased FST values. Indeed, increases 

in FST values between populations have been used in order to attempt to identify genomic regions 

that are subject to natural selection (e.g. Kolaczkowski et al., 2011). However selection is not the 

only factor that can cause increases in FST values; localised genetic drift will also cause allele 

frequency differences between populations, meaning that even sequences that are not subject to 

selective pressure will show population differentiation. In Chapter 4 I compared FST values 

between pseudogenes in different populations. The results of this showed that pseudogenes had 

median FST values of 0.0298 for comparisons between Australian populations, and of 0.089 and 

0.104 for comparisons between the Australian and Zambian populations. These values are 

considerably lower than those obtained by previous comparisons between Australian populations 

(Kolaczkowski et al., 2011), and indeed lower than those obtained for comparisons between 

African and American/European populations for microsatellite loci (Caracristi & Schlötterer, 

2003), and thus give us a basis for understanding localised genetic drift in these populations. 

 

 

 

 



184 | P a g e  

 

6.6. Concluding Remarks 
 

In conclusion, this thesis stands as a major body of work contributing to our understanding of 

pseudogene identification, pseudogene formation, and neutral evolution as a whole. I have 

demonstrated that methods previously used to identify pseudogenes are often inadequate 

(Chapter 2), and effective pseudogene identification should use techniques such as RNA analysis, 

analysis of multiple individuals, and comparisons between species. I have also characterised the 

evolutionary patterns found in pseudogenes (Chapter 4), which will be useful as a point of 

reference in future pseudogene identification, and also as a point of comparison for other 

sequences which may be evolving neutrally.   

  

In this thesis, GINI has been shown to be a promising technique which may be used for the 

identification of loss-of-function alleles / transcribed pseudogenes (Chapter 3). This technique is 

complementary to the bioinformatics techniques described: a genome-wide GINI analysis could 

allow for the identification of inactive copies of genes, thus providing us with further candidates 

for in-depth bioinformatics analysis. 

  

I have demonstrated that while the majority of pseudogenes seem to be formed by simple 

duplications, some are formed by the more interesting process of gene inactivation (Chapter 2). 

This is the likely fate of genes which have had the selective pressure acting upon them relaxed to 

a sufficient extent that selection is no longer strong enough to maintain active copies of the gene 

in the population. In Chapter 5 I studied Esterase-7 as an example of a gene that may be 

undergoing this process. Esterase-7 has a large number of loss-of-function alleles in D. 

melanogaster, but not in the related species D. simulans or D. takahashii, suggesting that the 

selective pressure acting upon this gene may have been relaxed, and it may be in the process of 

becoming a pseudogene. In Chapters 2 and 4 I characterised CR33471, a pseudogene that has 

apparently reached the point where every copy in the population is inactive, but no individual 

inactivating mutation has been fixed in the population. This may be what is in store for Esterase-7 

if it continues to accumulate inactivating mutations. All of the other inactivated genes identified 
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have at least one inactivating mutation that has been fixed in the population, which is what we 

expect to eventually happen in a neutrally evolving sequence due to the process of genetic drift. 

  

In summary, the results presented in this thesis greatly improve our understanding of both 

pseudogenes and neutral evolution as a whole. I have investigated multiple techniques that can 

enable us to improve the process of pseudogene identification, produced a gold-standard list of 

Drosophila melanogaster pseudogenes, investigated the process of pseudogenisation, and 

explored the patterns of mutation that are found in D. melanogaster pseudogenes. The results 

presented here give us a far greater understanding of what neutral evolution in Drosophila 

melanogaster looks like, and form an invaluable point of reference for other sequences located 

throughout the genome. 
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Appendix 1: Evolutionary Model 
 

In order to simulate changes due to genetic drift and selection in 150 generations of twelve 

‘populations’ of various sizes I followed the following steps in Microsoft Excel 2010: 

1. Values corresponding to the haploid population size (N), starting allele frequency (p) and 

selective pressure (s) were entered into three cells 

 

2. Generation 0 was set to the starting allele frequency (p) for each of twelve theoretical 

‘populations’ 

 

3. The following formula was entered below each starting allele frequency, with each 

previousfreq referencing the starting allele frequency cell, N referencing the cell 

containing the population size, and s referencing the cell containing the population 

number 

          =IF(OR((previousfreq=0,previousfreq=1),previousfreq,(CRITBINOM(N,(previousfreq*(1-

s)),RAND())/N))’ 

4. This formula was continued for another 149 rows, to represent a total of 150 generations 

and the results were mapped. 
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Appendix 2: Cornmeal-Dextrose Medium 
 

1. Add 46g maltose and 75g dextrose to 650mL H2O and bring to the boil.  

2. Combine 35g dried yeast, 20g soy flour and 73g maize meal were in a beaker and whisk 

into the maltose/dextrose solution.  

3. Add 6g agar dissolved in 350mL H2O to the mixture 

4. Bring the mixture to the boil before removing from heat.  

5. Add 14mL acid mix and 16.mL tegosept and mix well before dispensing 
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Appendix 3: Apple Juice Laying Plates 
 

1. Dissolve 20g agar and 7g dried yeast in 720mL H2O and bring the mixture to the boil. 

2. Add 26g sucrose, 52g dextrose and 200mL apple juice and boil for 10 minutes.  

3. Add 6mL tegosept and food colouring and mix thoroughly before dispensing into petri 

dishes 
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Appendix 4: Housekeeper Gene Primers 
 

The sequences of the Housekeeping gene primers used throughout this experiment are: 

RpL11  CGATCTGGGCATCAAGTACGAT 

  TTGCGCTTCCTGTGGTTCAC 

RpL9  CGAGAACATGATCAAGGGAGT 

   TGACACAGTTGATGGGGAAA 

alpha-tubulin  GTCCAACACCACGGCCATC 

   TCCCTCCTCCATACCCTCACC 
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Appendix 5: CTAB Extraction Protocol 
 

1. Add 500μL CTAB buffer to a microfuge tube containing between 1 to 40 flies. Each fly will yield 

between 1000 to 4000 ng of DNA. Male Drosophila will yield less DNA than females. Use 1.7ml 

Eppie tubes. 

2. Grind up material Use one or two tungsten balls in a microfuge tube containing 500μl CTAB 

Buffer and 4μL 20mg/ml proteinase K. 

3. Incubate at 55°C for 1 to 3 hours. 

4. Centrifuge 10 min at max speed (13000rpm) to pellet cellular debris. 

5. Pipette supernatant into fresh labelled tube. 

6. Extract with equal volume 500μL phenol/chloroform/isoamyl alcohol (PCI) 25:24:1. Mix by 

inversion for 1min in fumehood. 

7. Separate phases by spinning at 13000rpm for 10 min. 

8. Discard bottom phase with p200.  

9. Spin 1 min to bring white interface to bottom of the tube.  

10. Transfer 400μL of top aqueous phase to fresh labelled tube. AVOID THE INTERFACE. 

11. Repeat: Extract with equal volume 400μL phenol/chloroform/isoamyl alcohol (PCI) 25:24:1.  

12. Mix by inversion for 1min in fumehood. 

13. Separate phases by spinning at 13000rpm for 10 min.  

14. Discard bottom phase with p200.  

15. Spin 1 min to bring white interface to bottom of the tube.  

16. Transfer 400μL of top aqueous phase to fresh labelled tube. AVOID THE INTERFACE. 

17. Add 400μL (150μL) Chloroform/isoamyl alcohol (24:1)  

18. Invert tube to mix for about 3 seconds  

19. Spin as above for 3 minutes.  

20. Remove and discard chloroform from bottom of tube. 

21. Spin briefly to separate out any remaining chloroform and transfer aqueous phase to fresh 

labeled flat bottomed 2ml screw cap tube. 
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22. Add 600ml or 1.5 volumes of isopropanol to aqueous phase and leave overnight at -20C 

upright to precipitate. 

23. Spin flat bottomed 2ml eppendorf tubes with their indexing bumps 

facing outwards for 20-30 minutes at 4C  

24. Remove supernatant with P1000. 
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Appendix 6: Pseudogene Analysis Programs 
 

The following scripts were written by Andrew Stirling to address specific problems that I 

encountered during my analysis of data containing indels. The source code is available at 

https://bitbucket.org/astirling/lbardsleypseudogeneanalysistools 

 

* Gene Match 

* Gene Analysis 

* Gene Sorter 

* Gene Changes 

* Gene Diff 
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