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Previous Track Record 
 

Personnel 
 

Dr. Casey Bergman is a recently-appointed lecturer in the Faculty of Life Sciences at the University of 
Manchester. The major focus of his research group is to understand the biotic and abiotic forces 
governing genome evolution in eukaryotes. Dr. Bergman's research programme in evolutionary genomics 
incorporates two major foci: transposable elements (TEs) and cis-regulatory sequences. The ongoing 
investigation of these functional noncoding genomic regions promises to yield basic insights into the 
fitness effects of new mutations, genome organisation, and the mechanisms that generate phenotypic 
diversity. The long-term vision of the Bergman lab is to conduct projects in evolutionary genomics that 
use computational methods to generate hypotheses that direct future experimental investigation.  
 

Dr. Bergman's undergraduate training in Ecology and Systematics focused on evolutionary biology 
including theoretical and molecular population genetics. His post-graduate work in the Department of 
Ecology and Evolution at the University of Chicago included formal training in advanced evolutionary 
genetics and provided practical experience in molecular biological techniques, statistics and 
programming. His post-doctoral work at the Berkeley Drosophila Genome Project (BDGP) provided 
extensive training in genome bioinformatics, including database programming, cluster computing, large-
scale sequence assembly, and genome annotation. He has been awarded competitive US and UK 
fellowships at the post-graduate and post-doctoral levels, including a Royal Society-USA Research 
Fellowship that allowed him to continue his studies on Drosophila genome evolution as an independent 
Fellow in the Department of Genetics at the University of Cambridge.  
 

Dr. Bergman's major achievements include development of computational methods used for the model 
for cis-regulatory evolution of binding site turnover under stabilising selection [1], performing the pilot 
analysis to aid the choice of additional Drosophila genomes to be sequenced [2], and the official FlyBase 
annotation of TEs in Drosophila [3-5]. Additionally, Dr. Bergman was the only UK-based project leader 
in the Drosophila 12 Genomes Consortium, an international team of scientists from over 100 institutions 
who collaborated to assemble, align, annotate and analyse the recently available genomes of 12 
Drosophila species [6]. For this project, he coordinated and participated in the preliminary annotation and 
analysis of three major subsections – TEs, noncoding RNAs and cis-regulatory sequences – and is co-
corresponding author on the publication in Nature [6].   

Since 2000, Bergman has published 23 peer-reviewed articles in journals such as Nature, PNAS, PLoS 
Biology, Genome Research, and Genome Biology, and has been invited to give over 30 research seminars 
in the US, UK and Europe. He is also a member of the Royal Society International Policy Committee, a 
contributing member of the Bioinformatics subsection of the Faculty of 1000, an associate editor of the 
online journal RepBase Reports and has been appointed co-leader of the NSF-funded National Center of 
Evolutionary Synthesis Working Group on cis-regulatory evolution. 
 

Recent Work 
 

Beginning in 2001 with the availability of the Release 3 D. melanogaster genome sequence, Dr. Bergman 
has been engaged in an ongoing effort to annotate and analyse TEs in D. melanogaster. In collaboration 
with Dr. Josh Kaminker (BDGP, Release 3) and more recently with Dr. Hadi Quesneville (INRA-Unite 
de Recherche Genomique-Info - Versailles, Release 4), Dr. Bergman has developed novel computational 
methods to detect, annotate and warehouse TEs in genome sequences. The philosophy behind this work is 
that rather than simply "masking" TEs as is typically done in most genome projects, the annotation of TEs 
should be elevated to an equivalent status as genes, so that their impact on evolutionary and genome 
biology can be properly assessed. This research programme culminated in the first "combined evidence" 
TE annotation pipeline in any organism [4], borrowing concepts and technology from the gene annotation 
processes used at the BDGP and Ensembl. This work has been recognised as the official annotation of 
TEs in D. melanogaster, and is distributed by FlyBase and GenBank to the worldwide community of 
Drosophila researchers.  
 

Based on this expertise, Dr. Bergman was recruited as a project leader on the international Drosophila 12 
Genomes Consortium to lead the preliminary TE annotation of the genomes of twelve recently sequenced 
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Drosophila species. One main finding of this preliminary analysis is that the abundance of TEs varies 
widely among different Drosophila species, from 2.7% in D. simulans to ~25% in D. ananassae, 
underscoring the incredibly dynamic nature of these enigmatic sequences. Another major outcome of this 
work is that the major abundance trends among classes and subclasses of TEs observed in D. 
melanogaster – long terminal repeat (LTR) retrotransposons > non-LTR retrotransposons > DNA 
transposons [3, 5] – are conserved in other Drosophila species, suggesting that common mechanisms may 
act to control different types of TEs across the genus. 
 

The open-access, standardised nature of these annotation efforts led by Dr. Bergman have allowed the 
evolutionary and genomic analysis of TEs by the wider Drosophila genomics community, and have 
facilitated a growing number of research publications by Dr. Bergman and others. For example, using 
these resources, Dr. Bergman has played the primary role in the analysis of TE distribution and 
abundance [3, 5], the production of high quality alignments for TE families [3, 7], the identification of 
TEs in genes [3, 8], the population genetic analysis of TE insertions [8], the analysis of TE sequences in 
β-heterochromatic regions [5], the estimation of diversity and age structure in TE families [3, 7], and the 
analysis of TE nesting (whereby one TE inserts into another) [5, 7]. A combination of the latter two 
topics have led to a novel method to estimate the relative and absolute rates of transposition using only 
genome sequences, which suggests that transposition rates may be lower in nature than those estimated 
using mutation accumulation studies in the lab [7].  
 

Research Environment 
 

The RAE 5*-rated Faculty of Life Sciences (FLS) at the University of Manchester is ideally suited for 
evolutionary genomics research that combines computational and experimental components, with the 
largest academic grouping in bioinformatics at any UKHEI and an extensive grouping in evolutionary 
and ecological genomics. Research in FLS benefits from a strong pool of skilled technical staff with 
expertise in wide range of laboratory technique, including dedicated staff for glassware cleaning and 
media preparation. Core facilities provide essential equipment such as a Beckman Biomek FX 
Automation Workstation liquid handling robot and a 32-node, dual core Beowulf computer cluster. All 
necessary facilities for the experimental component of the proposed research are available in shared 
molecular and Drosophila laboratory space. The Bergman lab is located in the newly built Michael Smith 
Building and currently consists of 3 members, Michael Barton (NERC funded Ph.D. student, 
NER/S/R/2005/13609), Paul Cartwright (BBSRC DTA funded Ph.D. student), and Raquel Linheiro (self-
funded Ph.D. student). The research and training environment is highly interactive and is facilitated by 
most labs being housed together in the state of the art Michael Smith Building, and by weekly research 
seminar series with speakers from across Europe. 
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Description of the Proposed Research 
 

Summary and Aims 
 

Mobile, repetitive DNA known as transposable elements (TEs) are ubiquitous genomic sequences that 
can be thought of as "selfish" intragenomic parasites. As for other parasites, the demographic history of 
the host species is expected to influence TE dynamics, although essentially no empirical work has been 
conducted to address the question of whether host demography affects TE evolution. The fruitfly D. 
melanogaster is an ideal model system to test the impact of changes in host demographic history on TE 
dynamics, since this species is a both a model system for TE biology and is known to have recently 
colonised worldwide habitats from Africa. Recent genomic evidence suggests that the majority of 
insertions from the dominant class of TEs in D. melanogaster, long terminal repeat (LTR) 
retrotransposons, are likely to have inserted in the genome after colonisation of Europe habitats. We 
hypothesise that the recent expansion of the D. melanogaster species range into Europe from Africa has 
been accompanied by an increase in LTR element activity. Investigating how host demography influences 
TE dynamics has timely relevance for understanding the molecular and adaptive responses of animal 
genomes to demographic changes caused by global climate change.  
 

The aims of this project are: 
 

1) To test whether the recent colonisation of European habitats explains the pattern of recent LTR 
insertion in the D. melanogaster genome sequence; 

2) To test the neutral expectation that the age of TE insertions estimated from genomic data predicts TE 
allele frequency in natural populations of D. melanogaster. 

 

Background and Rationale 
 

Transposable elements (TEs) are among the most abundant, but least understood, components of complex 
eukaryotic genomes. For example, ~25% and ~45% of DNA in the rice and human genomes, 
respectively, is estimated to be TE in origin [1, 2]. Because the predominant view is that TEs are "selfish" 
DNA sequences [3, 4], most TE insertions are presumed to be deleterious and their evolution is typically 
thought to be governed by a balance between increase by transposition and elimination by natural 
selection. The "transposition-selection balance" paradigm received considerable theoretical and empirical 
investigation in the pre-genomic era, typically using Drosophila melanogaster as a model system to 
identify TE insertions using cytological methods (reviewed in [5, 6]). These studies largely made the 
assumptions that host and TE dynamics are at an evolutionary equilibrium, although these assumptions 
may not always be met due to the intrinsic mobility of TEs and recent changes in the demographic history 
of the host species.  
 

Recent results have shown that the majority of long-terminal repeat (LTR) retrotransposons in the D. 
melanogaster genome sequence have inserted in the last 15,000 years and therefore may not be at 
transposition-selection equilibirum [7] (see Work Leading up to the Current Project below). Related 
studies have shown that nucleotide variation among full-length copies within many LTR families is also 
much lower than expected under coalescent equilibrium [8]. Moreover, these recent results support older 
studies that argued for recent LTR insertion in D. melanogaster [9-11], which were subject to alternative 
interpretations because of unfinished genome sequences or analytical methods that conflated TE age and 
selective constraint. These results collectively suggest that many LTR families in D. melanogaster may 
not be at transposition-selection equilibrium, a possibility that has general implications for three reasons: 
(i) non-equilibrium conditions invalidate many predictions and previous tests of transposition-selection 
balance models; (ii) recent insertion may explain the low allele frequency of individual TE insertions in 
natural populations, a pattern which has classically been considered the strongest direct evidence to 
support the action of negative selection acting on TEs [12]; and (iii) nearly all pre-genomic data collected 
to test transposition-selection balance models was for LTR families (e.g. [13-15]), and thus previous 
results are based on a biased subset of TE families. If key predictions of this non-equilibrium scenario of 
recent LTR insertion hypothesis are empirically verified, it may require us to revise our understanding of 
the general forces controlling TE evolution altogether. 
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Additionally, a substantial body of biogeographical and molecular evidence indicates that D. 
melanogaster colonised world-wide habitats from sub-Saharan Africa ~16,000 years ago [16, 17] and that 
non-African populations are not at mutation-drift equilibrium [18]. The parallel facts of recent insertion 
of most LTR elements and recent colonisation of worldwide habitats raise the general question of whether 
demographic events, such as range expansion, influenced the evolution of TEs in this species. The 
possibility of effects of range expansion on general TE activity in D. melanogaster was raised previously 
based on cytological evidence [19, 20]. Host range expansion can affect TE dynamics in many ways, 
including: (i) changes in population size arising from bottlenecks during colonisation, (ii) changes in 
selection pressures resulting from adaptation to new environments, (iii) changes in transposition rate 
caused by environmentally induced factors such as temperature, or (iv) invasion of new TE families by 
horizontal transfer from other species in newly overlapping ranges. Investigating how host demography 
influences TE dynamics has timely relevance for understanding the molecular and adaptive responses of 
animal genomes to demographic changes caused by global climate change [21]. 
 

To test whether the recent colonisation of European habitats by D. melanogaster explains the pattern of 
recent LTR insertion, and to advance our general understanding of the effects of demographic history on 
TE evolution, we will use a combination of experimental and modeling methods to infer the evolutionary 
mechanisms that govern the allele frequency of TE insertions in D. melanogaster populations. We will 
use high-throughput PCR-based population assays to collect allele frequency data on TE insertions in 
well-studied European and African populations of D. melanogaster whose demographic history has been 
thoroughly investigated by Prof. Wolfgang Stephan and colleagues [22-24] (University of Munich, see 
attached Project Partner Letter of Support). By studying TE dynamics in these same populations, we 
can use previously collected data on single nucleotide polymorphism (SNP) variation to parameterise 
coalescent population genetic models and test whether colonisation of European habitats from Africa has 
resulted in a change in TE dynamics. The results of this project will lead to a better understanding of the 
forces that control the abundance and diversity of TEs in higher eukaryotes and have the potential to 
overturn an established paradigm in evolutionary theory. 
 

Work Leading up to the Current Project 
 

With the recent availability of essentially complete genomic sequences finished to high quality, it has 
become possible to test models of TE evolution using genomic data and bioinformatic methods. The first 
step in testing such models using genomic data requires accurate computational systems to discover and 
detect TEs in genome sequences [25]. Dr. Bergman has been engaged in developing computational 
methods to detect TEs in genome sequences for over five years, work which has culminated in a 
"combined evidence" annotation pipeline that has been shown to be the most powerful approach to 
annotate the location of TEs in metazoan genome sequences [26, 27]. The results of this comprehensive 
annotation effort have been recognised as the official TE annotation of the D. melanogaster genome by 
FlyBase and GenBank. These annotations have allowed the PI and others to test and confirm previous 
cytological results on the location of TEs in D. melanogaster, such as increased TE copy number in low 
recombination regions [27-29] and the paucity of TEs in transcribed regions [10, 28, 30].  
 

In addition to their genomic position, annotated TEs in genomes allow access to an incredibly powerful 
source of evolutionary information encoded directly in the sequences of individual TE copies. This 
encoded sequence information can be used to test models of TE evolution in ways not previously possible 
using pre-genomic cytological or molecular methods. To extract this evolutionary information, it is first 
necessary to constructing high quality multiple alignments of TEs from paralogous locations. To catalyse 
research in this area, Dr. Bergman has produced curated multiple sequence alignments for all TE families 
in D. melanogaster [7, 10]. These multiple sequence alignments can be used to study DNA sequence 
diversity among different TE copies [8, 31], or to study basic mutational processes using inactive TEs as 
"pseudogene-like" sequences [32, 33]. Importantly, this latter approach can also be used to estimate the 
age of individual TE insertions in the genome [7, 34], based on the fact that pseudogene-like TEs are 
unconstrained sequences and accumulate mutations at a rate proportional to time.  
 

Using this approach, the PI and colleagues have performed the first systematic analysis of pseudogene-
like TEs in D. melanogaster [7], including both LTR and non-LTR retrotransposon families (see Figure 
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Figure 1. Age distribution of 27 pseudogene-like retrotransposon families in D. melanogaster. Terminal branch lengths 
(measured as the number of substitutions per site) are shown as boxplots for 17 LTR families (dark grey) and 10 non-LTR 
families (light grey). Numbers after family names indicate sample sizes. The dashed line represents the estimated divergence 
time since the split of D. melanogaster and D. simulans from their common ancestor. Note that almost all LTR elements 
have inserted in the very recent past, while non-LTR elements have been accumulating continuously since speciation. See 
ref. [7] for details. 

1). This study confirmed previous results that LTR elements have recently inserted in the D. 
melanogaster genome [9], but also revealed the unexpected results that (i) LTR retrotransposons are 
systematically younger than non-LTR retrotransposons in D. melanogaster, and (ii) the majority of LTR 
elements have inserted after the recent, out-of-Africa expansion and colonisation of new habitats in the 
last ~16,000 years [22, 23]. Minimally, these results indicate that all TEs cannot be treated as one 
homogeneous set in transposition-selection balance models. More controversially, the extremely recent 
insertion of LTR elements in D. melanogaster challenges the assumption of equilibrium in models of TE 
evolution and strongly suggests that recent demographic history may have influenced TE dynamics in this 
species (see Background and Rationale above).  
 

 

In this analysis, estimates of the age since TE insertion were calculated as the number of unique 
substitutions that have occurred since integration in the genome, under the standard assumption of a 
molecular clock. This empirical estimate of TE age is not the same as the time to the most recent common 
ancestor estimated from intra-family pairwise distance, which can be biased by selective constraint and 
requires the assumption of equilibrium for its calculation. Moreover, estimates of TE age based on our 
unique substitution method are highly correlated with age estimates based on intra-element LTR-LTR 
distance [7], which are widely accepted as a direct measure of age, but has the added advantage that it can 
be applied universally to non-LTR families and incomplete LTR elements that may lack one or both 
LTRs. These previously published estimates of age will be used in the proposed work to investigate the 
relationship between the age since TE insertion and its population frequency (see Programme and 
Methodology below). 
 

In addition to radically accelerating the analysis of TE sequence evolution, annotated TEs in genome 
sequences also open up new possibilities for the high-throughput PCR-based sampling of TE insertions in 
natural population. To date, several small-scale efforts have studied the population dynamics using this 
type of PCR-based genotyping assay [30, 35-37]. For example, as part of a completed NSF-funded 
project (NSF:0317171), the PI co-supervised a population genomics study on the impact of TEs insertion 
into genic regions in D. melanogaster [30]. This study revealed that the probability of a TE surviving to 
be observed in a exon is reduced 10-fold relative to intergenic regions, and that 40-45% of TEs annotated 
in the genome sequence are present as polymorphisms in North American strains of D. melanogaster 
[30].  
 

LTR non-LTR 
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Programme and Methodology 
 

Overview 
 

The general strategy for this project will be to use high-throughput PCR-based population assays to 
determine the allele frequency of individual TE insertions in two populations of D. melanogaster. Non-
parametric and parametric statistical methods will be used to assess the fit of coalescent population 
genetic models to the data and make inferences about deviations from model predictions. We will sample 
both European and African and populations to obtain data from both derived and ancestral populations. 
We will sample both LTR and non-LTR retrotransposons to provide reciprocal controls and permit 
contrasts between these two classes of TE that exhibit clear a priori differences in their evolutionary 
dynamics (see Figure 1 above). We will analyse subsets of the data to address the two aims of this 
proposal, which are to test: (1) whether the recent colonisation of European habitats explains the pattern 
of recent LTR insertion in the D. melanogaster genome sequence, and (2) whether the age of TE insertion 
estimated from genomic data predicts TE allele frequency in natural populations of D. melanogaster.  
 

Population sampling of TE insertions in European and African strains of D. melanogaster. 
 

Rationale: Previous studies in D. melanogaster (including our own [30] and others [35-37]) were not 
designed to address the effects of demography on TE dynamics or the association of TE age and allele 
frequency, and thus no data is currently available to critically address the aims of this project. 
Specifically, previous studies have either not sampled African strains [30] or only sampled African strains 
[36], used a pooled sampling strategy that does not accurately estimate population frequency [30], 
sampled non-ancestral African strains from Tunisia [35], sampled only non-LTR elements [35], or 
sampled only single strains from African populations that cannot be used to estimate allele frequency 
[37]. In addition, all previous studies have only sampled a very limited number of TE insertions that are 
present in the genome sequence. Most importantly, the population structure and demographic history of 
the strains sampled in these studies is completely unknown, a problem that confounds inferences of TE 
population dynamics in currently unquantifiable ways. Therefore, the proposed work will be the first to 
properly sample large numbers of both LTR and non-LTR elements from multiple strains of ancestral 
African and derived non-African populations with known demographic history. This strategy clearly 
distinguishes the current project from previous work, and is necessary to test the effects of demography 
on TE dynamics as well as the association of TE age and allele frequency. 
 

Methods and approaches: We will estimate the allele frequencies of individual TE insertions in nature by 
sampling the presence or absence of 10 loci from each of 10 LTR and 10 non-LTR retrotransposon 
families detected using the (non-African) genome sequence in 12 inbred strains from each of two 
populations of D. melanogaster. In total, 200 loci will be sampled in 24 strains. A sample size of 12 
alleles is commonly used in population genetics, as it yields a good trade off between accurate estimation 
of variation and resource expenditure. The first population we will sample is a derived, cosmopolitan 
European population from Leiden, Netherlands and the second is an ancestral, sub-Saharan African 
population from Lake Karika, Zimbabwe. Previously published data indicates that different non-ancestral, 
cosmopolitan populations of D. melanogaster have a common origin [18] and similar TE frequencies 
[35]. Thus the sequenced strain should closely reflect the state of TE insertions in the European 
population, and the populations chosen should allow general conclusions concerning worldwide 
colonisation from African. The strains chosen for this project are exactly the same as those that have been 
analysed extensively for SNP and small-scale insertion/deletion (indel) variation by Prof. Wolfgang 
Stephan and colleagues (University of Munich) [22-24]. By studying TE dynamics in these same 
populations, we can use previously collected data on SNP variation to parameterise population genetic 
models and test whether colonisation of European habitats from Africa has influenced TE dynamics. 
 

The 20 TE families for this study will be chosen from the set of retrotransposon families previously 
demonstrated to evolve under a pseudogene-like mode of evolution [7] (see Figure 1). The proposed 
sampling framework will allow us to contrast multiple independent LTR and non-LTR families and 
precisely control for the effects of demographic history in our analyses (see below). In addition, by using 
strains characterised for SNP and indel variation, our data on TE variation can be used in future follow-up 
studies on the relative rates of different types of mutation (e.g. SNPs vs. TEs) in insect genome evolution.  
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For each of the 200 loci, oligonucleotide primers will be designed to amplify two PCR amplicons: a 
"negative" amplicon with both primers binding completely outside the TE insertion that will amplify in 
the absence of the TE, and a "positive" amplicon with one primer binding within the TE and one primer 
binding outside the TE in flanking DNA that will amplify in the presence of the TE. This strategy will 
allow us to resolve true negatives (no TE present) from both false negatives (no PCR amplification) and 
false positives (amplification of a different TE insertion). All positive amplicons will be tested first in 
control experiments using genomic DNA from the sequenced strain (y1; cn1, bw1, sp1) to verify the utility 
of the primers and PCR conditions. Primers will be designed automatically using Primer3 and annealing 
temperature parameters will be constrained to allow simultaneous batch processing of positive and 
negative amplicons from multiple loci. Spurious off-target amplification products will be predicted using 
in silico PCR over the entire D. melanogaster genome and new amplicons redesigned for these loci. This 
general experimental strategy has been successfully applied in a previous study co-supervised by the PI 
[30]. In total, this component of the project will require ~100 96-well plates of PCR reactions and ~400 
pairs of PCR primers. These experiments will be conducted by the project technician under guidance 
from the PI and will make use of a Beckman Biomek FX Automation Workstation liquid handling robot 
in the FLS core facility. 
 

Because of the high-throughput nature of this experimental objective, proper sample tracking and data 
management will be necessary. Each primer will be given unique IDs, linked to unique amplicon IDs and 
FlyBase transposable element IDs (FBti) and warehoused in a MySQL database connected to a lab Wiki 
page where the technician can easily input wet-lab results through a custom interface for the project. This 
controlled data entry process will be designed to minimise experimental error and generate data types that 
can be easily transformed or cross-referenced with external databases for downstream analyses. 
 

Testing models of neutral TE dynamics in D. melanogaster. 
 

Rationale: The majority of theory on TE evolution over the last 20 years has assumed that TE insertions 
are deleterious and that their dynamics are characterised by an evolutionary equilibrium between the 
forces of transposition and negative selection [5, 35]. The "null" hypothesis that TE insertion variation is 
under selection in these models is in stark contrast to theoretical analysis of other types of molecular 
variation (e.g. SNPs and indels), where the null hypothesis is that molecular variation is neutral with 
respect to fitness, and natural selection is treated as an alternative hypothesis only after rejection of 
neutrality. Moreover, given the current evidence that LTR elements may not be at equilibrium [7, 8], and 
for non-equilibrium demographic history of the host species [18, 22, 38], it is now timely to test non- 
equilibrium models of TE dynamics. Essentially no empirical work has been done to test theoretical 
models that treat observed TE insertions as neutral variation or allow for non-equilibrium TE dynamics 
(but see [39]). Constructing demographically-informed models of neutral TE dynamics is critical for 
rigorously testing the effects of natural selection, as demographic events can mimic non-neutral 
evolution. For example, a recent increase in transposition rate or a recent population expansion will 
generate an excess of low frequency mutations, which is the observed pattern for TEs in D. melanogaster 
[5]. Thus our modeling strategy is both novel and timely, will lead to robust inferences about the forces 
controlling TE activity, and may promote a shift in the null modeling strategy for TE evolution. 
 

Methods and approaches: We will test the fit of population genetic models of TE dynamics to observed 
patterns of TE allele frequency data in European and African populations of D. melanogaster. The first 
class of model is based on coalescent simulations parameterised by the specific demographic history of 
the populations in this study [22, 38]. The use of coalescent simulations to model expected patterns of 
neutral variation under various demographic scenarios is becoming commonplace in the analysis of SNP 
variation and robust software is now available for this purpose [40]. Our study will be the first to use this 
powerful analytical framework to study the expected patterns of TE allele frequency distribution, since 
we will be able to capitalize on the large body of knowledge concerning the demographic history of the 
population under investigation (see above). For these analyses, we will use previously estimated 
demographic parameters (e.g. ancestral population size, time and duration of bottleneck) based on SNP 
variation to generate the expected allele frequency spectrum for TEs under neutrality. The second class of 
model will be based on results from population genetics theory that predict the frequency of a neutral 
allele conditional on its age. Proof of principle for this successful implementation of this type of model 
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for the analysis of TEs has been previously reported in [39]. Working hypotheses and predicted outcomes 
are given in the following sections that describe the details of each general modeling approach. 
 

Simulation of expected TE allele frequency distribution: Under the null hypothesis that TE insertions are 
neutral alleles governed by mutation and genetic drift, it is possible to use a coalescent approximation to 
the standard Wright-Fisher population genetics model to generate predictions about the frequency 
distribution of genetic variants in a sample of alleles. We aim to relax the assumptions of constant 
population size and constant mutation rate, and thus we will employ the coalescent simulations to 
generate the expected allele frequency distribution under our demographic models. In our framework, we 
will treat transposition rate as being synonymous with mutation rate. We will use Hudson's program MS 
to generate at least 1,000 iterations of the coalescent for each combination of transposition rate and 
demographic parameters. 
 

These analyses will focus on the European subset of the data, since this is the population that has 
undergone the most radical demographic changes and the population for which we have evidence that TE 
activity may have increased. Additionally, since the genome sequence is more closely related to the 
European population, ascertainment biases exist for studying allele frequency in the African population. 
Less extreme biases exist in the European population as well, since we are testing alleles conditional on 
being observed in the genome. We will correct for this latter bias by including the genome sequence as a 
13th allele and using a rejection protocol that accepts simulation outcomes conditional on observing the 
presence of an allele in the genome sequence. We will test two versions of the "bottleneck" models for 
colonisation of Europe, based on analyses reported in [22, 38]. The first assumes that the ancestral 
African populations are at equilibrium and estimates a simple stepwise bottleneck beginning 16,000 years 
ago lasting for 13,000 years, with a bottleneck population that is 3% of the pre- and post-bottleneck levels 
[38]. The second also assumes a bottleneck beginning 16,000 years ago, but assumes the ancestral 
population recently expanded and leads to a shorter (~350 years), more severe (~0.2%) bottleneck [22]. 
Both bottleneck scenarios explain the pattern of SNP variation across the vast majority of loci, and 
therefore provide a potentially accurate description of the demographic history of this population, but lead 
to slightly different predictions in the allele frequency spectrum. We will investigate both bottleneck 
scenarios, and model an increase in transposition rate over reasonable parameter estimates [6, 7, 41, 42], 
at time points from the beginning of the bottleneck and continuing through to the present. Model fitting 
will be based on the following three nested models: 
 

- Model 0: Constant population size, constant transpositional activity. 
- Model 1: Bottleneck, constant transpositional activity. 
- Model 2: Bottleneck, increase in transpositional activity during/after bottleneck. 

 

We will test the fit of each model to the observed allele frequency in Europe based using likelihood ratio 
statistics. We expect to reject Model 0, as this null model is rejected by SNP variation [22, 38]. If (like 
the majority of SNP variation) we cannot reject the fit of Model 1 to the data, we will conclude that 
demographic processes are sufficient to explain the TE allele frequency, and that colonisation is not 
associated with an increase in transpositional activity. If we reject Model 1, and can find parameters for 
the increase in transposition rate that explain the data with higher likelihood, this will provide evidence 
that colonisation is associated with an increase in transpositional activity. Based on the age estimates of 
LTR and non-LTR elements from the genome sequence, we predict that Model 1 will be rejected because 
of an excess of low frequency TE alleles for LTR elements, but that Model 1 may be sufficient to explain 
the allele frequency distribution of non-LTR insertions. 
 

Although our coalescent simulation modeling approach can provide evidence for demographic effects on 
transpositional activity, we will not be able to conclude if this is a consequence of an increase in the 
neutral transposition rate or a decrease in the efficacy of negative selection. We will attempt to detect the 
action of negative selection on TE allele frequency using the following complementary modeling 
strategy. 
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Prediction of TE allele frequency based on age of TE insertion: Under neutrality, population genetics 
theory can predict the expected frequency of an allele given its age [39, 43, 44]. Intuitively, the older an 
allele is, the higher its expected frequency should be in the population, and therefore we expect a positive 
correlation between age and allele frequency. Therefore, if TE insertion alleles are neutral, we expect that 
the age since TE insertion estimated from the D. melanogaster genome sequence [7] (see Figure 1) 
should reflect TE allele frequency in nature and predict TE presence and absence of TEs in different 
populations. Importantly, changes in transposition rate lead to more (or fewer) TE insertions, but do not 
affect the predicted correlation between age and frequency. Deviation from the predicted correlation 
between age and frequency may imply non-equilibrium demography or, alternatively, provide evidence 
for negative selection. Non-equilibrium demographics affect all loci in the genome equivalently, whereas 
selection will affect loci differentially based on genomic location. The direction of deviation due to 
demography can be assessed based on the outcome of our coalescent simulations (see above). Deviation 
due to negative selection is predicted to lower TE allele frequencies specifically in genes or regions of 
high recombination. Thus the effects of demography and natural selection can be differentiated by 
characteristic deviations from model predictions. We will test the predicted relationship between age and 
frequency of TE insertions in two ways: 
 

Prediction of TE frequency in European populations and deviations due to natural selection: We will test 
the age-frequency correlation for neutral TE insertions by developing a generalised linear model that 
predicts TE allele frequency in European populations based on TE age estimated from the genome. To do 
this, we will extend the linear mixed-effects model we developed to test the effects of genomic factors on 
TE age in [7]. In our previous model, genomic effects such as TE family, recombination rate and location 
in genic regions were used as explanatory variables and TE age was used as the response variable. This 
model revealed the independent effect of recombination on TE age, as well as the interaction effect of 
transcription and recombination (i.e. TEs in genes appear to be younger in region of high recombination). 
In the current model, TE age will be used as an explanatory variable (together with other genomic 
effects), and allele frequency will be treated as the response variable. A significant positive association 
between age and frequency can then be evaluated independently from other genomic effects, and will be 
interpreted as the effect of genetic drift on allele frequency. Significant negative associations between 
frequency and recombination or transcription will be interpreted as the contribution of natural selection, 
because the action of weak negative selection is expected to skew the frequency spectrum toward rare 
alleles. If we find no evidence for selection in the linear model (i.e. we find no significant effect on allele 
frequency besides TE age), but we do find evidence for increased transpositional activity during 
colonisation (i.e. Model 2 fits the frequency spectrum, see above), we will conclude that the increase in 
transpositional activity associated with colonisation of Europe is due to an increase in transposition rate, 
and not due to a relaxation of natural selection (and vice versa). 
 

Prediction of TE presence or absence in ancestral African populations: The second test of the age-
frequency correlation will be a non-parametric analysis of the presence or absence of LTR and non-LTR 
elements in African populations. In general, we expect that young TE insertions that arose since the 
colonisation of worldwide habitats should be absent from ancestral African strains. Conversely, we 
expect that older TE insertions estimated to arise prior to the colonisation of worldwide habitats should be 
present in African populations. More specifically, we predict that African strains should have fewer LTR 
insertions and more non-LTR insertions, since LTR elements are systematically younger than non-LTR 
elements [7]). To conclusively demonstrate presence or absence in a population requires sampling more 
than one strain, and justifies the collection of allele frequency data in African as well as European 
populations. The accurate prediction of TE presence or absence in ancestral African populations will 
provide strong evidence that estimates of TE age from the genome reflect the natural history of TEs in D. 
melanogaster. 
 

Management and Training 
 

The PI will be responsible for overall management of the project including planning the experiments, 
supervision of the research technician, collaboration with the project partner (Prof. Wolfgang Stephan), 
and disseminating the results of the project. The project will provide the research technician with training 
in contemporary technologies including databases and high-throughput genomic screening, and allow the 



Testing the impact of host demography on transposable element dynamics in Drosophila        Case for Support p.10 

PI to develop skills in project management and gain further experience in modeling and data analysis.  
 

Data Stewardship and Dissemination of Results  
 

The dataset of population genomic results will be submitted to NERC Environmental Bioinformatics 
Centre and to FlyBase, the open source community database for Drosophila, with whom the PI has an 
established track record of submitting data in the past (see [10, 26, 45]). The entire mySQL database will 
also be provided for download on the PI's webpage as an open-access resource. Aliquots of PCR primers 
for the project will be arrayed in 96-well format and made available on request to maximize re-use by 
other scientists. Resulting manuscripts will be published under open-access licences and manuscripts will 
be deposited in UKPMC. Results from the study will be reported on at the UK Population Genetics 
Group and international Society for the Study of Evolution meetings. Where appropriate, press releases 
and interviews will be used to communicate results to the general public to promote a better 
understanding of science in society. 
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