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Part 1: Previous Track Record 
 

Personnel 
 

Dr. Casey Bergman is a recently-appointed lecturer in the Faculty of Life Sciences at the University of Manchester, with a 
primary affiliation in Bioinformatics and Functional Genomics and secondary affiliations in Gene Expression and 
Evolutionary Biology. The major focus of his research group is to understand the function, organisation and evolution of 
noncoding DNA in metazoans. Dr. Bergman's long-standing interest in noncoding DNA predates the widespread 
availability of genome sequence data, and his research programme in this area has continued to evolve over the last 10 
years to incorporate two major foci: cis-regulatory sequences and transposable elements (TEs). The ongoing investigation 
of both of these types of functional noncoding DNA promises to yield basic insights into the mechanisms of gene 
regulation, genome organisation, genome evolution, and phenotypic diversity. The long-term vision of the Bergman lab is 
to conduct projects with both computational and experimental components, which will increase the impact of purely 
computation findings and allow hypotheses to be tested using specifically generated data.  
 

Dr. Bergman's post-graduate work at the University of Chicago included formal training in experimental and theoretical 
genetics and provided practical experience in molecular biological techniques (cloning, library screening, PCR, DNA 
sequencing, EMSA, protein purification), Drosophila genetics, 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 bioinformatics and genome evolution as an 
independent Fellow in the Department of Genetics at the University of Cambridge.  
 

Dr. Bergman's major achievements include development of bioinformatics methods used in 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]. In 
addition, he has led the development of the FlyReg database of transcription factor binding sites in Drosophila [6], which 
is founding datset of the ORegAnno (Open Regulatory Annotation) project [7]. Since 2000, Bergman has published 17 
peer-reviewed articles in journals such as Nature, PLoS Biology, Genome Research, Genome Biology and PNAS, and has 
been invited to give over 30 research seminars in the US, UK and Europe.  
 

Additionally, Dr. Bergman sits on the coordinating committee of the international Drosophila Comparative Genome 
Sequencing and Analysis Consortium to assemble, align, annotate and analyse the recently available genomes of 12 
Drosophila species. As a member of this committee, he has participated in and coordinated the preliminary annotation and 
analysis of three major subsections: TEs, noncoding RNAs and cis-regulatory sequences. He is also a member of the Royal 
Society International Policy Committee, a contributing member of the Bioinformatics subsection of the Faculty of 1000, 
and an associate editor of the online journal RepBase Reports. In the last two years, Dr. Bergman has co-organised the 
internationally-funded RegCreative Jamboree, whose aim was to catalyze research in open-access regulatory 
bioinformatics through the application of text-mining approaches, 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 a ongoing effort to annotate and analyse TEs in D. melanogaster as part of a larger research programme on the 
organisation, evolution and function of noncoding DNA. In collaboration with Dr. Josh Kaminker (BDGP, Release 3) and 
more recently with Dr. Hadi Quesneville (Institute Jacques Monod-Paris, Release 4), Dr. Bergman has developed novel 
bioinformatics strategies to detect, annotate and warehouse TEs in genome sequences. The philosophy behind this work is 
that rather than simply masking TEs using RepeatMasker as is typically done, TE annotations should be elevated to an 
equivalent status as gene models, so that their impact on genome biology can be properly assessed with minimal 
methodological bias. 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 FlyBase annotation of TEs, and has been incorporated and distributed by 
FlyBase and GenBank to the wordwide community of Drosophila researchers. Further development and application of this 
TE annotation pipeline continues as an ongoing collaboration with Dr. Quesneville, and will be supported in part by the 
bioinformatics component of this project.  
 

Based on this expertise, Dr. Bergman has been recruited to sit on the coordinating committee of the international 
Drosophila Comparative Genome Sequencing and Analysis Consortium to lead the preliminary TE annotation of the 
genomes of 12 Drosophila species using components of this pipeline in conjunction with other community submissions. 
The 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 across the genus. Resources from these efforts have been made publicly available at the 12 genomes project 
website. 
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The open-access nature of these annotation efforts have allowed the standardised analysis of TEs by the Drosophila 
genomics community, and have facilitated a number of research publications by Dr. Bergman and others. Using these 
resources, Dr. Bergman has played the primary role in analysing the abundance of TEs in the Drosophila genome [3, 5], 
the production of high quality alignments for TE families [3, 8], the identification of TEs in genes [3, 9], the population 
genetic analysis of TE insertions [9], the analysis of TE sequences in β-heterochromatic regions [5], the estimation of 
diversity and age structure in TE families [3, 8], and the analysis of TE nesting whereby one TE inserts into another [5, 8]. 
This 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 than those estimated 
using mutation accumulation studies in the lab [8]. Ongoing work in the Bergman lab on Drosophila TEs includes the 
estimation of mutation patterns from retrotransposon families, the genomic and phenotypic analysis of artificial P-element 
insertions, and (with Steve Brown, University of Manchester) the transgenic analysis of a fixed TE insertion that has 
contributed a lineage-specific enhancer controlling expression of host gene in the germline. 
 

Research Environment 
 

The RAE 5*-rated Faculty of Life Sciences (FLS) at the University of Manchester is ideally suited for bioinformatics-led 
genomics research in Drosophila with the largest academic grouping in bioinformatics in Europe (over 100 active 
researchers in bioinformatics spread across the University (in Life, Physical and Computer Sciences) and approximately 
50 active researchers in 14 Drosophila genetics labs. FLS Bioinformatics and Functional Genomics currently maintains a 
32-node Beowulf cluster dedicated to basic research and supported by a full-time system administrator (Dr. Nick Gresham, 
see attached CV), and a second 32-node high performance computing cluster is being built using funds from a recent 
~£170,000 BBSRC REI award. The FLS also houses a dedicated Drosophila lab for fly husbandry, and provides core 
facilities for media preparation and automated DNA sequencing. Microarray experiments are conducted by dedicated team 
(led by Experimental Officer Dr. Andy Hayes, see attached CV) in the FLS core facility that has the Affymetrix GeneChip 
Scanner 3000 7G necessary for this project, and microarray analysis is supported by a full-time Experimental Officer in 
bioinformatics (Dr. Leo Zeef, see attached CV). The Bergman lab is located in the newly built Michael Smith Building 
and currently consists of 3 members: Dr. Ian Donaldson, a PDRA (jointly supervised with Prof. Andy Sharrocks, 
University of Manchester) working on analyzing ChIP-Chip tiling array data; Mr. Paul Cartwright, a BBSRC DTA post-
graduate student studying TEs in the human genome; and Ms. Raquel Linheiro, a self-funded post-graduate student 
studying artificial P-element insertions in Drosophila. The research and training environment is highly interactive and is 
facilitated by nearly all relevant labs being housed together in the Michael Smith building, and by research seminar series 
in Bioinformatics and Functional Genomics, Gene Expression and Cell Signalling, Drosophila Genetics, and Evolutionary 
Biology with internal and external speakers from the UK and Europe. 
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Part 2: Description of the Proposed Research and its Context 
 

Background  
 

The era of genomics has fundamentally transformed biological research, with the widespread availability of genome 
sequences impacting studies ranging from single genes to complex systems. To unlock the totality of information encoded 
genomes and maximise the benefits of genome sequencing projects, it is necessary to develop rigorous approaches to 
assign function to uncharacterised genome sequences. Rapid advances have been made in the functional annotation of 
protein-coding regions, although even with constraints imposed by the genetic code, the comprehensive identification of 
protein-coding genes remains an unsolved problem. The identification of functional elements in the vast non-protein-
coding regions that comprise the majority of metazoan genomes poses an even more difficult problem for comprehensive 
genome annotation, since the rules governing the structure and function of these sequences remain more elusive. The 
solution to this grand challenge will clearly require combined experimental and computational methods, as exemplified by 
the recent the ENCODE project which aimed to annotate comprehensively the function of 1% of the human genome [1]. 
 

Mobile, repetitive sequences known as transposable elements (TEs) are among the most abundant, but least understood, 
components of the 'dark matter' of non-protein-coding DNA in complex, eukaryotic genomes. For example, ~25% and 
~45% of DNA in the rice and human genomes, respectively, is estimated to be TE in origin [2, 3]. Despite the predominant 
view is that they are "selfish" intragenomic parasitic sequences with a deleterious impact on their host genomes [4, 5], TEs 
clearly play important biological roles in genome structure [6], genome size [7] and genome rearrangement [8]. TEs also 
play important roles in chromatin organisation [9], interact with RNA silencing machinery [10], can affect the expression 
of neighboring genes [11], and lead to adaptive mutations [12]. More recently it has become clear that TEs in some 
species, such as ourselves, are constitutive components of genomes that function as gene and regulatory sequences [13, 
14]. 
 

A long-term aim of the research in the Bergman lab is to understand fully the functional impact of TEs in genome biology. 
To achieve this aim, it is critical to understand the evolutionary mechanisms that control their abundance, distribution and 
diversity in genome sequences. Because of the presumed deleterious effects of most TE insertions, their evolution is 
typically thought to be governed by a balance between transpositional increase 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 [15, 16]). These studies largely made the key assumption that the forces of transposition and 
selection are at equilibrium for analytical tractability in evolutionary models. Without a coherent model of TE evolution, 
our understanding of genome organisation and evolution remains incomplete. 
 

Recent research from the Bergman lab has shown that long terminal repeat (LTR) elements, the most abundant type of TE 
in the in D. melanogaster genome [17, 18], may not fulfill equilibrium conditions because of their extremely recent 
insertion [19]. These results have significant implications for the transposition-selection balance hypothesis for three 
reasons: (1) nearly all pre-genomic data collected to test this model was for LTR families (e.g. [20-22]), and thus previous 
results are based on a biased subset of TE families; (2) non-equilibrium conditions invalidate predictions and tests of 
equilibrium models; and (3) recent insertion may explain the low frequency of individual TE insertions in natural 
populations, a pattern which has classically been considered strong evidence to support the action of negative selection 
acting on TEs. Minimally, our results indicate that TEs cannot be treated as one homogeneous set in equilibrium models of 
TE evolution. More importantly, if key predictions of this non-equilibrium scenario of LTR integration are empirically 
verified, it may require us to revise our models of the forces controlling TE evolution altogether.  
 

These results also raise the more general question of whether the static pattern of TE sequences encoded in genomes truly 
represents the long-term processes that control them, or whether dramatic changes (such as recent LTR insertion in 
Drosophila) may be associated with specific lineages within a species. In other words, when we attempt to infer the 
functional impact of TEs from a single genome sequence – including their mutational effects on fitness, the mechanisms of 
heterochromatin formation, repeat-induced post-transcriptional gene silencing, etc. – does this adequately reflect the 
species' biology? This important and unresolved question holds for all genomes that contain TEs but is particularly acute 
for genomes such as that of D. melanogaster which have been obtained from a non-ancestral, laboratory strains.  
 

To advance our understanding of the impact of TEs on genome structure and evolution, we will: 
 

1) collect population genomic data for retrotransposons in African and non-African strains of D. melanogaster.  
2) test the recent LTR insertion hypothesis using equilibrium and non-equilibrium models of TE dynamics. 
3) integrate evolutionary analysis of retrotransposon ages into an automated pipeline for TE annotation. 
4) annotate TEs in 11 Drosophila genomes to test the generality of recent LTR insertion in other species. 

 
This project will employ a combination of experimental and computational strategies to generate novel genomic datasets 
designed to address the recent LTR integration hypothesis in Drosophila. 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. This research will aid the 
general interpretation of noncoding DNA in genome sequences, provide insight into the impact of TEs on genome biology, 
and allow better identification of functional sequences in species with TE-rich genomes, such as our own. 
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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) ranked by decreasing median 
age. Numbers after family names indicate sample sizes. The horizontal dashed line represents the 
estimated divergence time since the split of D. melanogaster and D. simulans from their common 
ancestor. See ref. [19] for details. 

Work Leading up to the Current Project 
 

With the recent availability of essentially complete genomic sequences, 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 methods to detect TEs in genome sequences. The PI has been engaged in developing 
computational methods to detect and analyse TEs in genome sequences for over 5 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 [18, 23]. The results of this effort has been recognised as the official TE annotation of 
the D. melanogaster genome by FlyBase and GenBank. The annotations have allowed the PI and others to test and 
confirm predictions of models of TE evolution such as the increase in TE copy number in regions of low recombination 
[18, 24, 25] and the paucity of TEs in transcribed regions [17, 24, 26]. This unique annotation system will be extended in 
Objective 3 and further deployed in Objective 4 of the proposed research. 
 

Genomic data also provide a unique source of information encoded directly in the sequences of individual TE copies, 
which can be used to test models of TE evolution in ways not previously possible using cytological methods. This work 
involves constructing high quality multiple alignments of TEs from paralogous locations, which can be used to study 
diversity among TE copies [27, 28], and to study basic molecular evolutionary processes using inactive TEs as 
"pseudogene-like" sequences [29, 30]. Importantly, this approach can be used to estimate the age of individual TE 

insertions, and provide insight into 
TE evolutionary dynamics from static 
genome sequences [19, 31]. To 
catalyse research in this area, the PI 
has produced multiple sequence 
alignments for all TE families in D. 
melanogaster [17], and more recently 
in the developing approaches to 
generate annotated multiple 
alignments for TE families [19]. 
Recent research by the PI (Figure 1) 
using these annotated alignments has 
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 [32, 33]. As 
detailed above, recent LTR insertion 
has important implications for 
models of TE evolution. 

 

In addition to radically accelerating their analysis using computational techniques, the post-genomic era has also opened 
up new possibilities for the experimental sampling of TE insertions. To date, several small-scale efforts have studied the 
population dynamics using straightforward PCR-based genotyping assays to evaluate whether TEs first identified using the 
D. melanogaster genome sequence are present or absent in other strains [26, 34-36]. As part of a completed NSF-funded 
project (NSF:0317171), the PI co-supervised a study on the impact of TEs insert into exonic regions of mRNAs in D. 
melanogaster [26]. This study combined computational and population genomics to discover that the probability of a TE 
surviving to be observed in the genome is reduced 2-fold by disrupting transcription and 5-fold by disrupting mRNA 
function. This study also showed that 40-45% of TEs in the genome sequence are polymorphic in wild strains of D. 
melanogaster. Unfortunately, for several reasons previous studies (including our own [26] and others [34-36]) are were not 
designed to address specific questions concerning the population genomics of retrotransposons in Drosophila, and 
therefore cannot be used to address predictions of the recent LTR insertion hypothesis. Most importantly, the sample of 
TEs studied in nature has been obtained only from the genome sequence (a North American lab strain of D. 
melanogaster), and thus are biased in ways that cannot yet be assessed without a full understanding of the TE content in 
wild caught, ancestral African populations (see Objective 1b for a strategy to overcome this problem). In addition, 
previous studies variously used only a small number of TEs, studied only one subclass of retrotransposon (either LTR or 
non-LTR), used a strain pool strategy that results in a high variance on estimates of TE frequency, sampled only single 
strains from African populations, or used non-ancestral populations of African flies [26, 34-36]. Furthermore, the 
population structure and demographic history of the strains sampled in these studies is completely unknown, a problem 
that confounds inferences on TE population dynamics in currently unquantifiable ways. We will address these 
shortcomings in the current project, to generate the first experimental dataset that can test specific predictions of 
retrotransposon evolution inferred computationally from genomic sequences. 
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Programme and Methodology 
 

Objective 1a. Population sampling of TEs discovered using the non-African genome sequence. 
 

We will estimate TE population frequencies by sampling the presence or absence of 10 copies from each of 10 LTR 
and 10 non-LTR retrotransposon families detected using the (non-African) genome sequence in 12 inbred strains 
from two populations of D. melanogaster. 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. Available data indicates that non-ancestral, cosmopolitan populations of D. melanogaster have similar TE 
frequencies [34], and thus the sequenced strain should closely reflect the state of European populations. The strains chosen 
for this project are exactly the same as those that have been analysed extensively for single nucleotide and small-scale 
insertion/deletion variation by Prof. Wolfgang Stephan and colleagues (University of Munich) [32, 37]. The proposed 
sampling framework will allow us to contrast multiple independent LTR and non-LTR families, precisely control for the 
effects of population structure and demographic history in our analyses, and allow us to directly compare our results on TE 
insertions to other types of molecular variation (e.g SNPs and indels) to understand the relative contribution of different 
types of mutation to genome evolution. In addition to using published data from the X chromosome, we will analyse our 
data on TE insertions in the context of unpublished resequencing data from the 2nd and 3rd chromosomes collected by the 
Stephan Lab, which will also provide the strains used in this study (see attached letter of collaboration). 
 

For each of the 200 TE insertions, PCR primers will be automatically 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 identified using in silico PCR and new amplicons 
redesigned for these loci. Each primer will be given a unique ID and linked to unique amplicon IDs and FlyBase 
transposable element IDs for accurate data tracking. Primer, amplicon and TE data will be 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. 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 
the FLS core Beckman Biomek FX Automation Workstation. 
 

Objective 1b. TIP-Chip discovery of TEs in an African strain of D. melanogaster. 
 

To overcome the sampling biases of TEs discovered in the single non-African genome sequence, we will use a recently 
developed whole-genome TE discovery method that combines linker-based PCR with hybridisation to microarrays [38-
40]. These methods are based on earlier electrophoresis-based "transposon display" techniques [41] that specifically 
amplify the junction regions between TEs and their flanking sequences, but which required cloning and sequencing to 
determine the exact genomic location of new TE insertions. Array-based TE profiling avoids the sampling artifacts and 
labour intensive steps in clone-based discovery methods, and therefore provides a rapid and relatively low-cost solution to 
genome-wide TE discovery. Array-based TE profiling methods have been shown to identify successfully artificial TE 
insertions near Arabidopsis genes [38] and for the Ty1 family of natural LTR elements across the entire yeast genome [39, 
40]. Given the fact that most TEs in Drosophila insert in intronic or intergenic regions outside genes [17, 24, 26], a gene-
based cDNA array approach is not appropriate and whole-genome arrays are necessary for the studies proposed here.  
 

We will adapt the transposon insertion profiling-chip (TIP-Chip) technique [39] to detect novel insertions of 10 
families of LTR and 10 families of non-LTR retrotransposon in a single ancestral strain of D. melanogaster from 
Lake Karika, Zimbabwe using the Affymetrix GeneChip Tiling Array 1.0R. We will use the "vectorette" PCR 
strategy of Wheelan et al. [39], since this method has previously been successfully applied to discover new TE insertions 
in D. melanogaster [42]. If this approach is unsuccessful, we will adapt the magnetic bead method of Gabriel et al. [40]. 
The Drosophila GeneChip Tiling Array 1.0R is ideal for these experiments since TE sequences were deliberately omitted 
from the array design, which minimises the potential for spurious cross-hybridisation among different TE locations. 
 

Following the protocol of Wheelan et al. [39], we will use a set of 3-4 restriction enzymes that maximise the proportion of 
the D. melanogaster genome represented in genomic fragments between 1 and 10 Kb in length that can be amplified 
readily by vectorette PCR. Linkers will be added to digested genomic DNA, and PCR will be performed with one general 
linker primer and two specific primers for each family. Family-specific primers will be designed to bind to the 3' end of 
each TE, to allow detection of non-LTR elements that have 5' truncations resulting from incomplete reverse 
transcription[43]. Two closely-spaced, but distinct family-specific primers will be used for the replicate amplification 
experiments to make TE discovery more robust to SNPs and small indels that may occur at one or the other family-specific 
primer binding site.  
 

Amplification products from the set of restriction digests will be pooled prior to labelling by biotinylation. Labeling and 



Population Genomics of Retrotransposons in Drosophila.                                      Bergman - Case for Support - Part 2 - p.4 

hybridisation to microarrays will be conducted using protocols for Affymetrix ChIP-Chip experiments that are currently 
conducted in the FLS microarray facility. We will use digested but unamplified genomic DNA for background 
normalisation, which will also control for variation in probe binding that may result from DNA divergence between the 
African strain and the genome sequence on which the array was based. Since discovery of all 20 TE families will be 
conducted in a single genetic background, only one background hybridisation will be required for the entire set of 
experiments. As demonstrated by Wheelan et al. [39], two biological replicates are expected to be sufficient to ensure 
reproducible results, given extent of the enrichment by vectorette PCR and the large number of array features that will be 
bound per junction region. To establish proof of principle, we will apply TIP-chip to two (one abundant and one rare) LTR 
and non-LTR families using the genome sequence strain (y1; cn1, bw1, sp1), to assess the need for replication and to 
estimate the false positive and false negative discovery rates of the method. New TE insertions will be automatically 
detected using modified version of the yeast TIP-chip algorithms and, if necessary, we will explore development of new 
approaches by adapting methods that detect ChIP-chip fragments or copy number variation (e.g. deletions/duplications) in 
genomic DNA using tiling arrays. In total, 50 tiling arrays will be needed with two-fold replication; if more replicates are 
required to ensure reproducible results, we will scale down in a balanced manner to study equivalent number of LTR and 
non-LTR families. The molecular biology component of these experiments will be conducted by the project technician, 
microarray experiments will be conducted by Experimental Officer Dr. Andy Hayes, and microarray analysis will be 
conducted by the PDRA and Experimental Officer Dr. Leo Zeef. 
 

Objective 1c. Population sampling of TEs discovered using TIP-Chip in African strain. 
 

We will sample the presence or absence of 10 copies from each of 10 LTR and 10 non-LTR retrotransposon 
families discovered using TIP-chip in 12 inbred strains from two populations of D. melanogaster. These PCR 
genotyping experiments will be carried out using exactly the same protocols and strains described in Objective 1a and will 
directly assess the biases associated with sampling TEs discovered in the non-African genome sequence. To control for the 
effects of genomic location, the ~200 insertion sites identified using TIP-chip in the African strain will be chosen to 
provide matched samples to the insertions identified using the genome sequence in terms of recombination rate and 
transcriptional (e.g. intronic or intergenic) compartment. Positive control PCR genotyping in the strain used for the TIP-
chip experiments will also allow direct empirical validation and estimation of the false positive rate of the TIP-chip 
process, effectively providing a low-cost alternative to excessive microarray replication. These experiments will be 
conducted by the project technician under guidance from the PI. 
 

Objective 2. Analysis of TE population genomic data. 
 

While the bulk of the theory on TE evolution over the last 20 years has been developed for equilibrium conditions [15, 
34], research on neutral [44] and non-equilibirum [45] models are being conducted currently by several labs worldwide. 
We will test quantitative predictions of both equilibrium and non-equilibrium population genetic models of TE 
evolution in European and African strains using the data collected in Objective 1. We will first test whether TE 
frequencies fit a neutral coalescent model that has been developed by Justin Blumenstiel and Dan Hartl (Harvard 
University, personal communication) [44]. This model tests whether observed population frequencies fit expectations 
conditional on the age of TE insertion allele, which can be estimated from molecular evolutionary analysis (e.g. [19] and 
see Objective 3). Departure from this neutral model will be taken as evidence for the action of natural selection acting to 
control TE frequencies, and if this outcome is obtained we will then evaluate whether models of transposition-selection 
equilibrium fit our data [15, 34], and estimate the strength of selection that acts on TE insertions. These analyses will 
incorporate ascertainment biases that arise from sampling TEs first detected in an individual strain [34]. We will also 
extend our linear modeling of the relationship between genomic location and TE age [19] to study the effects of genomic 
location (e.g. recombination and transcription) on population frequency. Finally, we will and adapt the frequency spectrum 
methods of Aquadro, Golding and others [46, 47] that test for selection on TE insertions relative to SNP variation to 
account for (i) the background population structure (ii) the age of TE insertions estimated from molecular evolutionary 
analysis, and quantify the relative magnitude of molecular variation for TEs, SNP and indels in D. melanogaster. These 
analyses will be conducted by the PDRA and the PI in collaboration with Prof. Wolfgang Stephan (University of Munich). 
 

Our working hypothesis is that patterns of abundance and diversity encoded in the genome sequence are an accurate 
reflection of the population genomic processes that control retrotransposons in Drosophila. If this hypothesis is true, we 
expect that the age since TE insertion estimated from the genome sequence [19] should reflect their population frequency 
and predict their presence and absence of TEs in different populations. For example, young TE insertions estimated to 
arise since the colonisation of non-African habitats should be at low frequency in European strains and should not be 
present in ancestral African strains. Therefore, we predict that African strains of D. melanogaster should have fewer LTR 
elements than cosmopolitan strains (since LTR elements are systematically younger than non-LTR elements [19]), which 
is supported by the general observation that African strains have fewer TEs overall [48]. We further predict that older TE 
insertions estimated to arise prior to the colonisation of non-African habitats should be present in both African and 
European populations, with European strains harboring a subset of African variation as is observed for SNPs. This 
prediction is supported by observations that a small number of TEs in regions of low recombination (which are on average 
older [19]) are fixed in ancestral African strains [35]. If the null hypothesis is invalid, we expect to see substantial 
departures from the expected correlation between age and frequency. This non-neutral outcome may provide evidence for 
negative selection (TEs found at frequencies too low for their age) or positive selection (TEs found at frequencies too high 
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for their age). By controlling for age since insertion, discovery biases and the effects of population structure, these results 
will provide definitive evidence for or against the action of natural selection on TEs in the Drosophila genome. 
 

Objective 3. Implementation of automated evolutionary analyses into a TE annotation pipeline. 
 

While providing a high-resolution annotation of the location and gross anatomy of TEs, our combined evidence TE 
annotation pipeline currently does not provide information about their detailed structure (such as the presence of ORFs, 
LTRs, poly-A signals and promoter elements) nor does it provide estimates of TE age. Inclusion of these attributes is 
essential for a truly comprehensive TE annotation system. We will develop software modules to produce annotated TE 
alignments that provide detailed structural descriptions of individual TE copies and estimates of TE age in genome 
sequences. Genomic copies of predicted TEs will be extracted and annotated by co-alignment with reference sequences of 
ORFs, LTRs, etc., a strategy that provides a consistent annotation of all members of a TE family that is robust to insertion 
and deletion in genomic copies [19]. Once co-aligned with reference sequences, detailed structural information can be 
automatically transferred from alignments back to each genomic copy and thereby overlain on the genome annotation. In 
addition to providing a more detailed and biologically relevant genomic annotation of TEs, these annotated alignments can 
be used for each of the two main methods that provide unbiased estimates of the age since retrotransposon insertion. The 
first approach is based on using terminal branch lengths and can be applied to both LTR and non-LTR elements [19]. The 
second approach is based on intra-element LTR-LTR comparisons and is specific to LTR elements [49]. We have recently 
shown that both techniques provide highly correlated estimates of age for LTR elements [19], mutually reinforcing both 
methods to date the age since TE insertion, and both techniques will be implemented here. 
 

This work will initially utilise a set of curated alignments produced by the PI that can serve as gold standards in the 
assessment of benchmarking of existing alignment methods such as MLAGAN [50], MUSCLE [51] and others. Optimal 
alignments will be assessed using the standard sum-of-pairs criterion. Age estimation techniques will employ standard 
unique-substitution [52] or phylogeny-based methods [31], and allow relative and absolute dating based on user-defined 
molecular clocks. Detailed structural annotations and age estimates will be stored in new tables in the mysql database 
back-end of our combined evidence pipeline, and this information will be provided to FlyBase (see attached letter of 
support from Prof. Michael Ashburner, University of Cambridge). This work will be carried out in the Python 
programming language to interoperate with existing modules in our TE annotation system by the PDRA. 
 

Objective 4. Analysis of retrotransposons in 11 Drosophila genomes. 
 

Given the recent whole genome sequences of 11 additional Drosophila species, it is now possible to determine if the 
pattern of TE abundance in the model species D. melanogaster is unique or more broadly representative of related species. 
Preliminary studies conducted by the PI on behalf of Drosophila Comparative Genome Sequencing and Analysis 
Consortium reveal that the abundance trend among retrotransposon subclasses observed in D. melanogaster (LTR 
retrotransposons > non-LTR retrotransposons) [17, 18] is conserved across the genus. This result raises the question of 
whether systematic differences in age structure between LTR and non-LTR families might also be observed in other 
Drosophila species. We will automatically annotate retrotransposons and estimate their ages in the 11 recently 
completed Drosophila genomes. We will first curate species-specific TE libraries based on the preliminary results of de 
novo repeat discovery methods [53, 54] that have been submitted to the 12 genome project. TE libraries from this study 
will be submitted to the RepBase database in collaboration with Dr. Jerzy Jurka, Genetic Information Research Institute 
(see attached letter of collaboration). Curated libraries will be used as queries in our modified TE annotation pipeline (see 
Objective 3) and TE annotations will be submitted to FlyBase  (see attached letter of support from Prof. Michael 
Ashburner, University of Cambridge). This work will be carried out by the PDRA with support from Dr. Nick Gresham. 
 

Statement of Timeliness and Promise 
 

Following the finishing of the D. melanogaster genome sequence, it is now possible to make reliable inferences from the 
genome sequence of this important model organism. This opportunity has allowed rigorous conclusions on the age 
structure of TEs to be obtained for the first time [19]. It is also now possible to study the implications and causes of these 
findings using a combination of novel experimental and computational techniques. Additionally, the recent availability of 
whole-genome tiling arrays from Affymetrix now make it possible for the first time to apply array-based TE discovery 
techniques to complex eukaryotes such as Drosophila. Likewise, it is now possible to establish whether inferences from D. 
melanogaster apply generally to other sequenced Drosophila genomes. This work will demonstrate proof of principle and 
advance technology for the experimental and computational analysis of TEs that can be applied to the increasing number 
of genome sequences, including TE-rich mammalian genomes such as our own. 
 

Training Potential of the Project 
 

The PDRA will be able to take advantage of training opportunities generally offered by the Faculty and specifically by the 
project. The project will allow training in multi-disciplinary, post-genomic skills including microarray analysis, genome 
bioinformatics and evolutionary genetics. The interaction between the PDRA and the project technician will also provide 
experience at the "wet-dry" interface that will charaterise future biological research. Research staff in FLS are given an 
annual performance and development review, and have access to a training programme supported by a full time Research 
Staff Development Officer. This programme includes monthly training bulletins, one-to-one advice and guidance and 
workshops on topics such as planning a fellowship, grant reviewing and academic CV writing. 
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Deliverables, Data Sharing and Dissemination of Results   
 

The database of population genomic results from Objectives 1a-1c will be submitted to FlyBase (see attached letter of 
collaboration from Prof. Michael Ashburner, University of Cambridge), the open source community annotation database 
for Drosophila, as presence or absence information in natural strains of individual FlyBase Tranposon Insertion (FBti) 
records. Aliquots of PCR primers for the project will be arrayed in 96-well format and made available on request. Modules 
for the evolutionary analyses will be distributed at the end of year 1, as a release of the combined evidence TE annotation 
pipeline. To facilitate the multi-site development of this project with in collaboration with Hadi Quesneville (Institute 
Jacques Monod-Paris), we will establish a SourceForge project to act as an open-source portal for the submission of new 
code and distribution of pipeline modules to the research community. TE reference sequences will be curated throughout 
the project using the RepBase submitter tools and deposited in RepBase, the most comprehensive and widely used 
database for repeat sequences in eukaryotes (see attached letter of collaboration from Dr. Jerzy Jurka, Genetic Information 
Research Institute). Annotations of TEs in the 11 Drosophila genomes will be submitted to FlyBase and to GenBank via 
FlyBase in years 2-3, following the model established by the PI for D. melanogaster (see attached letter of collaboration 
from Prof. Michael Ashburner, University of Cambridge). Raw computes, database dumps and additional information will 
be made available SourceForge project. 
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