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Pseudoviruses of Arabidopsis
Introduction

LTR retroelements are an ubiquitous group of mobile genetic parasites.  They are comprised of retrotransposons and retroviruses, both of which replicate through reverse transcription of a mRNA intermediate. Structurally, they are flanked by long terminal direct repeats (LTRs) and share two genes in common -- a gag gene, which encodes proteins for a capsid or nucleocapsid, and a pol gene, which encodes the enzymatic activities required for replication.  Among the pol gene-products is reverse transcriptase, which synthesizes a DNA copy of the element from a template mRNA.  This cDNA is integrated into a new site in the host genome by the pol-encoded integrase. The primary difference between the retrotransposons and retroviruses is that retroviruses encode additional envelope proteins, which enable extracellular transmission.  Envelope proteins associate with the cell membrane through transmembrane domains and facilitate the budding of the viral core particle from the cell.  They also play a role in infection by recognizing cellular receptors. 

Phylogenetic analysis of reverse transcriptase sequences divide LTR retroelements into two major lineages-- one includes the Ty1/copia retrotransposons (Pseudoviridae) and the other includes both the Ty3/gypsy retrotransposons (Metaviridae) and the retroviruses (Retroviridae).1  Retroviruses were first described in vertebrates, although it has long been known that some invertebrate Ty3/gypsy retrotransposons encode an additional env-like ORF.  Among these are the Drosophila melanogaster gypsy elements, which are now known to be infectious.2,3 Until recently, retroviruses were thought to be limited to the animal kingdom. However, Athila elements of Arabidopsis and the SIRE-1 elements of soybean were identified as retroelements which encode env-like ORFs.4,5  Interestingly, the SIRE-1 elements are members of the Ty1/copia lineage which has not previously been shown to include retroviruses. 

Retrotransposons have been found in all eukaryotic genomes analyzed to date and often constitute a substantial fraction of the nuclear DNA.  For example, the portion of the genome comprised of retrotransposons is 50% in maize6 and 40% in faba beans.7  The ubiquity and abundance of these sequences clearly indicates that they are successful genetic parasites.  Selection of integration sites appears to be non-random for many retroelement families.  Target bias may be influenced directly or indirectly in a number of ways.  Factors involved may include sequence motifs, base composition, and chromatin structure.  Retroviruses, whose genomic distribution may seem random, often show local target preferences and tend to integrate into transcriptionally active DNase I hypersensitive regions.8  In this case, target choice seems to be guided by higher order features of the target site rather than specific sequence motifs.  Retrotransposons in S. cerevisiae also show clear target preferences.  Ty3 elements appear to recognize transcription factors and usually integrate within 1-2 nucleotides upstream of transcription start sites for RNA polymerase III (RNAPIII) transcribed genes.9,10  Ty1 elements also integrate within a 1 kb window of actively transcribed RNAPIII genes.11 

The emerging eukaryotic genome sequencing projects provide snapshots of retroelement organization and diversity.  The wealth of intergenic sequences allows us to explore and evaluate the role retroelements play in genome organization, expansion, and diversity.  Our laboratory is focusing on analyzing the genome sequences of Saccharomyces cerevisiae and Arabidopsis thaliana due, in part, to the fact that there are many genetic and molecular tools for these organisms to test computationally driven hypotheses in the laboratory.

Saccharomyces cerevisiae.  We have undertaken a comprehensive analysis of the retrotransposon sequences in the S. cerevisiae genome.12  In addition to offering insight into retrotransposon diversity and evolution, this study documented a striking feature of the yeast retrotransposons: four yeast retrotransposon families (Ty1-Ty4) are associated with genes transcribed by RNA polymerase III.  For Ty1 and Ty3, this organization is the consequence of targeted integration.  In the course of the analysis, a fifth retrotransposon family (Ty5) was identified.13  This retrotransposon preferentially associates with the telomeres.  This association is also the consequence of targeted integration.14  In addition, we have identified telomeric and Ty5 proteins that are required for targeting and are currently using yeast genetics to dissect targeting mechanisms.15,16
Arabidopsis thaliana.  Analysis of the distribution of S. cerevisiae retrotransposons has been facilitated by their relatively low abundance; they make up only ~3% of the total genomic DNA.12  The identification, classification, and mapping of these sequences in more complex genomes presents a greater challenge. We have begun to analyze the A. thaliana genome sequence, which is expected to be completed soon.  This work builds on our long-standing interest in A. thaliana retrotransposon diversity.  Like most higher eukaryotes, and plants in particular, the A. thaliana genome contains many diverse element families.17  In preliminary analyses to date, we have identified over 30 element families, including representatives of the Ty1/copia, Ty3/gypsy, non-LTR retrotransposons, and the putative plant retroviruses.  Further genome sequence analysis will reveal new insight into retroelement diversity and how these elements have adapted to life in their host’s genome.

Aims and Method of Study

I. Specific Aims

This project is designed to generate insight into the ways in which retroelements contribute to genomes.  Computational analytical approaches are used to test the hypothesis that the Pseudovirus retroelement group has played a significant role in Arabidopsis genome structure.  These elements will be examined for novel patterns of distribution which may reflect targeting mechanism.  The will also be analyzed for possible unique mechanisms that enable replication and dispersal as in the case of retroviruses.  To accomplish this task, the following goals were devised.

Specific Aim 1.  To catalog the Pseudovirus of Arabidopsis.  Arabidopsis thaliana will be the focus organism for this study.  To date, plants have proven to harbor the greatest proportion of LTR retroelements within the genome.  Because Arabidopsis is the first plant genome targeted for complete genome sequencing, it is important to establish a baseline of retroelement content, diversity, and organization for use in further study.  A catalog of Arabidopsis Pseudoviruses will serve as a foundation for such studies.
Specific Aim 2. To establish the evolutionary relationships among the Pseudoviridae. It is necessary to determine how representative the Pseudovirus are with respect to the Pseudoviridae as a whole.   This will also help us begin to develop an understanding of the types of generalizations we can make on the basis of our observations in Arabidopsis.
Specific Aim 3. To identify elements showing target biases. 

Genomic organization of retroelements will be evaluated by identifying their physical location on the chromosome.  Elements will then be mapped relative to other genome features such as genes, other members of their element family, centromeres, telomeres, origin of replication, etc.  This effort should generate a catalog of element families targeted to particular chromosomal domains or features.

Specific Aim 4. To support efforts to characterize elements of interest through in-depth computational analysis.  Retroelement cataloging in A. thaliana in progress has already identified elements showing novel structural organization.  Experimental investigation of the new features will be complemented with in silico predictions regarding the role these features may play in the retroelement life cycle.

Research Design & Methods

Specific Aim 1: To catalog the Pseudoviridae of Arabidopsis.

Overview. A number of efforts have been undertaken to characterize other major transposon groups within Arabidopsis.  Our laboratory has chosen to identify and describe the Pseudoviridae.  Current detection methods rely on the fact that retroelements share a number of conserved features, including flanking direct repeats and conserved motifs or protein sequences (e.g. reverse transcriptase, integrase).  However, most genomic retrotransposon sequences are non-functional, and over time, many features erode through accumulated base changes and indels.12
There are two primary approaches to attacking this problem-- molecular laboratory techniques and/or the analysis of genomic data in public sequence repositories such as Genbank.  Discovery methods in the laboratory rely on either molecular hybridization assays or degenerate PCR to identify new retroelement families.12,17-19  The computational approach uses sequences from various genome projects in association with similarity searches to identify retroelements or retroelement features within the genome sequence.  The similarity search approach to element discovery has been validated by its ability to pick up known elements belonging to a similar class, e.g. Ty1/copia, irrespective of the copia sequence used as a similarity search 'e-probe' in test cases.

Methods. The conserved features mentioned above provide the points of attack for rapid identification of retroelements within the genomic sequence. Numerous sequence analysis and prediction services useful for identifying and describing sequence features are available via the World Wide Web.   We will initially use designated 'e-probes' to detect putative retrotransposons in genomic sequence data using these web analysis tools.  E-probes are sequences used to query public databases for similarity searches using algorithms such as BLAST, FASTA, and various implementations of the Smith-Waterman algorithm.21  Retrotransposons within the genome sequence will be delimited on the basis of similarity to known features of the reference e-probe and other qualities of element structure such as the direct repeats which make up the outside boundaries of the elements.  We will then characterize them through phylogenetic comparisons with retrotransposon sequences from each of the major retrotransposon lineages1.

The e-probe sequence is submitted to the BLAST server as the search query sequence.  Each public database sequence match returned has information about match quality, the Genbank source record for the match, and the actual homologous portion of sequence for a record extracted from the BLAST query results.  The source record for each matching sequence is retrieved from Genbank, annotations of interest are extracted as well as the sequence it contains.  The annotation information is checked against sequences already identified.  If this particular match has already been found and processed with the class of e-probe used in the initial query,  pursuit of this hit is terminated.  Otherwise, the original matching sequence from the BLAST result is identified within the sequence and used to . 

We then attempt to identify the LTRs and target site duplication for the element using the BLAST 2 Sequences program.23  Various other common features such as core sequences for integrase, RNase H, protease, and reverse transcriptase are sought using the protein search features of the BLAST 2 Sequences program.  This process should expand the initial BLAST hit results, and in the best cases, completely delimit the elements.  The updated sequence is submitted to the Prosite server for motif searches and a transmembrane prediction server to further characterize the sequence.24,25  The resulting predictions and element sequence are used to update the record for this element.  Each individual element analysis then terminates at this point.

When all elements within the targeted genome sequence have been collected, then the baseline information about Arabidopsis Pseudoviridae content will be generated.  Sub-groupings based upon homologies between elements within the Pseudoviridae, hereafter referred to as families, will be identified and visualized using the sequences of the major enzymatic components of the elements as input.  A graphical representation of elements and or element distribution will be generated by marking the physical locations of all identified elements at their correct positions on their chromosome.  This provides a visual aid for identification of possible trends in targeting.  Clustering of element families at particular locations may indicate cases where targeting to gross chromosomal features is occurring.  Simple statistics such as numbers, types, family diversity, and any novel elements will also be generated.

Specific Aim 2: To establish the evolutionary relationships among the Pseudoviridae.

Overview. The elements of Arabidopsis need to be placed within the framework of all known Pseudoviridae.  This is important to determine how representative these element are of the Pseudoviridae as a whole.

Methods.  All characterized members of the Pseudoviridae will be identified and collected from GenBank through use of the Entrez sequence retrieval query tool.  PubMed searches will also be used to help identify any additional previously identified elements.  Elements will be excluded from analysis which do not contain enough coding information to support phylogenetic characterization for all enzymatic or structural features included for purposes of cross comparison and tree support.  Structural features to be used may include but not be limited to the core domains for integrase, reverse transcriptase, RNase H, protease, LTRs and other features such as gag, pol, or whole elements.

The above effort will help place the evolution of Pseudoviridae within Arabidopsis within the framework of Pseudoviridae evolution throughout nature.  For example, if most or all element families found outside of  Arabidopsis have homologues from within that species with little evidence for horizontal transfer, conclusions about how prevalent these families may have been prior to speciation of Arabidopsis thaliana will be possible.  The analysis may uncover new and novel lineages not previously detected. One example is the retrovirus-like Endovir element family.

Specific Aim 3: To identify elements showing target biases.

Overview. Patterns in retrotransposon organization may occur at multiple levels: genes, gene classes, chromatin, or chromosome.  It is also important to keep in mind that many retroelements may display no organizational preferences whatsoever.  Little is known about how rules governing integration for one set of elements may generalize or apply to others.  Given classes of elements (e.g. Ty1/copia elements) may have organizational patterns distinct from other element classes.  Furthermore, element families within that class may also show organizational biases distinct from one another.  In S. cerevisiae, for example, Ty1 and Ty5 are both Ty1/copia group retrotransposons, but Ty1 is associated with sites of RNA polymerase III transcription11 and Ty5 is associated with domains of telomeric chromatin.14
Target patterns among Ty1/copia group elements are of particular interest to our lab because of our related work on the target specificity of the S. cerevisiae Ty1/copia group elements.  For Ty5, we identified a region near the C-terminus of integrase that is responsible for target specificity.16  Our working model is that the C-terminus of Ty5 integrase interacts with protein components of telomeric chromatin.  This effectively tethers the integration complex and results in Ty5’s observed target specificity.  C-terminal extensions of integrase are a common feature of all Ty1/copia group elements.  

Methods.  Retrotransposon insertions identified in Specific Aim I will be mapped relative to various known chromosome features.  Locations of gross chromosomal features like centromeres, telomeres, etc. will be entered, if known, when analyzing genome sequences prior to genome completion.  Nearby sequence features to elements within a family will be parsed from annotated Genbank entries.  Features commonly found near to known retroelement families may indicate the places we should look first for potential target bias.  Examples of potential interacting features could include different gene classes (e.g. those transcribed by RNA polymerase I, II or III), origins of replication, or other transposable elements.  Many of these features will be described as the genome sequence is compiled and annotated.

Specific Aim 4. To support efforts to characterize elements of interest through in-depth computational analysis.

Overview. Two putative Arabidopsis retroviruses-- Athila, and Endovir (discovered as a part of our characterization of Arabidopsis elements) are currently being experimentally tested for in vivo transposition and infectivity.  Very little is known about any purpose the additional coding information that these elements carry may have for their life cycle.  Other elements native to Arabidopsis may also prove interesting for further understanding, especially if they show target bias as detected in specific aim 3.  Computational efforts to characterize these elements can be used to complement and help direct the experimental work.

Methods. Our lab is well positioned to carry out analysis of the A. thaliana Pseudoviridae group elements.  We have previously characterized retroelements from several A. thaliana Pseudoviridae element families that are structurally intact (i.e. they do not carry any obvious mutations28).  Six intact copia elements from five different families were identified from Arabidopsis chromosome II genome sequence, providing some hope for working with native elements for testing transposition and targeting in transgenic A. thaliana plants.  

Analysis of the possible role of the putative env gene in the element life cycle has already begun.  We have placed the env containing elements within the larger scheme of the known retrotransposing elements using phylogenetic techniques similar to those described above.  This work has shown that env is evolutionarily conserved indicating that it likely plays a functional role for the element or host.

Other possibilities for use of computational analysis to guide experimental investigations may include the identification of element portions which appear to be more evolutionarily flexible, indicating possible targets for marker gene or epitope tag placement.  Prediction of structural properties of encoded proteins may help in identification of various qualities such as hydrophobicity or activities which may aid in isolation, functional testing, prediction of the functional role, possible interacting partners, cellular subcomparmental addressing, possible splice variants, or expression regulatory regions within the elements.  The specific focus of these studies will be directed by Specific Aims 1-3.
Summary. Retroelements have been identified in all eukaryotes, suggesting that they have profoundly influenced the content and organization of genomes throughout evolution.  Much of current genome analysis focuses on the coding information (i.e. genes).  It is very clear, however, that the interspersed repeats, which include retrotransposons, will offer important insight into genome structure and evolution. Our work in S. cerevisiae demonstrates that retrotransposons can detect chromatin features while others have shown that retrotransposons can actually play an essential role for the host by serving as telomeres in D. melanogaster.31  Increased understanding of how retrotransposons interact with their hosts offers great potential for new insight into understanding genome organization beyond the sequence level.
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