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INTRO:

In the past the majority of the focus of DNA research revolved around the DNA that constitutes genes.  However, with the advent of comparative genomics, much has been learned about the sequences and functions of intergenic DNA as well.  Long thought of as “junk DNA” devoid of function, certain intergenic sequences have been found to exert control over recombination, DNA replication, as well as gene expression (Van Belkum and Scherer, 1998).  Much of the intergenic DNA which regulates gene expression is found in the form of repetitive DNA.  Many DNA repeats act as binding sites for proteins or as structural elements at the level of RNA.  Repeats are typically classified by: the type of repeat (dispersed, tandem, etc.), the size of the repeat, and their location and occurrence in the genome (Bachellier et al., 1999). 

While a significant amount of information is known about dispersed and tandem repeats little is known about other types of repetitive DNA.  A new type of repeat has been characterized in many prokaryotic genomes which shows characteristics of both tandem and dispersed repeats.  These repeats consist of short regularly spaced repeats of 20 to 39 bp separated by nonconserved sequences of almost constant length (inter-repetitive sequence), these repeats have been named clustered regularly interspersed short palindromic repeats, or CRISPRs (Jansen et al., 2002).  

Despite previous studies, the function of CRISPRs remains unknown; this is also true of the CRISPR-associated (Cas) genes which are always found closely linked to the repetitive sequences themselves.  The COG assignments of the Cas genes do allow their function to be guessed at, however: all seem to be involved in DNA repair or recombination.  This has lead us to the hypothesis that CRISPRs and their associated genes represent a class of transposable element found exclusively in prokaryotes.  We therefore set out to determine if there is evidence that the repeats and their associated genes have been transferred among prokaryotes by horizontal transfer, ie. Between divergent species rather than vertically between related organisms.  An established test for this phenomenon is via phylogenetic analysis.  Distantly related organisms, namely the Archaea and Bacteria, should not be intermixed on a phylogenetic tree if no instances of horizontal transfer have occurred during evolution.  To further support the idea of the CRISPRs being transposable elements we decided to examine the sequences flanking the CRISPRs and Cas genes for conserved sequences that are indicative of insertion sequences laid down by transposons.
Methods:
Acquisition of CRISPRs:

CRISPR sequences were obtained by using the PatScan program available from Argonne National Labs.  The following pattern was specified in the searches of the prokaryotic genomes:  p1=15…70 15…70 p1 15…70 p1.  Degenerate direct repeats were discarded by hand.  The pattern was further adjusted toward the specifications of the CRISPRs being found to automatically eliminate more direct repeats.  The Crisprs found were added to those already characterized by Jansen et al. 2002
Acquisition of CAS genes:

CAS genes were obtained for the different species by utilizing what was already known.  NCBI blast was utilized to look for homologs to the CAS genes already characterized by Jansen et. Al.
Horizontal Transfer:
Pairwise and  multiple alignments were performed with MacVector 7.2.2 ‘s ClustalW program using an Md matrix with an open gap penalty of 10 and extend gap penalties of .1 and .05, respectively.  Hydrophobic, as well as residue-specific, penalties were also employed.  Gaps were not allowed during the alignment of CRISPR DNA sequences, however.  Although some of the details of the phylogenetic trees changed when alternate matrices were used for alignment (BLOSUM or PAM), the overall characteristics demonstrating horizontal transfer remained unchanged.
 Transposition:
Similar CRISPR sequences found in separate organisms were examined to conservation outside of the CRISPR itself or the CAS genes shared.  This technique was also used for similar organisms containing diverse CRISPR and CAS sequences.  Some sequence comparisons and nearly all sequence retrievals were accomplished using Biolingua (Elhai, unpublished).  Biolingua is a user friendly interface that allows the manipulation of genomic information (Elhai, unpublished).  At this point only cyanobacterial genomes could be utilized with Biolingua (Elhai, unpublished).  Most comparisons were done using local BLAST.  Personal programs were written to facilitate this comparison including a BLAST Parser and visual display of parsed BLAST output.  For lack of a better method the sequences obtained were examined using Biolingua and by hand for any evidence of a conserved flanking sequence.

Results:

Following characterization of the CRISPRs and Cas genes found in table 1, and after obtaining multiple sequence alignments of the corresponding DNA or protein sequences, best-fit phylogenetic trees could be drawn using distance based techniques.  From these trees, it is evident that promiscuous horizontal transfer of these sequences has occurred at some time during evolution.  This is evident from the intermixing of diverse species on the phylogenetic trees (fig 1).  It is beyond the scope of this investigation, however, to predict exactly how many transfer events have occurred or to estimate when these events may have occurred.  

The trees can be clearly seen to contain Bacterial species interspersed with diverse Bacterial species as well as Archaeal species.  The CRISPRs themselves appear to be interspersed to the greatest degree, since some larger blocks of related prokaryotes can be seen in some of the Cas trees.  On a number of occasions, organisms were found to contain more than one homolog of a particular Cas gene associated with multiple clusters of CRISPR sequences.  This is true of Archaeoglobus, Clostridium, Geobacter, Leptospira, Nostoc, Pyrococcus, Rhodospillium, Streptococcus, Sulfolobus, and Synechocystis, among others.  When this occurs, it can be seen by their relative distances on the tree that the multiple Cas genes are not always closely related to one another.  Compare, for example, Synechocystis Cas 1 and Cas 1B, or Archaeoglobus Cas 2B with Cas 2 and Cas 2C.

Among the most interesting findings is the absence of CRISPR and CAS genes in the lab strain of Shewanella oneidensis but the presence of both CRISPR and CAS genes in Shewanella oneidensis obtained from an environmental sample (Venter et al, 2004).  

Preliminary results obtained from the analysis of flanking regions for insertion sequences showed small (15-30bp) sequences that were conserved between similar CRISPR sequences.  These conserved sequences were found directly next to CRISPRs located on the CAS side of the repeats.  A similar conservation was recognized between the last two CRISPR segments on the opposing side of the repeats.  These conserved sequences have only been found in the cyanobacteria containing CRISPRs.

Discussion:

Having evidence that horizontal transfer may have taken place, we sought to provide a mechanism by which this may have occurred.  The most probable mechanism by which this may have occurred is transposition of some sort by the CRISPR sequences and CAS genes.  Since the evidence of insertion sequences flanking the CRISPRs is minimal at best further work needs to be done to support the hypothesis of horizontal transfer by means of transposition.  However, horizontal transfer directly from one organism to another is unlikely another mechanism must be present to facilitate this process.  Since the most common vectors for horizontal transfer in prokaryotes are plasmids, we wondered if CRISPRs and Cas genes were ever found associated with these vectors.  It was determined that 3 of the 72 different species which contain CRISPRs actually have these sequences on plasmid DNA.  Desulfovibrio vulgaris, Synechocystis, and Thermus all have their CRISPRs and Cas genes found associated with megaplasmids which are 202,000, 103,000, and 233,000 bp in size, respectively.  The sheer size of these plasmids seems to be one of the only features that they share in common, since the plasmids appear to share little sequence homology outside of the CRISPR regions.  Although large numbers of these CRISPR containing plasmids have yet to be found, preliminary analysis points to these megaplasmids as a possible means of horizontal transfer.
That CRISPRs represent a unique class of megaplasmid-borne transposon is further evidence to support the hypothesis of horizontal transfer of CRISPR elements was obtained by the recent sequencing of large amounts of environmental sequence from the Sargasso Sea (Venter et al., 2004).  While most prokaryotic species which have been sequenced have had a single representative strain provide genomic DNA for such efforts, shotgun sequencing of environmental samples has duplicated some existing genomic information, as well as providing some new insight.  Namely, the SAR-2 scaffold from the above study contains a large portion of the Shewanella genome.  When compared to the published genome, this environmental sample contains  many of the same genes in the same order, with the exception of an insertion containing 11 genes.  Most of the genes on this insertion share a sequence homology with the Cas genes that have been characterized in this study, with the addition of other potential classes of Cas gene.  In fact, the order of these genes, as well as their sequence similarities, point to the Desulfovibrio megaplasmid as a potential source of this material.  The positions of the Sargasso Sea sample, as well as the corresponding Desulfovibrio sequences, are indicated in each phylogenetic tree by arrows.  In most cases, with the exception of Cas 1, the genes and CRISPRs seem to be quite closely related.  The presence of four genes in the insertion which lack homology with either the published Shewanella sequence or the Desulfovibrio megaplasmid may indicate that the specific plasmid responsible for the CRISPR insertion into the Shewanella genome differed from the Desulfovibrio in certain respects.  The ability of megaplasmid-borne CRISPRs and Cas genes to transpose themselves into new genomes will have to be investigated further to provide support for the model we put forth here 
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Fig 1:
Phylogenetic Trees of CRISPR repeats and CAS genes
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