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Analysis of the 4.3 kb Region of Mycobacteriophage HelDan
 
Introduction:
Bacteriophages are the most abundant living entity on the planet. Scientists who have studied bacteriophage theorize them to have numerous potential medical and biological applications as well as being a key component to bacterial evolution; however, they have not attracted much scientific scrutiny. To contribute to an understanding of the diversity of mycobacteriophage in the environment, we have begun to collect, isolate, and analyze mycobacteriophage from the Ballona Wetlands as part of the HHMI Phage Discovery Project.
 
Of the phage genomes collected and sequenced during our research in the Discovery lab the one we found most intriguing and the focus of this paper was the phage HelDan. During its sequencing, the HelDan genome presented with a genomic anomaly in which a 50:50 ratio of two separate genome sequences was collected: one at a length of 46 kb, named HelDan Short (HDS), and the other at a length of 50 kb, named HelDan Long (HDL). Though initially thought to be contamination, after further investigation it was found that the two genomes shared 100% sequence similarity across their entire genomes except for a 4.3 kb region located on the HDL genome which shared zero sequence similarity with HDS (Fig.1) Due to the immense similarity between the two sequences it was concluded that the two genomes are highly related to each other and most likely underwent a genomic, insertion, deletion, or recombination event very recently in the evolutionary timeline resulting in the two distinct genomes.
The genomic disparages between HelDan Long and Short present a rare opportunity to closely study both the mechanisms and the potential motivations behind evolutionary changes in mycobacteriophage genomes. Our aim was to characterize the functions of the gene products located in the unique 4.3 kb region of HDL in order hypothesize potential evolutionary advantages for the insertion or deletion of these genes and find potential sequence similarities to other phage genomes to better identify the origins of these unique genes.
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Materials and Methods:
The bulk of the research was done through the analysis of both the HDS and HDL genome using bioinformatics and genetic analysis programs such as Blast, Apollo, and Phamerator. The most commonly used resource in the analysis was Blast, which was used to compare DNA sequences and amino acid sequences of HDS and HDL against other mycobacteriophages and helped in determining the function of various genes. Phamerator was also highly utilized for providing visualizations of regions of sequence similarity between phage genomes as well as identification of the Phams of different genes. Determining the Phams of the genes unique to HDL proved to be an invaluable resource for locating similar genes in other phage genomes and allowed for the identification of potential evolutionary origins of the unique genes.
Results:
Through the use of Blastn it was determined that the 4.3 kb region in HDL did not share any similarity to M. Smegmatis, the host bacteria, as originally hypothesized. After comparing the region to the phage database in GenBank it was found that it did not significantly match over the entire region to any other phage genome in the database. However, smaller areas within the sequence matched highly (93-97%) to a variety of differing phage genomes in varying A subclusters. Using Blastp, the predicted protein product of each gene in the 4.3 kb region was compared to the non-redundant protein database of GenBank. Again, while there were some instances of high similarity to the protein products of other Cluster A phages these results were scattered across multiple genomes and there was no singular genome which contained all of the HDL unique protein products (Fig.2)
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From the results of Figure 2, it was found that gp69 in HDL was highly similar to a transcription regulator protein found in phages Peaches, Eagle, and Shaka. This gene is part of Pham 54, which contains 62 other members and is well documented as an A1 specific transcription inhibitor that is highly common among Cluster A genomes. Of the 14 predicted gene products in the 4.3 kb region only gp69 is listed as having a known function and acts as an HTH protein that binds to a specific A1 stoperator sequence halting prophage transcription. This effectively creates immunity to superinfection from phages containing the A1 stoperator sequence that corresponds to the HTH protein and can be considered evolutionarily advantageous [1]
 
Through a Blastn comparison of the HDL and HDS genomes it was found that there is an identical 9 bp sequence directly before and directly after the unique 4.3 kb region in HDL. The 9 bp sequence (GGCGCGAAG) while present twice in HDL is only found once in HDS and serves as good evidence that this sequence may serve as a marker for potential genetic recombination or deletion sites [1]
 
Upon investigation of the phams of the genes in the 4.3 kb region of HDL, five genes were found to share significant homology with the genes of the phage Rockstar. Rockstar was collected by the HHMI Discovery program in Monroe, Louisiana in 2007 and like HelDan, belongs to the A3 subcluster. A genomic alignment of Rockstar, and HDL revealed highly significant homology between the two phage matching 92-98% across their entire genomes except for some small regions throughout the alignment, which showed no homology. This data indicates that the two phage are highly related and most likely diverged from each other relatively recently. Closer examination of this alignment also revealed a characteristic insertion pattern between Rockstar and HDL in which the HDL genome contains an additional 2.8 kb region that is absent from the Rockstar genome (Fig. 3) This 2.8 kb dissimilarity is found within the 4.3 kb region of HDL that is absent from HDS and contains a total of 11 genes all having no known function. Both the order and phams of the genes before and after this 2.8 kb region in HDL are conserved between the Rockstar and HDL genomes providing additional evidence of an insertion rather than gene swapping or other recombination events. [2]
It is also notable from this alignment that genes 68 and 69 of HDL, though highly conserved between RockStar and HDL, are absent from HDS. This data, along with the presence of the previously discussed 9 bp direct repeats, suggests the presence of a deletion in the HDS genome.
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Discussion:
The collection of both the HelDan Long and Short genomes has presented an exciting opportunity to observe and characterize the ongoing process of mycobacteriophage evolution and the different processes through which it occurs. Presented with the data that has been collected throughout this experiment we have been able to formulate a number of explanations for the origins and divergence of the HelDan genomes as well as generate new hypotheses for future experimentation.
Firstly, given the significant homology between Rockstar and HDL, the date of Rockstar’s isolation, and the clear insertion pattern present between Rockstar and HDL it can be concluded that Rockstar is a very close evolutionary precursor to HDL. If not the direct parental genome it is clear that Rockstar is within at most one or two generations of HelDan in phylogentic terms. As of now, there are no recognizable intermediates between Rockstar and HelDan, but as more and more phage are collected it is likely that we may begin to see a clearer evolutionary pathway linking the two phage together. 
Secondly, as previously discussed, there is an interesting absence of HDL genes 68 and 69 in the HDS genome. Due to the significant homology, orthology, and positional similarity of these two genes between Rockstar and HDL it is highly unlikely that HDL would have acquired them through a random insertion from another phage. The 4.3 kb region containing these genes is also flanked by 9 bp direct repeats which is more characteristic of a deletion than an insertion [1] Given this information it is likely that the dissimilarity between the HDS and HDL genomes is the result of a deletion of the unique 4.3 kb region rather than an insertion. That being the case, it can be said that HDL is the original or parental genome and HDS is the offspring genome, which diverged through this very recent deletion. Using this data we can construct a rudimentary evolutionary timeline linking Rockstar to the two HelDan genomes to better visualize the progression the genomic change (Fig. 4)
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Though much time and effort has gone into investigating HelDan there are still numerous unanswered questions and potential for future experiments. It is still not clear why, after multiple rounds of plaque purification, it was not possible to separate HDL from HDS and furthermore what this might tell us about when the two phage genomes diverged. Separating and isolating these two phages in vitro could greatly contribute to our understanding of the survival motivations behind deleting or conserving the genes in the 4.3 kb region as well as provide a highly objective method of testing the functions of each of these unique genes as a whole. Specifically, what effect the interactions between these gene products might have on their functionality and the functionality of other genes outside of the 4.3 kb region. This would not only increase our understanding of gene interactions, but also contribute to the database of known gene functions allowing future phage annotations to be more complete.

Characterizing the functions of the novel genes will also present interesting insights into the advantages or disadvantages of their deletion. For example, gp69 in HDL, which functions as a mechanism of prophage immunity, is absent in HDS meaning that in the event of a superinfection HDS would not be able to prevent the invading phage from entering its lytic cycle and lysing the bacteria. This seems to present an enormous disadvantage to HDS for deleting this gene and as such HDS may not be as well adapted to survival outside of a lab setting as HDL that contains the immunity. Selective pressure experiments could prove highly useful in testing for the survivability of each phage under different situations and would allow clear visualizations of the effects of each gene on survival.

Another oddity we came across in our research was the geographical distance between the collection site of Rockstar and the collection site of HelDan. Though Rockstar and HelDan appear to be very closely related in terms of sequence homology they were collected from soil samples 1521 miles away from each other with a time separation of only three years. Given the limited mobility of bacteriophage it seems unlikely that Rockstar would have been able to travel such a large distance through conventional means. Rockstar may have utilized more unconventional means of conveyance such as infecting a bacteria that was carried a long distance by a bird or insect before finally entering its lytic cycle and reproducing in the new location. Identifying such methods of long-range phage transportation could prove invaluable to our understanding of phage mobility and diversity.
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Figure 2: Percent identity of each predicted gene product in the 4.3 kb region of HelDan Long obtained through Blastx. The most frequent matches were to phage Peaches, which matched 5 of the 14 total predicted gene products.


 





Figure 3: Genomic alignment of Rockstar, HelDan Long, and HelDan Short. Comparison of Rockstar to HDL shows an insertion pattern with the inserted region showing no sequence similarity and the genes before and after the inserted region being highly conserved between the two genomes. The conservation of gp68 and gp69 between Rockstar and HDL and their absence in HDS can be clearly visualized.





Figure 4: Proposed timeline and mechanisms of evolution from phage Rockstar to HelDan Short. The timeline moves from left to right with Rockstar as the parental genome and HelDan Short as the latest evolutionary change. Though currently none have been identified, it is possible that there exist evolutionary intermediates between Rockstar and HelDan Long.





Figure 1: Genomic alignment of HelDan Long (top) and HelDan Short (bottom). Purple shading represents high sequence homology, in this case 100%, and the white region represents no sequence homology.  The unique 4.3 kb region of can be clearly visualized on the HDL genome. This pattern of homology is indicative of a genomic insertion or deletion [2]
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