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Abstract: Bacteriophage (or phage) are viruses that infect bacteria.
Among Erwinia amylovora phage, there is a large range of phage sizes, from 44 – 270Kb. There
are many that are ~50Kb in length (small genomes) and ~270Kb (large genomes). Space within a
phage genome is typically limited and phage tend to use most of their genomes to encode
proteins. We noticed that large gaps (greater than 200bp) do appear between genes in
many E. amylovora phage and for our independent project, wanted to interrogate the possible
function of these gaps. This study involves the examination of the relationship between small
and large phage genomes based on their conserved gaps. Some of these gaps appear very similar
in other Erwinia amylovora phage, as well as phage of closely related species. This research
could impact knowledge of phage genomes by providing insight on the role of gaps in the
evolutionary relationships between phage with small and large genomes. To accomplish this, we
examined the annotated genomes of six phage that included three small and three large phage
genomes. We first identified all gaps larger than 200bp and found that the average gap size in a
small genome is 331bp and 277bp in a large genome. Using bioinformatics such as BLASTn we
identified the gaps that were most conserved when compared to other E. amylovora phage
genomes, using a threshold of 75% query coverage. We found no similarity between gaps in
small and large genomes, demonstrating the evolutionary differences in these two groups of
phage. We also analyzed the most conserved gaps by determining any potential secondary
structure of the encoded RNAs, and generated six phylogenetic trees to further examine the
relationship between gaps in E. amylovora phage genomes. Large gaps of 1337bp and two of
600bp in the newly annotated large genome Viridios were also examined, but no gap
conservation or conserved RNA structures were found.
Introduction:
Erwinia amylovora is a pathogenic gram-negative bacterium that causes major damage to
crops in the rose family, including apples, pears, and quince. It creates an infection known as fire
blight. Bacteriophage, often referred to as “phage”, are viruses that infect and kill bacteria. E.
amylovora has its own set of phage that target it. E. amylovora bacteriophage are of specific

interest as they may be used as a biological treatment to combat fire blight. Due to advancements
in complete genome sequencing, sequenced phage genomes are becoming more available for
study. Through study of these genomes, a few characteristics have been noticed.
Annotated phage genomes are diverse in terms of genetic diversity, however, in terms of
genome size, phage genomes fall into a bimodal distribution. The majority of genomes fall into
smaller and larger size categories. The smaller genome range varies from 30-50kb, and
compromises the majority of genomes available on the NCBI phage database. The larger genome
range varies from 100-200kb, and very few fall in between these ranges (Hatfull 2008). Such
distinct genome sizes may indicate complete evolutionary differences between small and large
genome sizes.
Phage genomes are very similar to prokaryotic genomes in that they are “wall to wall
genomes” meaning the majority of the genome encodes for proteins and RNAs, and very little
intergenic space (Rogozin et al. 2002). In bacterial genomes, only 6-14% of the DNA is noncoding, and this is similar in phage (Rogozin et al. 2002). However, many intergenic non-coding
“gap” sequences over 200bp were found in the available E. amylovora phage genomes of both
small and large sizes. Gaps in genomes are relatively large regions that occur between genes with
putative functions, but have no known function themselves. Gaps can fall on both divergent and
non-divergent areas of a genome. Gaps located in a divergent area occur between a forward gene
and a reverse gene. Gaps in non-divergent areas occur between two forward or two reverse
genes. If these gap sequences are conserved, this could indicate they have functions that are still
unknown. In addition, gap sequences could be utilized determine evolutionary relationships
through modern software that allows for easy genomic comparisons. These evolutionary
relationships can be represented on phylogenetic trees, which are diagrams that illustrate
potential evolutionary relationships through branching. Knowledge of the evolutionary
relationships between phage can be useful for therapeutic applications, as it is best to use diverse
phage to yield the most effective cocktail.
With both gaps and genome sizes in mind, it was hypothesized that gaps are conserved,
they code for non-coding RNA, and that smaller genomes would have smaller as well as fewer
gaps. Additionally, it was hypothesized that small and large phage genomes evolved separately.
This study examines the relationship between small and large phage genome sizes through
comparison of conserved gaps. Specifically, it looks for presence of conserved gap sequences,

analyzes the relationship between genome sizes and size and quantity of gaps, and constructs
phylogenetic trees based on conserved gaps.
Methods:
Identifying genomes and gaps. Six E. amylovora phage genomes were selected from both
previous phage cohorts and the NCBI database. Three small and three large genomes were
identified and using BLASTn, full genomes were compared to that of other E. amylovora phage
to ensure unique phage were selected (Altschul et al.1990). The three small phage were Erwinia
phage vB_EamP_Gutmeister and Erwinia phage vB_EamP_Rexella found on NCBI from
Brigham Young University, as well as Phage_1_15-16 from a previous Gettysburg cohort. The
large phage selected were Erwinia phage vB_EamM Parshik and Erwinia phage
vB_EamM_Phobos from Brigham Young University, and Phage_Siphonarius from a previous
Gettysburg cohort (Esplin et al. 2017) The full genomes were run through BLASTn- the
nucleotide BLAST setting, and the five top hits based on query cover and nucleotide identity
were recorded. Using DNA Master, gap sequences over 200bp were identified and the location
on the genome, size of the gap in base pairs, and strand (either positive or negative) were
recorded (Jacobs-Sera et al. 2014). The sequence for each gap was identified in the full genome,
copied, and run through BLASTn, compared with the set of genomes from previous phage
cohorts and on the NCBI database. The genomes were compared with somewhat dissimilar
sequences. A threshold of 75% query coverage was set, and the names any hits above or
matching the threshold were recorded, along with query cover and identity percentage.
Generating phylogenetic trees. The gap with the greatest number of hits at the highest query
coverage for each of the six genomes was copied into MEGA7, a program that takes nucleotide
sequences and generates phylogenetic trees based on genomic similarities (Kumar et al. 1994).
Putative RNA structures. RNA structures were generated using Vienna RNA fold on the regular
settings (Hofacker 2003). For each of the six genomes, the same gap sequence used to generate
the trees was run through Vienna RNA fold and the putative secondary structure was assembled.
Two other genomes farthest from the selected genome also had their gap sequences run through
RNA fold and any structural similarities were highlighted.

Results:
Three unique small E. amylovora genomes and three unique large E. amylovora genomes
were identified and compared to the genome sizes of all E. amylovora phage in the bank on
NCBI. E. amylovora genomes ranged from ~44 kb-270kb, with the majority falling in a bimodal
distribution. The small genomes from NCBI had an average of ~50kb, while those in the large
category had an average of ~270kb. The six phage examined in this project fell into the bimodal
ranges. In the small range, Phage_1_15-16 fell into the 25-50 kb range, Gutmeister fell into the
50-75kb range, and Rexella fell into the 75-100kb range. The phage with the large genome sizes;
Parshik, Phobos, and Siphonarius, all fell into the 225-250kb range. Next, gap sequences for
each of the six phage were identified using DNA Master through identification of intergenic
spaces greater than 200bp in length (Figure 2). Each phage examined had conserved gaps with
over 75% query coverage, with the minimum number of gaps being three and a maximum of
twelve. After determining the number of conserved gaps and the location in each genome, the
number of genes in divergent and non-divergent areas was calculated. Those recorded as
divergent occurred between genes that ran in opposite directions, while those recorded as nondivergent occurred between genes running continuously forward or continuously reverse. Out of
the total of 38 gaps identified in the six genomes, 23.7% occurred on divergent strands, while
76.3% occurred on non-divergent areas of the genome (Figure 3).
To analyze gap number and size in order to determine if there is a correlation with
genomic size, the average number of gaps for each genome as well as the average gap size and
standard deviation was calculated (Figure 4). The smaller genomes had an average of 4 gaps
while the larger genomes had an average of 8.7 gaps, over double that of the small. This
indicates that larger genomes had more gaps. However, average gap size did not have a
correlation with genome size. The majority of gaps fell in the 250-350 bp range, regardless of
genomic size. The small genome Phage_1_15-16 had an above average mean gap size of 406bp,
but a standard deviation of 375.4 as one gap was 963bp.
To determine whether the intergenic gap sequences were actually conserved across phage
genomes, each gap was run through BLASTn to determine query cover and identity of any
similarities. Any hit above 75% query cover was recorded. Each of the 38 gaps had at least one
hit above 75% query cover, with a maximum of 12 hits. Out of 157 total hits, 59.9% were 100%

query cover and 84.1% were above 90% query cover. The number of hits for each gap and the
query cover range are illustrated in Figure 5, ordered from largest gap to smallest gap. From this
information confirming that these gaps are conserved, it became possible to construct
phylogenetic trees to determine evolutionary relationships between the genomes.
MEGA 7 software was used to generate phylogenetic trees showing evolutionary
differences for the most conserved gap for each of the six phage (Figure 6). Gaps from which
trees were generated was as follows; Gutmeister gap 1, Phage_1_15-16 gap 6, Rexella gap 1,
Parshik gap 8, Phobos gap 6, and Siphonarius gap 11. Generally, larger genomes had more
evolutionary ties with phage present on NCBI and from previous cohorts. The exception was
Phobos, who had fewer overall matches and gaps than the other large phage. Gutmeister and
Rexella have identical trees as these phage had 99% query and 98% identity. Small phage
showed relationships with solely other Erwinia phage, whereas large phage had more diversity in
their evolutionary lineages. Cronobacter phage, Salmonella phage, and Enterobacteria phage
appeared on the large phage trees. Siohonarius gap 11 had the largest and most complex tree as it
was the most conserved gap overall with 12 matches above 75% query cover.
Once evolutionary relationships were established, putative non-coding RNA structures
were generated with Vienna RNAfold for the phage farthest apart on the tree. Shown on the right
side of each phylogenetic tree in Figure 6, the most likely RNA folding patterns based on
nucleotide pairing was generated. Red indicates high likelihood of existence of that structure,
followed by yellow, green, and blue in descending strength. For the diagrams of Gutmeister and
Rexella, RNA structures for Gutmeister, Rexella, and Ea9-2 are nearly identical. Examining the
remaining small phage, Phage_1_15-16, two sections of the generated RNA structure appear
conserved between Phage_1_15-16, Era103, and phiEa100. Large genomes also showed
similarities in RNA structures within the trees, with the exception being Parshik. Comparison of
Parshik to the RNA structures of Erwinia phage Stratton and Siphonarius. Phobos had
similarities in an outer loop present in Cronobacter phage C5 and Erwinia phage EarlPhillipIV.
Finally, Siphonarius showed conservation of a hairpin loop with Parshik and GS7. RNA
structures were also constructed for three gaps in the newly annotated Erwinia phage Viridios,
however there was no conservation of gaps or RNA structures.

Figures:
Bimodal distribution of phage genome sizes

Figure 1. Bimodal distribution of phage genome sizes. This graph displays the frequency of
different size genomes in E. amylovora phage. The six phage used in this study are marked
above their respective genome size ranges.
What is a gap?

Figure 2. DNA Master image of a gap. The numbers on the far left indicate what strand the
gene is on. The red rectangle is a reverse gene, which means it is on the -2 DNA strand and the
blue rectangle is a forward gene, which means it is on the positive strand (+1). The numbers
along the bottom correspond to the location, in base pairs, on the genome. The area outlined in
yellow, between the two genes, is a gap of ~200bp.
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Figure 3. Frequency of gaps between divergent and non-divergent genes. Gaps present
between non-divergent areas, (light blue) occurred ~3x more frequently than those between
divergent genes (dark blue).

Larger phage have more gaps but not necessarily bigger gaps

Figure 4. Gap sizes are comparable, independent of phage genome size. We extracted all of
the gaps >200bp and used Excel to determine average size and frequency within a genome. This
was then plotted on a graph to display both the average size of the gaps (red line) and the number
of gaps (blue bars) in each phage of the six phage genomes. The error bars represent standard
error mean.
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Figure 5: Heat map of gap conservation based on query cover. This figure displays the
BLAST hits for gaps found in the six E. amylovora phage genomes based on the strength of the
query cover. The phage names appear on the top row, the gap numbers are ordered according to
size, largest to smallest, and the numbers within the boxes indicate how many NCBI matches are
within that query cover range.

Evolulutionary relationsips and RNA structures can be constructed from conserved gap
sequences
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Figure 6. Conservation of gap sequences of all six genomes and predicted RNAfold
MFE secondary structures for the most conserved gap and two least related gaps.
Phylogenetic tree of three small and three large phage’s most conserved gaps and their BLASTn
matches show relationship of these gaps among other phage. Yellow boxes indicate areas of
possible conserved RNA structure and blue boxes indicate a secondary area of conservation.
Discussion:
Through analysis of the results, it was determined that E. amylovora phage, like other
phage species, fall in a bimodal distribution of small and large phage genomes. In addition,
intergenic sequences of >200bp are not only present in these “wall to wall” phage genomes, but
are conserved across similar phage species. Not only were these gaps conserved, but they were
highly conserved with query coverage greater than 75%, with over half of the matches at 100%
query cover. All of the examined genomes had conserved gaps with a maximum of 12 hits to
sequences in other phage. Of these gaps, the majority also occurred in non-divergent regions of
the genome. This implies that these gaps are present for a purpose, and not just as an accidental
remnant of recombination. Interestingly, though larger phage genomes had more gaps on
average, the size of the gaps did not correlate to genome size or gene number, indicating that gap
size is independent of genome length. Utilizing the conserved gap sequences to generate
phylogenetic trees allowed for examination of evolutionary history of a variety of genomes. No
overlap occurred between phage present on large versus small evolutionary trees, indicating that
the different sizes genomes evolved separately. In addition, Cronobacter, Samlonella, and
Enterobacteria phage also appeared on the trees of the large phage, indicating potential
evolutionary similarity between these species and certain E. amylovora phage. It also suggests
conservation of certain gap sequences can occur across similar phage species as well, further
supporting the hypothesis that these regions are functional. Conservation of structure was
present in the putative RNAs that were generated, indicating that it is possible that these regions
are a non-coding regulatory RNA. It was also suggested that the thin hairpin regions of the RNA
structures could be operons.
In a study conducted by Igor Rogozin and others entitled Congruent evolution of different
classes of non-coding DNA in prokaryotic genomes, they examined intergenic regions in 39
species of prokaryotes. In these regions, they determined that inter- and intra- operonic regions
were located close to non-coding DNA regions suggesting congruent evolution of the intergenic
regions. In contrast to our findings, this study found that there was not a correlation between

genome size and number of gaps. This could vary as this study examined prokaryotic genomes,
not phage genomes, so variations in trends could occur even though phage and prokaryotic
genomes are generally similar. They found these intergenic operon regions to be generally
uniform between species, as there is evolutionary pressure to use all available genome space. The
idea that these regions are sets of operon was suggested, and as this study claims, these highly
conserved regions were present in many more Erwinia phage, as well as other species (Rogozin
2002).
Interest in intergenic regions of phage is not novel, as a study published in 1981
examined an intergenic region in bacteriophage f1, a filamentous phage. A non-protein coding
region 508 nucleotides long was examined, and potential functions were explored using plasmids
with different portions of the non-coding region. They found that three domains are present in
this intergenic region, including a proximal part of a gene, a sequence junction for viral particle
morphogenesis, and an area for origin of replication. This study showed that there are many
potential functions for these gap sequences, and this topic of study is of interest (Dotto et al.
1981).
Overall, this project contributed to the field of phage research as it confirmed that gap
sequences are conserved in E. amylovora phage genomes, and that these sequences may have
functions including but not limited to regulatory non-coding RNAs and operons. It found that
small and large phage genomes have evolved separately, possibly suggesting that a combination
of these genome sizes could be used in a phage cocktail for more successful treatment. This
project was similar to Abby, Katie, Peter, David, Sydney, and Hailey’s projects as all looked at
the evolutionary relationships of phage, but under different circumstances.
One challenge faced in this project was finding genomes that were unique enough that
analysis would provide relevant results, and conservation was not occurring simply because the
whole genomes were similar. This was especially challenging for the small genomes, as there
were very few available on NCBI and from previous cohorts. As a result, Rexella and Gutmeister
were two of the small phage used and had 99% query cover and 98% nucleotide identity. This
resulted in identical phylogenetic trees and gaps, as well as very similar RNA structures. Another
challenge faced was attempting to determine gap sequence functions without wet bench work. As
stated before, one prediction of function for these gaps is a non-coding RNA with regulatory

functions. However, without knocking out these regions in a vector, there is no way to determine
for certain the function of these regions.
In the future, one could perform wet bench work to establish a true function for these
regions. In terms of the hairpin regions, further attention to those specific areas as well as
analysis of their distance from genes may confirm operons in those regions.
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