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ABSTRACT

Next generation sequencing technology provides researchers access to unprecedented amounts of genetic information. This genetic
information can be parsed and analyzed for any number of disease determinants, including microbial pathogenicity. In this study, we
sequenced whole genomes from 16 different serovars of Salmonella enterica subsp. enterica representing 13 different serogroups (D2,
E1,E4,F, G, I,L,N, O, 0:54, P, Q, and R). Mate-pair libraries for each genome were created and analyzed using the SOLID™
sequencing system. From the data generated, a de novo assembly for each genome was constructed and analyzed for the presence of
all 21 reported Salmonella Pathogenicity Islands (SPIs) as well as several LT2 prophages (fels-1 & -2, gifsy-1 & -2). For many of the
SPls, their presence was universal (SPIs 1-6, 9, 11-13). SPIs that were not found in this subset of strains, and seem to be serotype-
specific include SPIs 10, 15, 17, and 19-21. Frequency of the LT2 prophage insertions varied between 31% and 62% of the strains
analyzed. Further analysis finds that only the fels-2 insertion has been maintained in a similar context as in the LT2 genome. The other
remaining prophage insertions have weak identity scores and lack consistent genomic context, which suggests these insertions may
have occurred independently with distantly-related prophage. We also took a more detailed view of the genes that make up the SPIs.
First, we looked for the presence or absence of every SPI gene orthologue and compiled a list of the absent in a table. Interestingly,
several orthologues for known virulence factors (avrA, sseA, sopB and STM3118) were missing in at least 1 isolate. Second, we
looked at sequence variations in several of these SPI virulence factors orthologues. While several had elevated overall distance
averages (Dn), sipD had the highest variation with a Dn of 0.0543 (as compared to 0.004-0.006 for highly conserved genes).
Preliminary phylogenetic analysis grouped these sequences into several clusters. Interestingly for the sseD orthologues, the Uganda
and Senftenberg isolates shared their own independent cluster, while the Uganda and Give isolates clustered separately despite being
from the same E1 serogroup. Since the Uganda and Senftenberg isolates both came from a bovine source and the Give isolate did not
(human), these findings may have possible implications for discerning the molecular basis behind Salmonella strain host specificity.
INTRODUCTION

Salmonella enterica is a foodborne pathogen which causes an estimated 1.4 million human cases annually in the US (Mead et
al.,1999). Itis a highly diverse pathogen with more than 2,500 different serotypes of Salmonella described. The host range and disease
severity varies depending on the serovar in question. For example, Salmonella enteritidis causes a limited gastroenteritis in a broad
range of hosts, while Salmonella typhi can cause a systemic, typhoid fever disease specifically in primates. Many of the genes
responsible for these variations in host range and disease severity are due to virulence factors found in Salmonella Pathogenicity
Islands (SPIs). SPIs are genomic regions in the chromosome that have been horizontally acquired and are important for disease
pathogenesis in one form or another. To date, 21 SPIs have been described in the literature. While many islands have been studied in-
depth (such as SPI-1 and SPI-2), many SPIs have only been recently reported and are not well-characterized. In general, not much is
known regarding the conservation of these SPIs across a broad range of serogroups. The development of new molecular--based
technologies is making a comprehensive analysis of SPIs easier and faster to do. SOLID™ next generation sequencing is an incredibly
powerful tool that allows researchers to analyze a vast amount of genomic data in a relatively quick amount of time. Now it is possible
to look in parallel at every SPI in a diverse set of strains in a matter of months without sacrificing on the level of detail required to do real
in-depth analysis. In the study reported here, we describe the prevalence of each of these SPIs in the strains tested and perform some
of the analyses that can be done to help discern which genes may play a role in determining host specificity and/or disease severity.
MATERIALS AND METHODS
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Figure 1. CDS Analysis for all 21 SPIs in the newly Sequenced Strains

Figure 3A. Protein Percent Identity for each putative CDS in SPI-1
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Figl. Legend: A combination of blast queries and the sequence based comparison tool on the RAST server was used to determine the presence or
absence of every coding sequence (CDS) in every SPI. The % of CDSs present in each isolate relative to the number in the reference strain are reported
for each SPI. Isolates with CDSs present in the SPI but do NOT appear to share the same genomic context as the reference strain are denoted with a
box around the %. Strains with similar CDS order but with low CDS homology have percentages in purple

Results: The preponderance of each SPI in this subset of isolates varies greatly. Ten islands are found in all the strains tested and include SPIs 1-6, 9,
11-13. Of those 11 SPIs, SPIs 1, 2, 4 and 5 are retained with over 90% of the reference ORFs present, suggesting there is evolutionary pressure to keep
most of those islands intact. Islands that are not present in any of the isolates and can be classified as highly serover-specific include SPIs 10, 15, and
17. SPIs 19-21 are also most likely serovar specific, but may be present in these strains due to an independent horizontal acquisition of a related piece of
DNA. SPIs 7 and 11 seem to be present in many of the strains tested but located in different regions of the genome. Strains with significant portions of
SPI-7 include Inverness, Rubislaw, and Urbana.
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Fig3A. Legend: Analysis of the protein identity for each CDS in SPI-1 was performed and color coded. Genes
reported confirmed to be important for pathogenicity/virulence are highlighted in red in LT2 column. The average
identity and average deviation from mean were calculated for each ORF across all isolates (minus isolates where
CDS was reported not present). CDSs with the lowest % identity to reference sequence (red) and highest avg
deviation ([red-boxed]) are highlighted in avg and avedev columns. The average identity for all CDSs across the
whole island was also calculated for each isolate (minus ORFs 41-47) and listed at the bottom of each column.
Isolates were positioned from left to right in order of highest to lowest % identity across the entire island.

Results: The analysis shows that the SPI-1 region i the Baildon isolate has diverged the least from the LT2
reference SPI-1 (99.62% identity), while the SPI-1 region in the Mississippi isolate has diverged the most (96.42%
or 98.89% not including avrA). Orthologues with the lowest homology to the LT2 reference sequence include ygbB,
orfC and sptB. Interestingly, both ygbA and orfC have been shown NOT to be important for virulence in LT2, while
avrA has. CDSs with the highest protein sequence variation include ygbA, prgl and sipD. CDSs corresponding to
genes STM2901 through STM2908 are all missing in at least 1 isolate, and may suggest that they were inherited in
the same horizontal acquisition event as the rest of the island, but are not important for pathogenicity and so are
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In Fig3B. Legend: The analysis shown in figure 3A was performed on the multiple SPIs. Orthologues not present in at
Jo— Inside 72 least 1 isolate in this study are listed here. Genes known to be required for pathogenesis in the reference strain are
R highlighted in red.
t Results: Several genes associated with pathogenesis (avrA, sseA, sopB, and STM3118) are not present in at least 1
2 isolate. How that relates to disease severity or host specificity for that isolate needs to be characterize further.
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Fig4. Legend: Phylogenetic analysis was performed on 10 SPI orthologues scattered
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Fig 2. Legend: The sequence based comparison tool on the RAST sorvers was used to generate color-coded comparative representations of the S.
Typhimurium LT2 (A) or S. typhi CT18 (B) genome versus the pseudogenomes from the 16 newly sequenced isolates. Each putative coding
sequence (CDS) is color-coded according to its percent protein identity to the reference genome. In fig 2A, the 4 LT2 prophage insertions and several
potential prophage remnans are denoted with symbols: -1 (fels-1), £ (fls-2). &1 (gifsy-1) 62 (ifsy-2) and red trangles (prophage rernany). CDS
associated with the extra-chromosomal plasmids are denoted with a “p”. Prophage elements associated with CT18 are numbered

Resuts: From the analysis, none of the prophage insertons found in LT2 are fully conserved In the strains tested. Only the fels-2 prophage insertion
came close to being conserved, as a high homology region covering ~50 ~ 60% of the fels-2 ORFs were found in the Ala, Mon, S and Urb isolates at
the same location as in the LT2 reference strain. A similar size region was found for the gifsy-1 prophage insertion in the Hv, In, Ms, R and W isolates,

insertion in the reference strain. Similar observations were found for the 6 prophages identified in the CT18 strain with significant portions of prophage
5 region being found in Ala, In, Mon, S, and Urbana isolates. Since most insertions had at most 50-60% of the ORFs in the reference strain and an
average ORF homology to the LT2 reference strain of between 90-95% (as compared to 99.1% for the average isolate genome), itis clear that these
prophage insertions are decaying at a faster rate than most of the SPIs.
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run the whole genomes from 16 different Salmonella isolates representing 13 separate serogroups. With this data, it was
possible to look at the evolutionary distance of multiple genomic markers, such as SPIs, across a broad spectrum of
strains all at once. Previously, this type of in-depth analysis across a plethora of serogroups would not be possible in a
timley manner. As part of the analyses, we were able to identify both large (such as loss of an ORF) and small (nucleotide
sequence substitutions) genetic variations that may effect SPI function and possibly cause changes in disease severity
and/or host specificity.

but were not in the same genomic location as in the LT2 strains, which suggests that these insertions most likely occurred independently of the

distance from reference strain LT2 (with 1 being in same cluster) and color coded as shown in Fig 4B.
Results: From the analysis, we were able to make 3 observations. 1. Similar gene cluster patterns can be
found for several of the CDSs and suggests that many of these CDSs have co-evolved (such as sseCDF and
sopB in isolates Alachua, Senftenberg and Adelaide). The sseD orthologues found in the Uganda and
Sentfenberg isolates have diverged i their own cluster from the other sseD genes. Since both of these strains
were isolated from a bovine source, it may suggest that alterations in SseD help determine host specificity. 3.
Isolates Uganda and Give have evolved independently, as demonstrated by an almost total lack of common
clusters (only share sipB cluster), despite being part of the same serogroup (E1).

CONCLUSIONS
SPIs 1-5, 9, and 13 are universal among a wide range of serogroups.

SPIs 10, 15, 17, and 19-21 seem to have a highly serovar-restricted profile.
SPIs 7 and 11 seemed conserved in multiple serogroups but located in different
genomic regions.

Most Prophage insertions are random and are not conserved between strains.
OREF analysis for each SPI may be helpful in re-defining pathogenicity island
boundaries and in determining if a virulence factor has a serovar-restricted or a
more universal phenotype

Phylogentic analysis of SPI CDSs may help determine which genes may be
shaping disease outcome and host specificity by looking for individual or groups
of virulence factors that have evolved together.




