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Abstract

Comparative genomics have become a standard approach to gain insights into the inter-
relationships of microorganisms. Here, we have applied variable bioinformatic tech-
niques to compare over 200 Salmonella genomes. First, we present a tree of all sequenced
different members of the Enterobacteriaceae family, based on comparison of average
amino acid identities. This technique was also applied to zoom in on the genomes of the
genus Salmonella. The pan and core genomes of this genus were established and com-
pared to experimental data available on the literature that identified essential genes.
Difficulties and shortcomings of both approaches are discussed. Metabolic pathways
unique for Salmonella were identified. Finally, we present an analysis of genes coding for
small RNAs, an important part of the genetic repertoire of bacteria that is often ignored.
The findings reported here are discussed and compared with available literature.

Keywords: comparative genomics, Salmonella, core genome, small RNA, AAI tree

1. Introduction

The genus Salmonella belongs to the Enterobacteriaceae, a large family within the gamma-pro-
teobacteria to which E. coli also belongs. Since its first characterization in 1884 from diseased
pigs by scientists working in the group of Daniel Salmon (after whom the genus is named),
Salmonella species have been known to cause disease, notably typhoid fever and food poison-
ing. Pathogenic Salmonella types can be found in a wide range of animal hosts and often infect
humans via contaminated food; they are responsible for more than a million infections in the
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United States every year. Infections vary from (long-term) asymptomatic carriage and self-
limiting salmonellosis to life-threatening conditions and fatal typhoidal fever [1].

Historically, many species of this genus were recognized, at first based on the clinical symptoms
typical for their infections and it was soon recognized that these correlated with their serotype.
However, based on sequence analysis, in 1973, it was proposed that all these Salmonella sero-
types belonged to the same species [2]. This resulted, in 2005, to the designation of Salmonella
enterica as the type species for the genus, as described by the International Committee on
Systematics of Procaryotes [3]. Only one other species is currently formally recognized within
the genus: Salmonella bongori, which lives in cold-blooded reptiles. S. enterica is further divided
into six subspecies, of which S. enterica subsp. enterica is clinically most relevant. The names
originally used to describe clinically distinct ‘species” live on as serovars or serotypes. All
Salmonella bacteria are none spore-forming, chemotrophic, facultative anaerobes, which sur-
vive in their host intracellularly [1].

The number of Salmonella genome sequences available in GenBank is constantly increasing.
At the time of writing their number reached five thousand, the vast majority of which were
obtained from S. enterica. As of September 15, 2016, there were 4934 genomes of this species in
GenBank, with three additional genomes from S. bongori. Only a small fraction of these genomes
are submitted as complete sequences without gaps and fulfilling all criteria set by GenBank for
a genome to be listed as “‘complete’ (201 genomes at the time of writing, corresponding to 4% of
the total). In this chapter, we employ whole-genome methods to compare complete Salmonella
genomes in order to produce insights into the genomic diversity of this genus.

2. Salmonella comparative genome analyses

2.1. Genome-based trees

The first approach was aimed to show the overall relatedness of all species belonging to the
Enterobacteriaceae family, based on their (completely sequenced) genomes. For this, we col-
lected up to ten genome sequences per species, as far as these were available, which led to
255 genome sequences to be compared. The comparison was based on average amino acid
identity (AAI) comparison, a method that uses all annotated protein genes in a given genome,
producing more robust trees than methods based on direct alignments or concatenated pro-
tein sequence alignments [4]. The resulting tree is presented with collapsed branches for
redundant species (Figure 1). The Salmonella genus, shown in red, is positioned on a clus-
ter together with Citrobacter, with Escherichia/Shigella as the closest neighbors. These genera
are supposed to have been separated for tens of millions of years [5]. The close relationship
between Citrobacter and Salmonella has been observed before, and it was proposed that recom-
bination between these and to a lesser extent with Escherichia, has been frequent in the past,
during a process of fragmented speciation [5].

Next, we extracted all 201 complete genomes from the Salmonella genus (in May 2016), com-
bined with 164 ‘nearly completed” genomes. The latter were extracted from GenBank as
good quality draft sequences only, retrieved from GenBank when selecting for genomes
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of ‘chromosome’ quality; all contained one contiguous sequence, without gaps. These
365 Salmonella genomes represent only a tiny fraction of what is available. Apart from the
nearly 5000 Salmonella genomes available in GenBank, there are currently more than 62,000
Salmonella enterica genomes stored in the Sequence Read Archive. However, in principle, the

complete genome sequences should be of high quality and reliable in terms of annotation;
therefore, we restricted the analysis to complete genomes.
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Figure 1. Tree based on average amino acid identity (AAI) of 255 genomes from members of the Enterobacteraceae.

Branches were collapsed at the species level. The branch with the two Salmonella species is colored and some distinct
genus clusters are labeled.

An AAI tree was constructed to establish the interrelationship of the 365 complete genomes,
representing 33 different serovars including 36 Typhimurium and 6 Typhi genomes. The
branches of the AAI tree were collapsed at serovar level. This produced a tree with 62 branches,
as shown in Figure 2. As can be observed, by and large the tree clustered the genomes according
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to serovars, though the separation is not absolute and some serovars end up in mixed clusters.
This was to be expected, as the analysis is based on the complete annotated proteome (capturing
all protein-coded sequences), while the phenotypic characteristics that determine a serovar are
determined by a limited number of genes only, that produce the surface antigens captured by
serotyping. Of the 36 S. enterica sv. Typhimurium genomes (represented on 13 branches, blue
in the figure), 32 cluster together on 10 branches (together with four branches of non-specified
serovars), while four are placed on three branches outside the Typhimurium cluster. A distinct
cluster is also observed containing the serovars Enteritidis, Pullorum, Gallinarum and Dublin
(colored green in the figure) which together are known as ‘group D Salmonella’ [6]. The first three
of these are adapted to the chicken host, but serovar Dublin is mostly colonizing cattle, and other
serovars frequently found in chickens are placed outside the group D cluster. It has been sug-
gested that the serovars Paratyphi and Choleraesuis, both with a narrow host range (for humans
and pigs, respectively) are phylogenetically related, a conclusion that was based on SNP analy-
sis [6]. Indeed, we observe that one Paratyphi genome clusters with a Choleraesuis, but two
other Paratyphi and another Choleraesuis genome are more distinct (colored red in Figure 2).
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Figure 2. AAI tree of 365 Salmonella genomes representing 33 serovars of S. enterica (abbreviated as ‘SE’) subsp enterica.
Indentical branches were collapsed per serotype. For explanation of the colors, see text.
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2.2. Essential genes based on published gene inactivation studies

What makes a Salmonella a Salmonella? There are of course particular biochemical character-
istics that can be used for identification, but can we recognize a set of genes that are always
conserved, required and necessary for a Salmonella to be called that? And how many of
those genes would be essential for growth and survival of the bacteria? These questions are
addressed in this and the next session. Here, we start with genes proposed to be essential for
survival under laboratory conditions, based on experimental data.

Traditionally, targeted mutagenesis has been used to determine if a gene from a given
Salmonella strain were essential for infection, an approach that restricted the analyses to low
numbers of genes only. An alternative approach was published in 2004 (based on previously
developed techniques) to identify larger numbers of essential genes, by insertion of condi-
tional lethal mutations into random gene fragments in a S. typhimurium strain [7]. The con-
ditional switch used here was growth temperature, while tetracycline-dependent expression
was used by others [8], although they only reported findings for four essential genes. A few
years later, transposon (Tn) mutagenesis combined with high-throughput sequencing became
available and this was applied to S. enterica strains [9-12]. Typically, in this approach mutants
are screened for growth in LB broth. With a sufficiently high density of transposon insertions,
genes that have not received insertions can be considered essential, as their inactivation had
resulted in mutants unable to multiply under the conditions applied. Yet another approach
was followed by Thiele and coworkers, who used metabolic reconstruction (MR) to extract a
list of essential genes in S. Typhimurium that could be possible drug targets [13].

The experimental approaches reported in the literature are not without difficulties, as real-
ized by their authors. For instance, polarity of transposon insertions in operons containing
multiple genes can result in genes being scored as essential only because they are positioned
downstream of an inactivated essential gene; attempts have been made to correct for this.
Gene orthologs can further complicate findings, whereby one copy of an essential gene can
be inactivated as long as a second copy remains intact. When an obtained mutant library
is cultured for several generations, some mutants that originally survived will be removed
from the population because their deletions are disadvantageous though not directly lethal.
Such genes are typically scored as being under strong selection, an analysis that has been
performed for S. Typhimurium strain ATCC 14028 and S. Thyphi strain Ty2 [11].

That experimental wet-laboratory data can be controversial is demonstrated by the fact that
26 of the 28 genes in S. Typhimurium strain ATCC 14028 that Knuth and coworkers reported
as essential [7] could nevertheless be inactivated by site-directed mutagenesis [14].

Some research groups selected for conditions more closely resembling natural conditions of
infection, for instance growth at 42°C instead of 37°C, to resemble the body temperature of
mice that S. Typhimurium would typically encounter, or in the presence of bile acid ([10], work
conducted with strain ATCC 14028). Exposure to low pH has also been tested [8]. Moreover,
even ‘essential’ genes can often endure a transposon insertion without complete loss of func-
tion. If only those genes would be scored as essential that were truly resistant to Tn insertions
from high-throughput mutagenesis, the essential gene pool would be very small indeed: only
96 genes from S. Typhi strain Ty2 and 57 genes from S. Typhimurium strain SL3261 remained

7
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free of Tn insertions under conditions that were considered to have reached Tn saturation
[12]. Thus, a small number of insertions can be permitted, even in genes considered essential
for life in laboratory medium. Since the chance to receive a Tn insertion depends on gene
length, a highly variable parameter, the number of observed insertions needs to be corrected
for gene length [9]. This produces an insertion index, where the number of observed insertions
is divided by gene length. In addition, a likelihood can be calculated from the ratio of observed
versus expected number of Tn insertions, to predict the chance of a gene being essential [9,
12]. For this approach, a cutoff value is required, to bin genes as either essential or not. The
problem with this is that the used parameter (likelihood P value, Tn-insertion index or both)
is a continuously increasing value. This makes the choice of the cutoff inevitably arbitrarily:
There is no biological reason why genes bordering this cutoff would or would not be essential.

To illustrate the difficulty, we plotted the P value reported by Barquist and colleagues [12],
who provided the most elaborate list of Tn mutants available to date (Figure 3). Panel A of
the figure shows how the P value of all genes of S. Typhimurium steadily increases. Similar
results are obtained for S. Typhi (not shown), and even for those genes that have very low
P values, there is a continuous increase, as shown in Panel B. Note that in this figure, the
log10 value was plotted for clarity, and the cutoff value corresponding to a P value of <0.05 is
indicated by the red line. Clearly, this value is artificial, since there is no noticeable increment
around this value.
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Figure 3. The continuous increase of P values of Tn insertions. In Panel A, P values of all 4463 genes of S. Typhimurium
are plotted. In Panel B, a selection of 2675 S. Typhimurium genes is shown with P values >0 but <0.1, plotted for the
exponent (log10) of the P values for clarity. The red line indicates the cutoff of P < 0.05, corresponding with a log10 value
of —1.3 that was used by the authors. Data after Ref. [12].

A slightly different picture emerges when the Tn-insertion index is plotted, as shown in
Figure 4. Although the increase in this index is also continuous, the shape of the obtained curve
is slightly sigmoidal at the beginning, suggesting a trend toward saturation of the index value
around 0.03, before it increases again. This trend is stronger for S. Typhi (Panel 4A) than for
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S. Typhimurium (Panel 4B). Based on these findings, a cutoff value of 0.25 and 0.03 for the Tn
index, respectively, might be appropriate for these species. We therefore recorded genes with
a Tn index <0.25 for S. Typhi (n = 545 genes) and with a Tn index <0.30 for S. Typhimurium
(n = 445), based on the data from Barquist and coworkers [12]. The Tn index of these genes
is shown in Panels C and D of Figure 4. We further recorded the genes that Barquist and
colleagues had originally selected (301 genes from S. Typhi and 299 for S. Typhimurium)
which contained a reanalysis of the data from Langridge [9], as well as all genes previously
identified as ‘essential’ by Knuth [7], Khatiwari [10], Canals [11] and Thiele [13], regardless
of whether such genes were successfully inactivated by others. This produced an “all inclu-
sive’ list of 847 genes putatively essential for growth and survival, or under strong selec-
tion, in LB medium. Relatively few genes were consistently recorded as essential by all or
most authors; most genes were found in two independent approaches or were single findings
(results not shown).
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Figure 4. Analysis of transposon insertion frequency for genes of S. Typhi (left) and S. Typhimurium (right), based
on data published by [12]. In Panels A and B, all genes are sorted for Tn index. The bottom Panels C and D show an
enlargement of the part in the red square of A and B, respectively. For more explanation, see text.

A word of caution is needed here. It turned out to be rather cumbersome to identify the
genes mentioned in the original published data (mostly using the supplementary tables pro-
vided with the publications) and to compare the findings with those of others, because genes
were mostly described by gene names, which are by no means suitable as unique identi-
fiers. For instance, the large operon for LPS-biosynthesis is called waa in S. Typhi but rfb in
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S. Typhimurium; the essential gene mrdA of E. coli is called that in S. typhimurium, but it is
pbpA in S. Typhimurium. The gene that is called ribE in both Salmonella genomes is essential,
but it is called ribC in E. coli, while ribE in the latter species is called ribH in Salmonella (also
essential). This makes it very risky to assume two genes are the same if they have the same
name, or different if they do not. In most reports, a short protein functional description is pro-
vided, which can assist in correct identification, but many genes have very general functional
characteristics, or are of unknown function. In such cases, the only way to identify which
gene was meant is to use the gene location, but even that information does not always prove
to be sufficient, for instance, when authors have re-annotated a genome but did not make this
annotation public.

In conclusion, it is tedious and sometimes impossible to connect the findings from one study
to those of another. Genes scored as ‘essential’ by one group can be inactivated without con-
sequences on viability by another group. Moreover, most so-called essential genes endure a
low number of transposon insertions without the loss of viability.

2.3. Conserved genes found in the core genome of Salmonella enterica

The second approach to identify essential genes in Salmonella is based on bioinformatical
analysis of published genome sequences. If a gene is essential for growth, one can expect it to
be strictly conserved between genomes, so a comparison on gene conservation can identify
possible candidates. This is also not a completely unambiguous approach and depends on
a number of choices that have to be made. For instance, one must define homologs between
genomes in order to assess if genes are conserved, but this requires a defined percentage of
homology that must be allowed and required for genes to be combined into a gene family.
In addition, how should one deal with very short open reading frames, in other words, what is
the minimum length of genes included, without adding too many artificial short open reading
frames? And should one use original gene annotations, which is a transparent procedure that
is easily reproducible, or is it better to re-annotate genomes using a standardized procedure
to reduce variation? The latter approach produces more robust data as it no longer depends
on variable gene calling, but it is less transparent when the used re-annotations are not made
public. When core genomes are being defined from a set of highly different organisms, it
may be required to allow for genes that are missing in a low number of analyzed genomes.
However, when dealing with a single species, one could apply a strict requirement of pres-
ence in all genomes to produce a realistic core, especially if only fully sequenced genomes,
re-annotated with a standardized algorithm, are included.

For this chapter, we decided to use publically available annotations, to aim for maximum
transparency, and we further illustrate the effect of different core genome definitions. The core
genome was established based on the annotations of the 362 completely sequenced Salmonella
enterica genomes that were used to construct Figure 2, complemented with the three S. bongori
genomes. Protein-coding genes were binned into gene families by the use of the program
USEARCH [15] such that members of each family have at least 50% sequence identity and
at least 50% alignment length of the best hit against the centroid of the family. Using a strict
definition of required presence in all analyzed genomes, a so-called 100% core genome could
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be identified that consisted of 1061 gene families. Although this seems an impressive num-
ber, it is lower than expected, probably because of variations in the used gene annotations.
Based on our experience with core-genome determination from many bacterial genera, we
were expecting the core genome of S. enterica to be larger, as the species contains relatively
closely related organisms. Thus, we relaxed the requirement to allow gene presence in 344
or 95% of the investigated genomes. This produced a core genome of 3499 gene families, a
size that is comparable with the preliminary core established for thousands of sequenced
Salmonella genomes (S-R Jun and DW Ussery, unpublished data). We also constructed the core
genome for S. bongori, but with only three genomes available, this core is relatively large, as a
core genome usually decreases with an increasing number of included genomes. For the core
genome of the complete Salmonella genus, these two datasets were combined. The results are
summarized in Table 1.

Table 1 further lists that 11 genes from the 95% core were not annotated in the reference
genome of the species typestrain S. enterica subsp enterica Typhimurium LT2. Originally,
this number was much higher: There appeared to be 141 of the 3499 core genes missing in
the annotated S. Typhimurium LT2 genome. However, when the DNA sequences of these
genes were checked against the reference genome, 130 were actually present but not anno-
tated. Thus, only 11 core genes remained that appear to be truly missing in the reference
genome. This number did not change for core gene families based on S. enterica or the com-
plete Salmonella genome (Table 1).

Dataset Core genome size in 100% Core genome size in 95%  Number of core genes missing
of dataset of dataset in reference genome
362 S. enterica genomes 1061 gene families 3499 gene families 11 core genes out of 3499 are

missing in S. Typhimurium LT2
3 S. bongori genomes 3368 gene families 3368 gene families n.a.

365 Salmonella genomes 1009 gene families 3470 gene families 11 core genes out of 3470 are
missing in S. Typhimurium LT2

Table 1. Core genome analysis based on 365 Salmonella genome sequences.

It was further checked if core gene families in the reference genome contained multiple entries,
in other words, whether those core gene families contained orthologs or paralogs. This was
the case for 120 gene families. When the function of these gene copies is interchangeable,
these orthologs can be considered as ‘back-up’ copies, possibly maintained in the genome to
protect against loss of essential function; alternatively, the genome can contain orthologs to
allow for a higher production of the gene product. The multiple copies of the ribosomal RNA
genes would be a nice example of the latter, though they are not captured in our core genome
analysis, which was restricted to protein-coding genes only. To give another example, mul-
tiple copies of ferric enterobactin (enterochelin) transporters were found. Such orthologs of
essential genes can complicate the outcome of in vitro mutagenesis analyses, as discussed
above. However, not all orthologous genes are duplicated because they are essential, so it is
not a predictive characteristic.

11
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The genomes used for Table 1 were not only used to select conserved core genomes, but also
to define the pan genome, containing all gene families of the Salmonella genus. This is visually
represented in Figure 5. The pan genome increases in size until approximately 180 genomes
have been added, at which stage it reaches a plateau and is hardly affected by addition of
further S. enterica genomes. It increases again when S. enterica Infantis and especially when
S. bongori genomes are added, as these introduce novel gene families to the pan genome.
Panel B of Figure 5 illustrates the validity of defining a 95% core, instead of applying the strict
requirement of presence in 100% of all genomes. The 100% core genome steadily decreases
with the cumulative addition of the genomes analyzed here (the order of the genomes is the
same as for Panel A) and decreases sharply to approximately 1000 gene families after addition
of the S. bongori genomes. Instead, in the 95%, core genome is quite robust and remains more
or less constant at around 3470 gene families (Figure 5).

Salmonella Pan genome Salmonella Core genome
o
S /18-
I < 100%
8 B ]
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Figure 5. Pan-core plots based on 365 Salmonella genomes. Panel A shows the pan genome of Salmonella, with S. bongori
added last. Panel B shows the core genome of the 365 Salmonella genomes with 95 and 100% conservation.

As was discussed in the previous section, the literature findings on essential genes are often
controversial, for reasons discussed, while core genome determination is also not without
caveats. Importantly, one can assume that all genes required for growth in LB medium must
be conserved in all genomes and thus be part of the core, though the reverse may not be true:
Not all core genes will be essential for growth and survival under these laboratory conditions.
Therefore, we checked which of the essential genes reported in the literature were actually
present in the core genome. For this, we used the 95% core genome, though core genes miss-
ing in the original annotation of the reference genome of S. Typhimurium LT2 were added
manually. A total of 683 core genes could with reasonable confidence be identified that at least
by one approach was found as putatively essential (results not shown). Conversely, of the
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870 genes that were identified as essential by any of the methods discussed in the previous
section, 694 were identified as part of the 95% core. The least reliable prediction of ‘essential’
genes turned out to be a low P value of Tn insertion, as this contained the highest fraction of
genes that were not part of the core.

2.4. How close is S. Typhimurium to E. coli?

This chapter started with a comparison of all Enterobacteriaceae, to illustrate the close rela-
tionship between Salmonella, Citrobacter and Escherichia. But how close are Salmonella and
Escherichia, in terms of conserved proteins? To address this question, the core genes of
S. enterica Typhimurium LT2 (the type strain of the species) were compared to the core
genes recently defined for E. coli (using the same definitions and parameters) [16], which
we applied to the species typestrain E. coli DSM 30083. As reported in Table 1, the 95%
core genome of all Salmonella comprises 3470 gene families, of which 11 are missing in
Typhimurium LT2. This strain thus contains 3459 core gene families, while the E. coli typ-
estrain contains 3100 core gene families. When these were compared, it was found that 2615
of these are shared, which corresponds to 75.6% of the S. Typhimurium LT2 core gene fami-
lies, 84.4% of E. coli DSM 30083 and 66.3% of the total gene families assessed for these two
species. This is illustrated in Panel A of Figure 6. The definition for gene families applied
here is the same as for Table 1 and Figure 5, but as explained above, this requires a defined
cutoff for sequence similarity. The biological function of proteins is mostly defined by their
functional domains, which is sometimes only a fraction of the total protein sequence. Thus,
we narrowed this analysis down, to define the common core genome based on functional
domains only, using Pfam domains. Since a Pfam domain is not described for all core genes,
there were fewer domains captured in this comparison (2416 for S. typhimurium LT2 and
2263 for E. coli DSM 30083). Panel B of Figure 6 shows that there are 2142 shared protein
domains, corresponding to 88.7% of the S. Typhimurium LT2 core proteins, 94.7% of the E.
coli DSM 30083 core proteins, and 84.4% of the total number of functional domains captured
here. Interestingly, the fractions of shared core genes and shared functional domains are
larger for the E. coli typestrain than for the Salmonella enterica typestrain. We believe this
is caused by the larger diversity of the E. coli species, compared to S. enterica. As a conse-
quence, the core genome of E. coli is smaller, even at 95%, which means a larger fraction of
these is shared with S. enterica.

We further investigated the functions of the Salmonella core gene families in S. Typhimurium LT2
and found that most of them related to cellular metabolism. The core genome of S. Typhimurium
LT2 was mapped to the genome-scale metabolic model SMT_v1.0 [13], which resulted in a total
of 1271 genes and 2545 metabolic reactions. As shown in Panel C of Figure 6, 1012 genes from
the S. Typhimurium LT2 core genome have a metabolic function (~80% of total genes in the
model) and these account for 2358 metabolic reactions (93% of total reactions in the model).
When comparing this with the E. coli core genome, S. Typhimurium LT2 has 156 unique meta-
bolic genes, responsible for 452 metabolic reactions. The unique metabolic reactions that were
identified here are mostly involved in transport systems across the inner membrane as well
as the outer membrane (porins), specific transport of inorganic ions, and the recycling of lipo-
polysaccharide biosynthesis components. Such analyses can share light on the biochemical and
metabolic properties that Salmonella is specialized in, related to its intracellular lifestyle.
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Figure 6. Comparison of Salmonella and E. coli core genes, using the type strains for both species. Panel A shows the size
and overlap of the core gene families. Panel B shows the comparison using PfamA domains. Panel C summarizes how
many metabolic pathways are shared in the Salmonella and E. coli cores.

2.5. Conserved RNAs across 201 Salmonella genomes

So far, all analyses were based on the annotated proteomes of the Salmonella genomes, but
genes that code for RNA as the final product should not be ignored. A genome annotation
would not be complete without its ribosomal RNA genes, coding for 55, 16S and 23S RNA,
as well as the tRNA genes. Salmonella enterica contains 7 rrn operons, which is more than
can be found in many bacterial species but certainly is not a maximum, as some soil bacteria
can contain up to 15 copies of the rRNA genes. The number of rrn copies of bacterial species
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has been related to their capacity to change their metabolism to use available resources [17].
Although it is often assumed that these gene duplications are all identical, in fact some degree
of sequence variation can be observed, even within a genome. For Salmonella, it was reported
that the gene encoding 165 rRNA (which is typically used for taxonomic description) is con-
served for 97% only [18]. The gene coding for 23S rRNA is also not strictly conserved in
Salmonella, as it contains both point mutations and indels [19].

The number of tRNA genes present in the Salmonella reference genome is 85, representing 47
different tRNA molecules that together cover the 40 required anticodons [20]. These num-
bers can vary between genomes and serovars. But these are not the only bacterial genes that
are never translated into protein. In addition to essential RNA genes such as the gene cod-
ing for tmRNA (transfer-messenger RNA, required for correct protein translation), it is now
recognized that bacterial genomes contain a large number of small RNA genes (sRNA) that
are not always annotated. These are often involved in post-transcriptional regulation of gene
expression [21]. As a final analysis, we decided to assess the conservation of these, incorrectly
neglected, RNA genes.

The bioinformatic analysis performed was based on a publication where transcription start
sites were identified from 31 Salmonella genomes [22]. We analyzed those 113 RNA genes
in the 201 completely sequenced genomes. For this analysis, we excluded the nearly com-
pleted sequences that had been included in the analyses resulting in Figures 2 and 5, because
genome assembly is biased toward protein-coding regions, so that regions on which sSRNA
genes may reside are likely to be missed, unless a genome is truly completed. For comparison,
eight other Enterobacteriaceae were included. The results are presented in a matrix heat map
(Figure 7). Based on their sSRNA content, most of the genomes neatly clustered according
to their serotype, with only few exceptions. Interestingly, the genomes of strains FORC-015
and FORC-020, which are annotated as Typhimurium, are placed outside the Typhimurium
cluster in Figure 7, and these were also placed outside the main Typhimurium cluster in the
AAI tree of Figure 2. Thus, it can be questioned if the serotype of these two strains was cor-
rectly identified. That most of the Salmonella genomes are nicely clustered according to their
serotype in Figure 7 is surprising, as the nonprotein coding sSRNA genes analyzed here do
not have a specific role in expression of surface antigens. The correlation identified here is
in line with a publication that SRNA genes can be used as targets for serotype-specific PCR
detection of Typhi and Paratyphi [23]. It was recently described that some sRNA genes of S.
Typhimurium are under regulation of Sigma 28, and there is extensive cross talk between
genes of the Salmonella pathogenicity pathways SPI1 and SPI2 and particular sSRNA genes
[24]. In this context, it is surprising that the SRNA genes are so strongly conserved throughout
the Salmonella genomes (illustrated by the dominant red in Figure 7), whereas the presence
of SPIs widely varies across serotypes [24]. This suggests that SRNA genes are strongly con-
served and may well belong to the collection of essential genes, though this has not yet been
experimentally demonstrated. The analysis further showed that the SRNA genes are specific
for the Salmonella genus, and bear relatively little resemblance with the other Enterobacteriacea
members included at the bottom of the figure.
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3. Conclusions

Based on genomic average amino acid identity (AAI), Salmonella genomes appear as a distinct
clade within the enterics, closely related to the Citrobacter genus. The serovars of S. enterica
subsp. enterica generally cluster together when analyzed for AAI There is a stable core set of
about 3400 gene families, found in nearly all Salmonella enterica genomes, and these genes are
on average 99% or more identical to each other across all the Salmonella genomes. Further,
many of these genes seem to be involved in metabolic processes, and the core genes account
for about 80% of the total genes of the Salmonella genome-scale metabolic model. Finally, we
examined small RNA conservation and found the same clustering of outlier genomes (e.g.,
particular S. Typhimurium strains) that were observed in the AAI analysis.
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