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SUMMARY

Salmonella enterica subsp. enterica serovar Dublin (S. Dublin) is one of the non-typhoidal
Salmonella (NTS); however, a relatively high proportion of human infections are associated

with invasive disease. We applied whole genome sequencing to representative invasive and
non-invasive clinical isolates of S. Dublin to determine the genomic variations among them

and to investigate the underlying genetic determinants associated with invasiveness in S. Dublin.
Although no particular genomic variation was found to differentiate in invasive and non-invasive
isolates four virulence factors were detected within the genome of all isolates including two
different type VI secretion systems (T6SS) encoded on two Salmonella pathogenicity islands
(SPI), including SPI-6 (T6SSspr6) and SPI-19 (T6SSsp1.19), an intact lambdoid prophage (Gifsy-2-
like prophage) that contributes significantly to the virulence and pathogenesis of Salmonella
serotypes in addition to a virulence plasmid. These four virulence factors may all contribute to
the potential of S. Dublin to cause invasive disease in humans.
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INTRODUCTION

Non-typhoidal Salmonella (NTS) is a major cause of
foodborne disease in humans worldwide. NTS infec-
tion is associated with consumption of contaminated
food and is typically characterized by self-limiting
gastroenteritis. However, some patients with NTS
may suffer from bacteraemia. This is more likely in
vulnerable groups (very young, very old, immunocom-
promised) [1]. Certain NTS serovars including S.
Choleraesuis and S. Dublin are associated with higher
frequency of occurrence of invasive disease [2]. The
invasiveness of S. Dublin may be related in part to
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expression of the Vi (virulence) antigen [3] which is
variably expressed in S. Dublin and is also commonly
found in human-adapted S. Typhi.

S. Dublin (serotype 1,9,12,[Vi]:g,p:-) is closely
related to S. Enteritidis (serotype 1,9,12:g,m:-); how-
ever, they belong to relatively distinct sequence types
(STs) based on multilocus sequence typing (MLST)
[4]. Furthermore, S. Dublin and S. Enteritidis differ
significantly in their epidemiology. S. Dublin is asso-
ciated with cattle and can be transmitted to humans
via contact with infected animals or consumption of
contaminated milk and milk products. By contrast,
S. Enteritidis is associated with poultry and is rarely
associated with systemic illness in humans. It has
been speculated that extensive genome degradation
and pseudogene accumulation within the genome of
S. Dublin is strongly associated with decreasing the
ability of S. Dublin to infect a broad range of hosts
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and is involved in bacterial adaptation to certain ani-
mal hosts (cattle) [5-7].

Furthermore, S. Dublin and S. Enteritidis differ in
their risk of invasive disease. .S. Dublin is often asso-
ciated with invasive disease in humans [8]; however,
S. Enteritidis is rarely associated with systemic illness
in humans. In Ireland, one third of S. Dublin clinical
isolates received at the National Salmonella, Shigella
and Listeria Reference laboratory were isolated from
blood and other sterile body fluids. To test whether
there is a genomic signal differentiating invasive
(blood and other sterile body fluids) and non-invasive
(faecal) isolates of S. Dublin we determined the whole
genome sequencing (WGS) for a set of representative
invasive and non-invasive clinical isolates of S. Dublin
and performed comparative genomics analysis with
the closely related S. Enteritidis strain P125109
which belongs to phage type 4 (PT4). We also
screened the Irish S. Dublin isolates for the previously
identified pseudogenes [6] that might be involved in
host adaptation.

METHODS

Bacterial strains, genomic DNA extraction and genome
sequencing

A set of invasive and non-invasive S. Dublin clinical
isolates from Ireland (isolated during 2010-2013)
were selected for WGS. Isolates included 11 isolates
from human blood and other normally sterile body
sites in addition to five gastroenteritis isolates for com-
parison. Bacterial isolates were cultured on nutrient
agar media and incubated overnight at 37 °C. DNA
was extracted using QIAamp DNA Mini kit
(Qiagen, USA) according to the manufacturer’s
instructions. WGS was performed using an Illumina
MiSeq (Illumina Inc., USA) on 100 bp paired-end
(PE) libraries.

Both invasive and non-invasive isolates were tested
for the presence of the Vi antigen by slide agglutin-
ation using Salmonella Vi antisera.

Sequence data quality control

The quality of PE Illumina sequence data for each iso-
late was evaluated using the FastQC toolkit (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Adapter sequences were trimmed and low-quality
reads were removed using the ea-utils package
(https://code.google.com/p/ea-utils/).
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Read mapping, single nucleotide polymorphism (SNP)
calling and construction of the phylogenetic tree of the
S. Dublin sample set

Sequence reads from each isolate were mapped against
the reference genome of S. Dublin strain CT_02021853
along with its associated plasmid (pCT02021853_74)
using Burrows— Wheeler Aligner [9]. Genomic variants
including SNPs and insertions and deletions (indels)
were identified using Samtools mpileup [10] and filtered
with a minimum mapping quality of 60. SNPs were
compared against the reference S. Dublin strain
CT_02021853 and a maximum-likelihood phylogeny
of the isolates was constructed using MEGA v. 6 soft-
ware [11]. Selection of the best-fit model for nucleotide
substitution was performed with jModelTest [12].

S. Dublin genome assembly

PE reads were de novo assembled using Velvet [13]. The
parameters (k-mer length, expected coverage, coverage
cut-off and insert length) were optimized to obtain the
highest N50 value and the best possible assembly.
Generated multi-contig draft genomes for each isolate
were annotated with the help of the rapid annotation
using subsystem technology (RAST) system [14].

Comparative genomic analysis and pseudogene analysis

Comparative genomic analysis with the reference gen-
ome of S. Enteritidis strain P125109 and the draft
genomes of S. Dublin Irish clinical isolates was per-
formed using the Artemis Comparison Tool (ACT)
(https://www.sanger.ac.uk/resources/software/act/) in
order to identify genes and genomic regions that are
specific to S. Enteritidis and absent from S. Dublin
in addition to genes and genomic regions that are
specific to S. Dublin and absent from S. Enteritidis.

We also screened S. Dublin isolates for the seven in-
active pseudogenes identified previously by micro-
array analysis [6] that might be involved in
adaptation of S. Dublin to cattle.

RESULTS
Phylogenetic relationship between S. Dublin isolates

The phylogenetic relationship between the S. Dublin clin-
ical isolates based on SNPs determined by mapping
sequences against the genome of reference S. Dublin strain
CT_02021853 showed that SNPs were found to be
randomly distributed around the S. Dublin chromosome.
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Fig. 1. Phylogenetic tree of Salmonella Dublin isolates based on single nucleotide polymorphisms determined from whole
genome sequence. Invasive isolates (highlighted in light blue) and faecal isolates (highlighted in yellow) are intermixed.
The generalized time-reversible model of nucleotide substitution for each position was used.

Invasive isolates showed higher genetic divergence
(5-333 SNPs) compared to the non-invasive isolates
(4-30 SNPs); however, invasive and faecal isolates
were intermixed (Fig. 1). SNPs within the chromo-
some of the S. Dublin isolates used in this study are
provided in Supplementary Table S1.

Specific genes and genomic regions for S. Dublin
isolates

All S. Dublin isolates including invasive and gastro-
enteritis isolates harbour two different types of type
VI secretion systems (T6SS). They are encoded in two
Salmonella pathogenicity islands (SPI) including SPI-6
(T6SSspr6, gene range SeD_A0289-SeD_A0326) and
SPI-19 (T6SSspr.19, gene range SeD_A1212-SeD_
A1243). Interestingly, T6SSspr.¢ and T6SSgpy.19 share
very limited homology with each other.

T6SSspr6 presents in all S. Dublin clinical isolates
including invasive and gastroenteritis isolates in add-
ition to other virulent Salmonella serovars including
S. Typhi, S. Paratyphi A, S. Typhimurium and S.
Choleraesuis (Table 1, Fig. 2) but it is absent from
S. Enteritidis PT4.

Two virulence genes within T6SSspre; SCiR
(STM0284) and sciS (STMO0285), encoding the Shiga-
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like toxin A subunit and putative inner membrane pro-
tein, respectively, were present in all S. Dublin isolates
sequenced in this study.

T6SSspr.19 presents in all S. Dublin clinical isolates and
other host-restricted serovars including S. Gallinarum
and S. Pullorum (Table 1, Fig. 3). However, SPI-19 is
degraded in S. Enteritidis PT4.

The draft genome of all S. Dublin isolates harbours
an intact lambdoid prophage (Gifsy-2-like prophage)
as illustrated in Figure 4. Gifsy-2-like prophage is
degraded in S. Enteritidis PT4. Intact Gifsy-2 is also
detected in S. Typhimurium and S. Newport.

Gifsy-2 prophage encodes several virulence factors
including sodCI (STM1044), ssel (STM1051) and
gtgE (STM1055) that were found within all S.
Dublin isolates. Gifsy-2 also encodes grvA4; a unique
avirulence gene in a wild-type situation; however, a
non-synonymous mutation detected in grv4 of S.
Dublin isolates had changed one amino acid (from
polar hydrophilic arginine to non-polar hydrophobic
tryptophan) within GrvA protein (Arg53-Trp) that
might be associated with loss of its antivirulence func-
tion, subsequently increasing bacterial virulence.

Interestingly, the gene encoding the Gifsy-2 pro-
phage attachment and invasion protein (STM1043)
was found in all S. Dublin Irish strains including
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Table 1. Distribution of T6SS loci in Salmonella
serotypes

Serotype Accession number T6SSqprs T6SSspr-19
Dublin CP001144 + +
Enteritidis AM933172 - -
Typhimurium*  AE006468 + —
Typhimuriumt  FN424405 + —
Choleraesuis CP007639 + -
Typhi AL513382 + —
Paratyphi A CP000026 + -
Paratyphi Bi CP000886 — —
Paratyphi C CP000857 + —
Kentucky ABAKO02000001 + —
Newport CP001113 + -
Heidelberg CP005995 + -
Schwarzengrund CP001127 + —
Tennessee CP007505 + -
Infantis NZ_CMO001274 + +
Wetervreden FR775192, + +
FR775207
Virchow ABFH02000001, — —
ABFH02000001
Javiana CP004027 - —
Gallinarum AMO933173 - +
Pullorum CP006575 - +
Agona CP001138 — +
Montevideo CP007222 + —
Anatum CP007211 + —
Thompson CP006717 + —
Cubana CP006055 + -

* Salmonella Typhimurium strain LT2 (laboratory adapted
strain).

+ Salmonella Typhimurium strain D23580 (invasive strain).
1 Salmonella Paratyphi B strain SPB7 (d-tartrate-fermenting
variant; dT+).

invasive and gastroenteritis isolates; however, it
appears to be subject to partial deletion in S.
Enteritidis PT4.

All S. Dublin isolates including invasive and
non-invasive isolates harbour an accessory genome
that is closely related to the virulence plasmid
(pCT02021853_74) of S. Dublin strain CT_02021853
with only 14-22 variants difference. This plasmid is
exclusive to S. Dublin and is not harboured by other
Salmonella serotypes.

No acquired antimicrobial resistance genes were
detected within the plasmid or the chromosome of
all clinical isolates sequenced here. However, an iso-
late from faeces (SD12) and another isolate from a
psoas abscess (SD21) were resistant to quinolone anti-
microbial agents including nalidixic acid as a result
of a single non-synonymous mutation within the
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housekeeping gene (gyrA) that changed the amino
acid serine (S) at position 83 to phenylalanine (F) in
the DNA gyrase subunit A protein.

The Vi antigen was absent from all S. Dublin iso-
lates and the Vi-antigen-encoding genes were absent
from the draft genome of S. Dublin including invasive
isolates. However, the invasion gene (pagN) was
detected in both invasive and gastroenteritis S.
Dublin isolates.

Specific genes and genomic regions for S. Enteritidis

Forty genes present in S. Enteritidis appear to be en-
tirely absent from S. Dublin isolates (Table 2). Two
genes (SEN2420 and SEN3943) encode a putative
exported protein and a conserved hypothetical protein,
respectively. The remaining 38 genes were grouped into
five genomic regions: SE_Regl (SEN0083-SEN0085)
encodes two probable secreted proteins and a putative
sulfatase, SE_Reg2 (SEN1379-SEN1396) is a part of
phage SE14 encoding several phage-related proteins,
SE_Reg3 (SEN1432-SEN1436) corresponds to a gen-
omic island named RODI13 and includes genes encod-
ing proteins involved in sugar transport and hexonate
uptake, SE_Regd (SEN1503-1506) corresponds to an-
other genomic island known as ROD14 encoding regu-
latory proteins. In addition, another genomic region,
SE_Reg5 (SEN1936-SEN1940, SEN1944-SEN1945
and SEN1959), which is absent from S. Dublin Irish
isolates, encodes several phage-related proteins includ-
ing terminases and capsid and membrane proteins.

Pseudogene analysis

The draft genomes of the S. Dublin clinical isolates
were screened for the previously identified seven cod-
ing sequences (CDS) that appear to encode active
genes in the broad host range serovar S. Enteritidis
PT4, but are inactive (pseudogenes) in the seven
Uruguayan S. Dublin clinical isolates [6] as deter-
mined by microarray analysis. Interestingly, we
found that these seven CDS are also inactive in all
of the Irish clinical isolates of S. Dublin sequenced
in this study and also in the other host-restricted sero-
vars including the poultry-adapted S. Gallinarum and
the swine-adapted S. Cholerasuis (Table 3).

These CDS correspond to a putative transport pro-
tein (SEN0042), two hypothetical proteins (SEN0784
and SEN2783), the gene encoding a probable glucarate
dehydratase 2 (SEN2806), the gene encoding the outer
membrane usher protein LpfC (SEN3461) and the gene
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Fig. 2. Complete genome alignment of different Salmonella serovars (including the draft genome of representatives of
clinical Irish isolates of S. Dublin sequenced in this study) generated using BRIG [27]. S. Dublin strain CT_02021853
genome is used as a reference. The gene cluster of SPI-6 T6SS (gene range SeD_A0289-SeD_A0326) is also included in
the alignment. The genome of clinical S. Dublin isolates (including invasive and gastroenteritis isolates) and other invasive
serovars including S. Choleraesuis, S. Typhimurium, S. Typhi and S. Paratyphi A harbours SPI-6 T6SS while it is absent

from S. Enteritidis.

encoding probable phosphotransferase system per-
mease (SEN3672). In addition mgl/A4 (SEN2182) appear
to be inactive in all host-adapted typhoidal Salmonella
serovars including the human-adapted S. Typhi and S.
Paratyphi A (Table 3).

A gene of special interest in clinical microbiology,
designated apeE, that encodes esterase was found to
be inactive (as a result of frameshift mutation) in all
S. Dublin clinical isolates but is active in other
Salmonella serovars including Enteritdis,
Typhimurium and Typhi. This finding can explain
the failure to detect S. Dublin on Aes Laboratoire
Salmonella Agar Plate (ASAP) [15]. Although apeE
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is also absent from some other Salmonella serovars in-
cluding Choleraesuis, Newport, Agona and Heidelberg
these serovars harbour a gene closely related to apeE
(~98% identity) that codes lipase which has the ability
to hydrolyse a variety of esters, therefore ASAP
chromogenic medium will be suitable for their detec-
tion. However, the gene coding lipase was also inactive
in all S. Dublin clinical isolates.

DISCUSSION

Human infection with S. Dublin represents a signifi-
cant public health problem. In Ireland, an outbreak
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Fig. 3. Complete genome alignment of different Salmonella serovars (including the draft genome of representatives of
clinical Irish isolates of S. Dublin sequenced in this study) generated using BRIG [27]. S. Dublin strain CT_02021853
genome is used as a reference. The gene cluster of SPI-19 T6SS (gene range SeD_A1212-SeD_A1243) is also included in
the alignment. The genome of S. Dublin clinical isolates (including invasive and gastroenteritis isolates), S. Agona and the
poultry-adapted serovars including S. Gallinarum and S. Pullorum harbours SPI-19T6SS while it is absent from S.

Enteritidis.

of S. Dublin gastroenteritis confirmed by WGS was
reported in October—-November 2013 [16]. Although
all isolates associated with this specific outbreak
were from faecal samples prior to the outbreak, one
third of S. Dublin clinical isolates received at the
National Salmonella, Shigella and Listeria Reference
laboratory were isolated from blood and other sterile
body fluids.

Here we applied WGS to a new set of S. Dublin
clinical isolates including invasive and gastroenteritis
isolates and performed comparative genomic analysis
in S. Dublin clinical isolates and the reference S.
Enteritidis PT4 to investigate the underlying bacterial
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genetic determinants that might be associated with
virulence in S. Dublin.

Two different T6SS encoded on two pathogenicity
islands, T6SSspr¢ and T6SSgpy.19, are present in all
S. Dublin isolates described in this study but absent
from S. Enteritidis PT4. Interestingly, T6SSgpr.¢ and
T6SSspr.19 share very limited homology with each
other.

Experimental studies have showed the crucial role of
T6SSspr¢ in the systemic spread of S. Typhimurium
[17]. Interestingly, two virulence genes within
T6SSspre; sciR (STMO0284) and sciS (STMO0285)
which encode the Shiga-like toxin A subunit and
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Fig. 4. Complete genome alignment of different Salmonella serovars (including the draft genome of representatives of
clinical Irish isolates of S. Dublin sequenced in this study) generated using BRIG [27]. S. Dublin strain CT_02021853
genome is used as a reference. Prophage Gifsy-2 genome is also included in the alignment. The genome of clinical S.
Dublin isolates (including invasive and gastroenteritis isolates), S. Typhimurium and S. Newport harbours Gifsy-2

prophage while Gifsy-2 is defective in S. Enteritidis PT4.

putative inner membrane protein, respectively, were
absent from S. Enteritidis PT4 but present in all S.
Dublin isolates. We also found that T6SSgpy¢ is pre-
sent in other virulent Salmonella serovars including
Typhi, Paratyphi A, Choleraesuis and Typhimurium
suggesting that T6SSgpr.¢ contributes to the ability of
Salmonella to cause invasive disease.

T6SSspr.19 Was also carried by all S. Dublin clinical
isolates. Interestingly, T6SSgpy19 1S present in other
host-restricted serovars including poultry-associated
S. Gallinarum and S. Pullorum suggesting its role in
adaptation to specific animals [5, 18]. However,
SPI-19 is subject to internal deletion in the broad
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host range serovar Enteritidis PT4. It has been
reported that loss of both T6SSs in S. Enteritidis
appears to be correlated to adaptation to a wide
host range [5].

All S. Dublin clinical isolates are lysogenic for a
lambdoid prophage (Gifsy-2-like prophage), which is
defective in S. Enteritidis PT4 [19]. Gifsy-2 contri-
butes significantly to the virulence and pathogenesis
of Salmonella serotypes [20] as it encodes several viru-
lence factors including sodCI (STM1044), ssel
(STM1051) and gtgE (STM1055) [21]. Gifsy-2-like
prophage might therefore be associated with the pro-
pensity of S. Dublin to cause invasive disease.
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Table 2. Single genes and regions ( Reg) that are exclusive to Salmonella Enteritidis PT4 strains but are absent from

Salmonella Dublin strains

Present in Enteritidis PT4 but absent
from all Dublin

Function/gene prediction

SE_Reg! (SEN0083-SEN0085)
SE_Reg2 (SEN1379-SEN1396)
SE_Reg3 (SEN1432-SEN1436)

Two probable secreted proteins and a putative sulfatase
Part of phage SE14 encoding several phage-related proteins
Part of ROD13 genomic island encoding proteins involved in sugar transport

and hexonate uptake

SE_Reg4 (SEN1503-1506)

SE_Reg5 (SEN1936-SEN1940,
SEN1944-SEN1945 and SEN1959)

SEN2420

SEN3943

Part of ROD14 encoding regulatory proteins

Encode several phage-related proteins including terminases and capsid and
membrane proteins

Putative exported protein

Conserved hypothetical protein

Table 3. List of the seven coding sequences that are predicted to be active genes in Salmonella Enteritidis PT4 but

inactive ( pseudogenes) in Salmonella Dublin isolates

Enteritidis Dublin Gallinarum Cholerasuis Typhi  Paratyphi A
Gene Prediction (PT4) (Irish isolates) (287/91) (C500) (CT18) (ATCC 9150)
SEN0042  Putative transport Active Pseudo Pseudo Pseudo Active  Active
protein
SEN0784  Hypothetical protein Active Pseudo Pseudo Pseudo Absent  Absent
SEN2182* mglA, galactoside Active Pseudo Pseudo Pseudo Pseudo Pseudo
transport ATP binding
protein
SEN2783  Hypothetical protein Active Pseudo Pseudo Pseudo Absent  Absent
SEN2806  Probable glucarate Active Pseudo Pseudo Pseudo Active  Partial deletion
dehydratase 2
SEN3461  Outer membrane usher Active Pseudo Pseudo Pseudo Absent  Absent
protein LpfC
SEN3672  Probable Active Pseudo Pseudo Pseudo Active  Partial deletion
phosphotransferase

system permease

A unique antivirulence gene, grvA, is carried on
Gifsy-2. It decreases bacterial pathogenicity in its
wild-type situation playing a role in optimizing
Salmonella virulence [22]. However, the non-
synonymous mutation detected in grv4 of S. Dublin
isolates had changed one amino acid (polar, hydro-
philic arginine to non-polar hydrophobic tryptophan)
within the GrvA protein (Arg53-Trp). We postulate
that this may be associated with loss of its antiviru-
lence function.

Interestingly, the gene encoding the Gifsy-2 pro-
phage attachment and invasion protein (STM1043)
was found in all S. Dublin strains; however, it was
subjected to partial deletion in S. Enteritidis PT4.

Although the massive accumulation of pseudogenes
(especially genes involved in metabolic pathways) in
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S. Dublin has been reported to be associated with
adaptation to cattle and invasiveness in humans [5],
it can also be associated with false-negative results in
detection of S. Dublin at clinical laboratories when
chromogenic medium (ASAP) is used since the apeE
gene encodes esterase [23], responsible for bacterial
ability to hydrolyse ester substrate methyl umbelliferyl
caprylate within the chromogenic medium, which was
found to be inactive in all S. Dublin isolates.
Therefore, S. Dublin is not able to produce ApeE
esterase during overnight incubation and no expected
pink to purple colonies are produced [15]. The unique
biochemical features of S. Dublin [24] can delay bac-
terial identification by clinical laboratories where
prompt identification is crucial since S. Dublin can
be associated with invasiveness and systemic illness.
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We looked at the genetic differences in invasive and
gastroenteritis isolates of S. Dublin, but no particular
genetic determinants were found to differentiate
among isolates. Phylogenetic analysis based on SNPs
determined from WGS showed that invasive and
faecal isolates are intermixed and SNPs were found
to be randomly distributed around the S. Dublin
chromosome. Furthermore, a plasmid that is closely
related to the virulence plasmid (pCT02021853_74)
of S. Dublin strain CT_02021853 was detected in all
S. Dublin clinical isolates. This plasmid is limited to
S. Dublin and has not been detected in other
Salmonella serotypes. However, this plasmid carries
virulence genes that proved to be associated with caus-
ing systemic illness [25].

Although the invasiveness of S. Dublin has been
considered as related to expression of the Vi antigen,
the encoding genes [26] were absent from all S.
Dublin clinical isolates including invasive isolates.

Interestingly, the genome of all S. Dublin clinical
‘invasive and faecal’ isolates sequenced in this study
harbours an active invasion gene (pagN) which
might be associated with the ability to cause invasive
illness.

In conclusion, our results reveal several virulence
genetic determinants within the genome of S. Dublin
from Ireland that gives this serovar the potential to
cause invasive disease in humans. However, there
were no genomic markers that differentiated invasive
from gastroenteritis isolates suggesting that host fac-
tors are critical in determining the outcome in the in-
dividual patient.

Comparison of larger numbers of Salmonella iso-
lates from different geographical and temporal
spreads may provide detailed insights into the basis
of bacterial virulence and invasiveness.

SUPPLEMENTARY MATERIAL

For supplementary material accompanying this paper
visit http://dx.doi.org/10.1017/S0950268816000492.
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