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Abstract

Background: Salmonella pathogenicity island (SPI)-13 is conserved in many serovars of S. enterica, including S. Ente-
ritidis, S. Typhimurium and S. Gallinarum. However, it is absent in typhoid serovars such as S. Typhi and Paratyphi A,
which carry SPI-8 at the same genomic location. Because the interaction with macrophages is a critical step in Salmo-
nella pathogenicity, in this study we investigated the role played by SPI-13 and SPI-8 in the interaction of S. Enteritidis
and S. Typhi with cultured murine (RAW264.7) and human (THP-1) macrophages.

Results: Our results showed that SPI-13 was required for internalization of S. Enteritidis in murine but not human
macrophages. On the other hand, SPI-8 was not required for the interaction of S. Typhi with human or murine mac-
rophages. Of note, the presence of an intact copy of SPI-13 in a S. Typhi mutant carrying a deletion of SPI-8 did not
improve its ability to be internalized by, or survive in human or murine macrophages.

Conclusions: Altogether, our results point out to different roles for SPI-13 and SPI-8 during Salmonella infection.
While SPI-13 contributes to the interaction of S. Enteritidis with murine macrophages, SPI-8 is not required in the inter-
action of S. Typhi with murine or human macrophages. We hypothesized that typhoid serovars have lost SPI-13 and
maintained SPI-8 to improve their fitness during another phase of human infection.
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Background

The genus Salmonella comprises more than 2500 sero-
vars distributed in two species, S. bongori and S. enterica
[1, 2]. Some serovars are able to infect a broad range of
hosts (generalists), while others only cause disease in a
particular host (specialists). S. Enteritidis is a general-
ist serovar that infects mammals and birds causing a
typhoid-like infection in susceptible mice and asympto-
matic carriage in hens. In humans, it represents a major
cause of foodborne gastroenteritis [3, 4]. Conversely, S.
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Typhi is a specialist serovar that infects only humans,
causing the systemic disease typhoid fever [5, 6].

Most genes required for Salmonella pathogenicity
are clustered in genomic islands known as Salmonella
pathogenicity islands (SPIs). So far, 23 SPIs have been
described and characterized [7-11]. Five SPIs (SPI-1 to
SPI-5) are common to all serovars of S. enterica, while the
rest is distributed among different serovars and/or strains
[7-11]. One such example is SPI-13, which is present
in many S. enterica serovars including S. Enteritidis, S.
Typhimurium, S. Cholerasuis and S. Gallinarum, but it is
absent in S. Typhi and S. Paratyphi A, which carry SPI-8
in the same genomic location, adjacent to the tRNA-pheV
gene [8, 9, 12] (Fig. 1). The number of genes within SPI-
13 is not clearly defined; different authors have reported
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Fig. 1 Comparison of the genomic region that includes SPI-13'in S. Enteritidis NCTC13349 and SPI-8 in S. Typhi CT18. A DNA-based comparison
was performed by BLASTN analysis with WebACT (http://www.webact.org/WebACT/home) and visualized with ACT software. Homology between

sequences (>98% identity) is highlighted in red. Green boxes correspond to tRNA-pheV genes and white boxes correspond to pseudogenes

that it contains 4 [8], 18 [13] or 22 ORFs [9]. In this study In this study, we investigated the roles of SPI-13 and
we defined SPI-13 as the region including genes SEN2960  SPI-8 in the interaction of S. Enteritidis and S. Typhi with
to SEN2966 of S. Enteritidis because they are flanked by  cultured murine and human macrophages. Previously,
nearly perfect direct repeats. In addition, these are the other authors have demonstrated that both serovars are
genes replaced in S. Typhi by SPI-8, which includes genes  internalized by murine macrophages; but only S. Ente-
STY3273 to STY3292 [14]. ritidis is able to survive intracellularly [25]. In contrast,

It has been reported that genes in SPI-13 from S. Typh-  S. Enteritidis has a low ability to survive intracellularly in
imurium [15-17] and S. Enteritidis [18] are expressed human macrophages, whereas S. Typhi survives and pro-
within macrophages in vitro, and are required for sys- liferates for long periods, showing less cytotoxicity than
temic infection in mice [9, 19-22]. These genes are hom-  other serovars [25]. We hypothesized that the differential
ologues to the ripABC operon of Yersinia pestis, which  distribution of SPI-13 and SPI-8 in these two serovars
encodes proteins required for the degradation of itaco- might drive, in part, the different phenotypes observed
nate produced by macrophages during infection [23]. in vitro in macrophages of different origins.

In comparison to SPI-13, much less information is
available on SPI-8. In S. Typhi, this pathogenicity island ~Methods
contains a degenerate integrase gene, two bacteriocin  Bacterial strains, media, and growth conditions
pseudogenes and intact genes encoding proteins confer-  Bacterial strains used in this study are listed in Table 1.
ring immunity to these bacteriocins [14]. In addition, All S. Enteritidis and S. Typhi strains are derivatives
STY3280 has been shown to be expressed within human  of wild-type strains NCTC13349 [13] and STH2370
macrophages [24]. [26], respectively. Bacteria were routinely grown in

Table 1 Bacterial strains used in the present study

Strain Phenotype/genotype Source or reference
Salmonella

S. Enteritidis NCTC13349 Wild-type strain [13]

S. Enteritidis ASPI-13 NCTC13349 A(SEN2960-SEN2966)::FRT This study
S. Enteritidis ASPI-13/pSPI-13 NCTC13349 A(SEN2960-SEN2966):FRT/pBAD-TOPO::(SEN2960-SEN2966) This study
S. Typhi STH2370 Wild-type strain [26]

S. Typhi ASPI-8 STH2370 A(STY3273-STY3292):FRT This study
S. Typhi ASPI-8/pSPI-8 STH2370 A(STY3273-STY3292):FRT/pBAD-TOPO:(STY3273-STY3292) This study
S. Typhi ASPI-8/pSPI-13 STH2370 A(STY3273-STY3292):FRT/pBAD-TOPO::(SEN2960-SEN2966) This study
Escherichia coli

TOP10 K12 F~ ®80/acZAM15 AllacZYA-argF)U169 deoR recAl endA1 hsdR17(r, mi) phoA supE44 thi-1 Invitrogen

gyrA96 relAT N\~
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Luria—Bertani (LB) medium (10 g/L tryptone, 5 g/L
yeast extract, 5 g/L. NaCl) at 37 °C with agitation. When
required, LB medium was supplemented with ampicillin
(Amp; 100 mg/L) or kanamycin (Kan; 50 mg/L). Media
were solidified by the addition of agar (15 g/L).

Construction of mutant strains

All mutant strains were constructed by the Red-swap
method [27] with modifications [21], using plasmid
pCLF4 (Kan®, GenBank accession number EU629214) as
template and specific primers listed in Additional file 1:
Table S1. The Kan-resistance cassette introduced by this
procedure was eliminated by recombination using the
FLP helper plasmid pCP20 [27, 28]. Each mutation was
confirmed by PCR amplification using primers flanking
the sites of substitution (Additional file 1: Table S1).

Construction of plasmids

SPI-13 and SPI-8 were amplified from strains
NCTC13349 and STH2370, respectively, using Pfullltra
II high-fidelity DNA polymerase (Stratagene) and spe-
cific primers listed in Additional file 1: Table S1. Each
PCR product was purified from 1% agarose gels using the
“QIAquick Gel Extraction Kit” (QIAGEN). Purified PCR
products were adenylated at the 3’ end and cloned into
pBAD-TOPO using the “pBAD-TOPO TA Expression
Kit” (Invitrogen). Recombinant plasmids pSPI-13 and
pSPI-8 were transformed into competent E. coli TOP10
(Invitrogen). The presence and orientation of the insert in
each plasmid was confirmed by PCR amplification using
primers listed in Additional file 1: Table S1. Finally, differ-
ent strains of S. Enteritidis and S. Typhi were transformed
by electroporation with these plasmids for complementa-
tion assays.

Cell lines and culture conditions

RAW264.7 murine macrophages were grown as mon-
olayers in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). THP-1
human monocytes were grown in suspension using
RPMI-1640 medium supplemented with 2 mM r-glu-
tamine, 10% FBS and 50 pM B-mercaptoethanol. Both
cell lines were maintained in an air-jacketed incubator
(NuAire) at 37 °C in the presence of 5% CO,.

Bacterial infection assays

For infection assays using RAW264.7 macrophages, mon-
olayers were prepared by seeding ~2.5 x 10° cells/well in
48-well plates (Nunc) and incubating for 20 h at 37 °C in
a 5% CO, atmosphere. From each bacterial culture grown
overnight in LB at 37 °C with agitation, a 1/100 dilution in
5 mL of LB was prepared, and grown under the same con-
ditions until reaching an OD,, = 0.4-0.6. Then, bacteria
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were centrifuged and washed with phosphate buffered
saline (PBS), suspended in 100 pL of DMEM and added
to the macrophages at a multiplicity of infection (MOI)
of ~50 bacteria/cell. After 45 min of incubation at 37 °C,
macrophages were washed three times with PBS contain-
ing 200 mg/L gentamicin and further incubated for 1 h in
DMEM containing 200 mg/L gentamicin to kill extracel-
lular bacteria. Then, cells from three wells were washed
with PBS, and lysed with 0.5% sodium deoxycholate.
Internalized bacteria were enumerated by serial dilution
and plating on LB agar. The percentage of internalization
was calculated as follows: 100 x (CFU,ernatized’ CF Uinocu.
um)- 10 the remaining six wells, medium was replaced by
DMEM containing 20 mg/L gentamicin and cells were
incubated for 2 h (three wells) or 20 h (three wells). Then,
cells were washed, lysed and CFU were determined as
described. The percentage of intracellular survival was
calculated as follows: 100 x (CFU, ., 500/ CF U ternalized)-

For infection assays using THP-1 monocytes,
~5 x 10° cells were seeded in 1.7 mL tubes and incu-
bated for 20 h at 37 °C in a 5% CO, atmosphere. Bac-
teria were grown as indicated above, washed with
PBS and suspended in 100 pL of RPMI-FBS without
B-mercaptoethanol. THP-1 cells were spun down and
the bacterial suspension was added, resulting in a MOI
of ~50 bacteria/cell. Internalization and intracellular sur-
vival were determined as described above.

Cytotoxicity assays

To determine the cytotoxicity produced by Salmonella
strains during macrophage infection, lactate dehydro-
genase (LDH) release was measured using “CytoTox96
Non-Radioactive Cytotoxicity Assay” (Promega), as rec-
ommended by the manufacturer.

Statistical analysis

Statistical significance of differences in the data was
determined via one-way ANOVA with Dunnett’s test
using the GraphPad Prism v6.0 software.

Results

SPI-13 is required for S. Enteritidis internalization in murine
macrophages

It has been shown that several SPI-13 genes contribute
to Salmonella pathogenesis in mice and chickens [9, 12,
19-22]. Because survival within macrophages is a crucial
step in Salmonella systemic infection, we evaluated the
contribution of SPI-13 in the interaction of S. Enteritidis
with RAW?264.7 macrophages. To this end, we tested the
ability of the wild-type strain NCTC13349, an isogenic
ASPI-13 mutant and the mutant complemented in trans
with an intact copy of SPI-13, to be internalized by and
survive within RAW264.7 macrophages. Our results
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showed that deletion of SPI-13 significantly impaired S.
Enteritidis internalization in comparison to the wild-type
strain. This phenotype was reverted by the introduction
of a plasmid carrying an intact copy of SPI-13 (Fig. 2).
On the other hand, deletion of SPI-13 did not affect S.
Enteritidis survival after 2 or 20 h of infection (Fig. 2).
The presence of the empty vector did not alter the phe-
notypes observed for the wild-type strain or the ASPI-13
mutant in our infection assays (data not shown). In addi-
tion, all strains showed similar cytotoxicity to RAW264.7
macrophages, as evaluated by LDH release during infec-
tions (data not shown).

SPI-8 is not required for S. Typhi internalization or
intracellular survival in murine macrophages

To determine the role played by SPI-8 in the interaction
of S. Typhi with murine macrophages, we tested the abil-
ity of the wild-type strain STH2370, an isogenic ASPI-8
mutant and the mutant complemented in trans with
an intact copy of SPI-8, to be internalized by and sur-
vive within RAW264.7 cells. No significant differences
compared to the wild type were found when the ASPI-8
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mutant and the complemented strain were analyzed
(Fig. 3). In addition, the presence/absence status of SPI-8
did not affect the cytotoxicity of S. Typhi on RAW?264.7
macrophages (data not shown).

In view of our results with S. Enteritidis (Fig. 2), we
tested if the presence of SPI-13 could improve the inter-
nalization or survival of S. Typhi ASPI-8 within murine
macrophages. To do this, we performed infection assays
using the S. Typhi ASPI-8 mutant carrying an intact copy
of SPI-13. Our results showed that the presence of SPI-
13 did not increase the internalization or intracellular
survival of S. Typhi ASPI-8 in RAW264.7 macrophages
(Fig. 3). Furthermore, the presence of this island did not
affect the cytotoxicity of S. Typhi ASPI-8 on RAW?264.7
macrophages (data not shown).

Neither SPI-8 nor SPI-13 contribute to the internalization
or intracellular survival of S. Typhi and S. Enteritidis

in human macrophages

Next, we aimed to determine whether SPI-13 and SPI-8
contribute to the internalization or intracellular survival
of S. Enteritidis and S. Typhi, respectively, in human
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Fig. 2 Contribution of SPI-13 to the internalization and intracellular survival of S. Enteritidis in murine macrophages. Infection assays were
conducted as described in “Methods" section to determine the internalization and intracellular survival of S. Enteritidis strains in RAW264.7 mac-
rophages. Graphics show mean values of at least 3 independent assays & SEM. Statistical significance was determined using a one-way ANOVA with

20 h

O3 STH2370

3 STH2370 ASPI-8

@ STH2370 ASPI-8/pSPI-8
STH2370 ASPI-8/pSPI-13

test

25 250+
c
o 2 200+
e —
© ©
g 15 = 150+
g 5
§ 10 & 100+
k= ES
5 50+
X
0 0 T
2h

Fig. 3 Contribution of SPI-8 and SPI-13 to the internalization and intracellular survival of S. Typhi in murine macrophages. Infection assays were
conducted as described in “Methods” section to determine the internalization and intracellular survival of S. Typhi strains in RAW264.7 macrophages.
Graphics show mean values of at least 3 independent assays & SEM. Statistical significance was determined using a one-way ANOVA with Dunnett’s
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macrophages. To do this, we first performed infection
assays in THP-1 human macrophages using wild-type S.
Enteritidis, the ASPI-13 mutant, and the mutant comple-
mented in trans with an intact copy of SPI-13. We did not
observe differences in internalization, intracellular sur-
vival (Fig. 4a) and cytotoxicity (data not shown) between
the wild-type strain and the mutants tested. Similar
results were obtained when THP-1 macrophages were
infected with wild-type S. Typhi, the ASPI-8 mutant, and
the mutant complemented in trans with an intact copy of
SPI-8 (Fig. 4b).

Discussion

Although SPI-13 was identified in S. Gallinarum [12], it
has been described in several members of S. enterica [8,
9, 13, 29]. The number of genes conforming SPI-13 is not
clearly defined. In fact, different authors have reported
that this island contains 4 [8], 18 [13] or 22 genes [9]. In
this study, we defined SPI-13 as the region encompass-
ing genes SEN2960 to SEN2966 in S. Enteritidis because
these genes are adjacent to the tRNA-pheV gene and are
flanked by nearly perfect direct repeats. Of note, these 7
genes are replaced in the genome of typhoid Salmonella
serovars such as S. Typhi and S. Paratyphi A by genes
composing SPI-8 [8, 9, 14]. We investigated whether
this genetic difference contributes to the differential
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intracellular survival reported for S. Enteritidis and S.
Typhi in macrophages of murine and human origin [25].
Our results indicate that SPI-13 is required for inter-
nalization of S. Enteritidis in RAW264.7 macrophages. In
agreement with this observation, a null mutant of gene
SEN2961 also presented an internalization defect in
HD-11 chicken macrophages [18]. Reduced internaliza-
tion by macrophages can affect S. Enteritidis pathogenic-
ity because bacterial uptake by phagocytes is required
for systemic spread of the pathogen and, as mentioned,
SPI-13 is required for systemic colonization of mice and
chicken by different Salmonella serovars [9, 12, 19-22].
Our data also indicate that SPI-13 is not involved in
the intracellular survival of S. Enteritidis in RAW?264.7
macrophages. These results do not agree with a recent
study showing that deletion of SPI-13 (genes SEN2960
to SEN2977) resulted in increased uptake and impaired
survival of S. Enteritidis in RAW264.7 macrophages
[20]. The discrepancies between results from both stud-
ies may be due to differences in the S. Enteritidis strain
employed and the number of SPI-13 genes deleted (7
vs. 18). Regarding this last point, the function of S.
Enteritidis genes in the SEN2967-SEN2977 region (not
included in our analysis) has been recently predicted
and some of them may be required for intracellular sur-
vival in macrophages. For instance, SEN2973 encodes the
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Fig. 4 Contribution of SPI-13 and SPI-8 to the internalization and intracellular survival of S. Enteritidis and S. Typhi in human macrophages. Infection
assays were conducted as described in “Methods” section to determine the internalization and intracellular survival of S. Enteritidis (@) and S. Typhi
(b) strains in THP-1 macrophages. Graphics show mean values of at least 3 independent assays & SEM. Statistical significance was determined using
a one-way ANOVA with Dunnett’s test
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antiadaptor protein IraD, which in S. Typhimurium has
been reported to increase the stability of the sigma stress
factor RpoS during oxidative stress [30]. In addition,
transposon insertion mutants of S. Enteritidis in genes
SEN2972, SEN2976 and SEN2977 present systemic colo-
nization defects in mice [22]. Furthermore, the ASPI-13
mutant used by the authors of the other study kept the
kanamycin-resistance cassette replacing the island, which
may generate polar effects on genes surrounding the site
of mutation.

Remarkably, genes SEN2961-SEN2963 of S. Enter-
itidis are homologous to the ripABC operon of Y. pestis.
This operon was originally described as required for Y.
pestis survival and replication within activated mac-
rophages [31-33]. More recently, it was reported that Y.
pestis ripABC operon encodes proteins with itaconate
Co-A transferase, itaconil Co-A hydratase and citralil
Co-A lyase activities, which together degrade itaconate
and promote pathogenicity [23]. Itaconate is produced
by macrophages in response to bacterial infection. This
compound is a potent inhibitor of isocitrate lyase that
blocks the glyoxylate cycle used by bacteria such as Sal-
monella and Mycobacterium to survive intracellularly
[23, 34].

In contrast to our observations in RAW264.7 murine
macrophages, SPI-13 was not required for internaliza-
tion or survival of S. Enteritidis in THP-1 human mac-
rophages. A possible explanation for these observations
is that human macrophages produce itaconate at lower
levels compared with mouse macrophages [34]. Hence,
enzymes for itaconate degradation encoded in SPI-13
would not be needed in these macrophages. This hypoth-
esis is supported by the fact that the genome of human
pathogens S. Typhi and S. Paratyphi A do not contain
SPI-13. Furthermore, our results showed that SPI-8 was
not required for internalization or intracellular survival
of S. Typhi in RAW264.7 murine macrophages or THP-1
human macrophages. We hypothesize that SPI-8 has
been maintained in the genome of typhoid Salmonella
serovars because it encodes factors required during other
steps of human infection. For instance, proteins encoded
in SPI-8 conferring immunity to bacteriocins [14] could
improve bacterial fitness of typhoid serovars in the
human gut. Further studies are required to confirm this
hypothesis.

Conclusions

In this study we evaluated the contribution of patho-
genicity islands SPI-13 and SPI-8 in the interaction
of S. Enteritidis and S. Typhi with cultured murine
(RAW264.7) and human (THP-1) macrophages. SPI-
13 is present in the genome of many serovars of Salmo-
nella enterica, including S. Enteritidis. However, this
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pathogenicity island is absent in the genome of typhoid
serovars such as S. Typhi and S. Paratyphi C, which carry
SPI-8 in the same genomic location. Our results indicate
that SPI-13 is required for internalization of S. Enteritidis
in murine but not in human macrophages. On the other
hand, SPI-8 is not required for the internalization or sur-
vival of S. Typhi in human or murine macrophages. Thus,
our results indicate different roles for SPI-13 and SPI-8
during Salmonella infection.
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