
fmicb-07-01305 August 19, 2016 Time: 13:58 # 1

ORIGINAL RESEARCH
published: 23 August 2016

doi: 10.3389/fmicb.2016.01305

Edited by:
Ivan Rychlik,

Veterinary Research Institute,
Czech Republic

Reviewed by:
Béla Nagy,

Centre for Agricultural Research,
Hungarian Academy of Sciences,

Hungary
Richard Ducatelle,

Ghent University, Belgium

*Correspondence:
Carlos A. Santiviago

csantiviago@ciq.uchile.cl
Francisco P. Chávez
fpchavez@uchile.cl

†These authors have contributed
equally to this work.

Specialty section:
This article was submitted to

Infectious Diseases,
a section of the journal

Frontiers in Microbiology

Received: 29 April 2016
Accepted: 08 August 2016
Published: 23 August 2016

Citation:
Riquelme S, Varas M, Valenzuela C,

Velozo P, Chahin N, Aguilera P,
Sabag A, Labra B, Álvarez SA,

Chávez FP and Santiviago CA (2016)
Relevant Genes Linked to Virulence

Are Required for Salmonella
Typhimurium to Survive Intracellularly

in the Social Amoeba Dictyostelium
discoideum. Front. Microbiol. 7:1305.

doi: 10.3389/fmicb.2016.01305

Relevant Genes Linked to Virulence
Are Required for Salmonella
Typhimurium to Survive
Intracellularly in the Social Amoeba
Dictyostelium discoideum
Sebastián Riquelme1†, Macarena Varas2†, Camila Valenzuela1, Paula Velozo1,
Nicolás Chahin1, Paulina Aguilera2, Andrea Sabag1, Bayron Labra1, Sergio A. Álvarez1,
Francisco P. Chávez2* and Carlos A. Santiviago1*

1 Laboratorio de Microbiología, Departamento de Bioquímica y Biología Molecular, Facultad de Ciencias Químicas y
Farmacéuticas, Universidad de Chile, Santiago, Chile, 2 Laboratorio de Microbiología de Sistemas, Departamento de
Biología, Facultad de Ciencias, Universidad de Chile, Santiago, Chile

The social amoeba Dictyostelium discoideum has proven to be a useful model for
studying relevant aspects of the host-pathogen interaction. In this work, D. discoideum
was used as a model to study the ability of Salmonella Typhimurium to survive in
amoebae and to evaluate the contribution of selected genes in this process. To do
this, we performed infection assays using axenic cultures of D. discoideum co-cultured
with wild-type S. Typhimurium and/or defined mutant strains. Our results confirmed that
wild-type S. Typhimurium is able to survive intracellularly in D. discoideum. In contrast,
mutants 1aroA and 1waaL are defective in intracellular survival in this amoeba. Next, we
included in our study a group of mutants in genes directly linked to Salmonella virulence.
Of note, mutants 1invA, 1ssaD, 1clpV, and 1phoPQ also showed an impaired
ability to survive intracellularly in D. discoideum. This indicates that S. Typhimurium
requires a functional biosynthetic pathway of aromatic compounds, a lipopolysaccharide
containing a complete O-antigen, the type III secretion systems (T3SS) encoded in SPI-
1 and SPI-2, the type VI secretion system (T6SS) encoded in SPI-6 and PhoP/PhoQ
two-component system to survive in D. discoideum. To our knowledge, this is the first
report on the requirement of O-antigen and T6SS in the survival of Salmonella within
amoebae. In addition, mutants 1invA and 1ssaD were internalized in higher numbers
than the wild-type strain during competitive infections, suggesting that S. Typhimurium
requires the T3SS encoded in SPI-1 and SPI-2 to evade phagocytosis by D. discoideum.
Altogether, these results indicate that S. Typhimurium exploits a common set of genes
and molecular mechanisms to survive within amoeba and animal host cells. The use
of D. discoideum as a model for host–pathogen interactions will allow us to discover
the gene repertoire used by Salmonella to survive inside the amoeba and to study the
cellular processes that are affected during infection.
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INTRODUCTION

Salmonella is the causative agent of foodborne gastroenteritis and
is able to infect a wide range of animal hosts. The ability of
Salmonella to cause illness is explained in part by its proficiency to
survive in host cells. Relevant genes required for this process are
located in pathogenicity islands such as SPI-1 and SPI-2, which
encode two independent type III secretion systems (T3SSSPI−1
and T3SSSPI−2, respectively) that inject effector proteins into host
cells and are critical during various stages of infection (reviewed
in Haraga et al., 2008).

Although Salmonella is a facultative intracellular pathogen,
it spends a significant part of its life cycle in the environment
sharing the habitat with a variety of protozoa. These organisms
feed mainly on bacteria and fungi by phagocytosis, and digestion
occurs within phagolysosomes. To escape predation, some
bacteria have developed sophisticated mechanisms to survive
and replicate intracellularly in protozoa (Salah et al., 2009;
Denoncourt et al., 2014; Hoffmann et al., 2014). In addition,
the intracellular niche within protozoa protects bacteria against
adverse environmental conditions, allowing these organisms
to act as environmental reservoirs for proliferation and
transmission of infectious bacteria to animals and humans,
including Salmonella. Therefore, understanding the molecular
mechanisms required to survive within protozoa could generate
a huge impact in developing new strategies to control Salmonella
infections.

One of the first studies on the interaction of Salmonella
with protozoa demonstrated that S. Typhimurium is able to
survive intracellularly in Acanthamoeba polyphaga, residing and
multiplying within contractile vesicles (Gaze et al., 2003). This
observation suggested that protozoa play an important role in
the ecology of Salmonella in soil and aquatic environments.
Later on, a number of studies established that different
serovars of Salmonella interact with and survive within a
variety of protozoa species, including Acanthamoeba, Tetramitus,
Naegleria, Hartmannella, and Tetrahymena (Tezcan-Merdol
et al., 2004; Wildschutte et al., 2004; Brandl et al., 2005;
Wildschutte and Lawrence, 2007; Bleasdale et al., 2009; Feng et al.,
2009; Rehfuss et al., 2011).

Surprisingly, only a few of these studies addressed the
molecular mechanisms involved in the interaction of Salmonella
with protozoa. In one of such studies, the authors evaluated
the requirement of the Salmonella virulence plasmid (SVP),
spv and hilA (encoding a transcriptional activator of genes
in SPI-1) on the interaction of S. Dublin with Acanthamoeba
rhysodes (Tezcan-Merdol et al., 2004). The authors concluded
that hilA and SVP contribute to the interaction of Salmonella
with A. rhysodes, although hilA (and consequently SPI-1) is
expendable for bacterial internalization and survival in this model
(Tezcan-Merdol et al., 2004). A second study evaluated the role
played by SPI-1, SPI-2, and the PhoP/PhoQ two-component
system (that regulates the expression of many virulence genes in
Salmonella, including those in SPI-2) in the intracellular survival
of S. Typhimurium in A. polyphaga (Bleasdale et al., 2009). The
results of this study demonstrated that PhoP/PhoQ and SPI-2
are essential for the survival of S. Typhimurium in this amoeba.

In contrast, SPI-1 was shown to be dispensable for this process
(Bleasdale et al., 2009).

The use of social amoeba Dictyostelium discoideum as a model
host to study the interaction with bacterial pathogens is well
documented. This organism is easy to grow and maintain in
the laboratory and is amenable to cell biology, genetics and
biochemistry techniques. As a professional phagocyte, it can be
infected with different bacterial pathogens, and relevant virulence
factors in mammals have been shown to be important in the
interaction with this amoeba. In addition, the existence of on-
line resources like dictyBase1 allows easy access to genomic
data and biological information such as mutant phenotypes
and corresponding reference material (Kreppel et al., 2004;
Basu et al., 2013; Fey et al., 2013). These advantages make
D. discoideum a very useful model for host–pathogen interaction
studies (reviewed in Bozzaro and Eichinger, 2011; Steinert,
2011; Muller-Taubenberger et al., 2013; Verma and Srikanth,
2015).

An early report suggested that S. Typhimurium is degraded
by D. discoideum and is unable to survive after 2 days of
infection (Skriwan et al., 2002). Then, it was reported that
knockout mutants of D. discoideum in genes associated to
autophagy support the establishment of a replicative niche
for S. Typhimurium, suggesting that autophagy is required
for degradation of this pathogen (Jia et al., 2009). Another
study demonstrated that S. Typhimurium is pathogenic for
Dictyostelium cells and subverts the starvation response (Sillo
et al., 2011). The degree of Salmonella virulence to Dictyostelium
was reported to depend on bacterial growth conditions identified
in the study (Sillo et al., 2011). More recently, it was reported that
S. Typhimurium can survive in D. discoideum for at least 6 h, and
that chitinase activity is dispensable for this process (Frederiksen
and Leisner, 2015). Therefore, Dictyostelium is now considered as
a suitable model to study the interaction between Salmonella and
protozoa (Verma and Srikanth, 2015).

The aim of this study was to confirm the ability of S.
Typhimurium to survive in D. discoideum and to develop
infection assays suitable for assessing the contribution of
selected genes in this process, especially those associated with
virulence in other infection models. Our results confirmed
that S. Typhimurium is able to survive intracellularly in
D. discoideum and indicate that this process requires functional
biosynthesis of aromatic compounds, lipopolysaccharide
(LPS) including a complete O-antigen, and virulence
determinants SPI-1, SPI-2, SPI-6 and PhoP/PhoQ, suggesting
that Salmonella exploits a set of conserved molecular
mechanisms to survive within protozoa and animal host
cells.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
Bacterial strains used in this study are listed in Table 1.
All S. Typhimurium strains are derivatives of the wild-type,

1http://dictybase.org
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TABLE 1 | Bacterial and Dictyostelium strains used in this study.

Strains Features Source

Salmonella Typhimurium

14028s Wild-type, virulent
strain

Laboratory collection

1aroA 14028s 1aroA::Tmp Laboratory collection

1phoN 14028s 1phoN::Cam Laboratory collection

1phoPQ 14028s 1phoPQ::Kan This study

1invA 14028s 1invA::Kan Laboratory collection

1ssaD 14028s 1ssaD::Kan Laboratory collection

1clpV 14028s 1clpV::Kan Laboratory collection

1waaL 14028s 1waaL::Kan Laboratory collection

Escherichia coli

B/r DBS0348878 Wild-type strain dictyBase

Klebsiella aerogenes

DBS0305928 dictyBase

Dictyostelium discoideum

AX4 DBS0302402 axeA1 axeB1 axeC1 dictyBase

AX2 cnxA-GFP
DBS0236184

axeA2 axeB2 axeC2
pDEXRH::act15/cnxA-
RSSSKLK-gfp(S65T)

dictyBase

virulent strain 14028s (Fields et al., 1986). Bacteria were
routinely grown in Luria-Bertani (LB) medium (10 g/L
tryptone, 5 g/L NaCl, 5 g/L yeast extract) at 37◦C with
agitation. When required, LB medium was supplemented
with ampicillin (Amp, 100 mg/L), chloramphenicol (Cam,
20 mg/L), kanamycin (Kan, 75 mg/L), or trimethoprim (Tmp,
50 mg/L). Media were solidified by the addition of agar
(15 g/L).

Dictyostelium Strains and Culture
Conditions
D. discoideum strains AX4 (DBS0302402) and AX2 cnxA-GFP
(DBS0236184) were obtained from Dicty Stock Center (Kreppel
et al., 2004; Basu et al., 2013; Fey et al., 2013), and cultured
according to standard protocols (Fey et al., 2007). Briefly,
D. discoideum strains were maintained at 22◦C in SM medium
(10 g/L glucose, 10 g/L peptone, 1 g/L yeast extract, 1 g/L
MgSO4 × 7H2O, 1.9 g/L KH2PO4, 0.6 g/L K2HPO4, 20 g/L
agar), growing on a confluent lawn of Klebsiella aerogenes
(DBS0305928). Before infection assays, amoebae were grown
at 22◦C with agitation (180 rpm) in liquid HL5 medium
(14 g/L tryptone, 7 g/L yeast extract, 0,35 g/L Na2HPO4, 1,2 g/L
KH2PO4, 14 g/L glucose, pH 6,3) in the absence of bacteria
(axenic cultures). When required, media were supplemented
with streptomycin (300 mg/L), ampicillin (100 mg/L) or
G418 (geneticin, 10 mg/L). Prior to infection, amoebae were
harvested in early exponential phase (1–2 × 106 cells/mL) and
centrifuged at 500 × g for 10 min at 4◦C. The supernatant
was discarded and the pellet was washed three times using
Soerensen buffer (2 g/L KH2PO4, 0.36 g/L Na2HPO4 × 2H2O,
pH 6.0). Trypan blue exclusion and counting in a Neubauer
chamber was used to determine the population of viable
cells.

Standard DNA Techniques
Plasmid DNA was obtained from overnight cultures using
the “QIAprep Spin Miniprep Kit” (QIAGEN), according
to the manufacturer’s instructions. When required,
PCR products were purified using the “QIAquick PCR
Purification Kit” (QIAGEN) as recommended by the
manufacturer. DNA samples were routinely analyzed by
electrophoresis in 1% agarose gels (prepared in TAE buffer)
and visualized under UV light after GelRed (Biotium Inc.)
staining.

Construction of Mutant Strains
S. Typhimurium mutants were constructed using the Lambda
Red recombination method (Datsenko and Wanner, 2000)
with modifications (Santiviago et al., 2009), using plasmid
pCLF1 (TmpR, GenBank accession number HM047090), pCLF2
(CamR, GenBank accession number HM047089) or pCLF4
(KanR, GenBank accession number EU629214) as template.
Primers for PCR amplification were designed according to the
genomic sequence of S. Typhimurium strain 14028s (Jarvik et al.,
2010), and are listed in Supplementary Table S1. Correct allelic
replacement in each mutant was confirmed by PCR using a
primer flanking the 5′ end of the corresponding ORF (primers
Out5 in Supplementary Table S1) and a second primer internal to
the resistance cassette (pCLF4_P1_Bam or K1 in Supplementary
Table S1). Finally, each mutant allele was transduced to the
wild-type background using phage P22 HT105/1 int-201 (Maloy,
1990).

Individual Infection Assay
D. discoideum AX4 grown axenically (∼2 × 107 cells) was co-
incubated with S. Typhimurium 14028s or E. coli B/r at 22◦C
with agitation (180 rpm) in 10 mL of Soerensen buffer using
a multiplicity of infection (MOI) of 100 bacteria/amoeba. After
1 h of co-incubation, amoebae were washed three times with
Soerensen buffer to remove extracellular bacteria. Then, infected
cells were suspended in 10 mL of Soerensen buffer (t = 0) and
further incubated at 22◦C with agitation. Aliquots were obtained
at 0, 0.5, 1, 3, 6, and 24 h post infection. Viable amoebae were
determined at each time point by Trypan blue exclusion and
counting on a Neubauer chamber. In parallel, infected amoebae
recovered at each time point were lysed with 0.2% Triton X-
100 and titers of intracellular bacteria were determined by serial
dilutions and plating on LB agar. Statistical significance was
determined using a two-way ANOVA with Fisher’s LSD post-test.

Competitive Infection Assay
D. discoideum AX4 grown axenically (∼2 × 107 cells) was
co-incubated with a 1:1 mixture of S. Typhimurium 14028s
and a defined mutant at 22◦C with agitation (180 rpm) in
10 mL of Soerensen buffer using a MOI of 100 bacteria/amoeba.
Extracellular bacteria were removed after 1 h of co-incubation
by three sequential washes using Soerensen buffer. Then,
infected cells were suspended in 10 mL of Soerensen buffer
(t = 0) and further incubated at 22◦C with agitation. Aliquots
were obtained at 0, 1, 3, and 6 h post infection. Viable
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amoebae were determined at each time point by Trypan
blue exclusion and counting on a Neubauer chamber. In
addition, infected amoebae recovered at each time point were
washed once in Soerensen buffer supplemented with gentamicin
(10 mg/L), then washed in Soerensen buffer to remove the
antibiotic, and finally lysed with 0.2% Triton X-100. Titers
of intracellular bacteria were determined by serial dilutions
and plating on LB agar supplemented with the appropriate
antibiotics. Competitive index (CI) values were calculated as
a mean ratio of mutant to wild type, normalized to the
corresponding ratio in the inoculum (internalization) or at
t = 0 (intracellular survival), and converted logarithmically.
Statistical significance was determined using a two-tailed
Student’s t-test.

Laser Scanning Confocal Microscopy
S. Typhimurium 14028s and E. coli B/r were transformed by
electroporation with plasmid pFCcGi (Addgene plasmid number
59324), encoding the red fluorescent protein mCherry expressed
constitutively (Figueira et al., 2013). Axenic D. discoideum AX2
cnxA-GFP (∼2 × 107 cells) was co-incubated with each bacteria
at 22◦C for 24 h in 10 mL of Soerensen buffer, using a MOI of
10 bacteria/amoeba. Images of infected cells were acquired every
hour using a Zeiss LSM 710 laser scanning confocal microscope
equipped with a 63x 1.4 NA optic setup. Prior to observation,
cells were mounted on a thin layer of 1% agarose in PBS
buffer deposited on a glass slide. To visualize GFP-associated
fluorescence (amoebae), the sample was excited at 488 nm with
an argon laser and emission was detected using a filter in the
493–549 nm range. To visualize mCherry-associated fluorescence
(bacteria), the sample was excited at 543 nm with a HeNe laser
and emission was detected using a filter in the 548–679 nm range.
Images were acquired using the ZEN 2012 Black software (Zeiss),
and analyzed using Fiji and ImageJ softwares (Schindelin et al.,
2012; Schneider et al., 2012).

RESULTS

Intracellular Survival of S. Typhimurium
in D. discoideum
To determine if S. Typhimurium 14028s is able to survive
intracellularly in D. discoideum, we co-incubated both organisms,
and let amoebae feed on bacteria. At different time points,
intracellular bacteria recovered from infected amoebae were
titrated. As a control, the same procedure was performed using
E. coli B/r, a strain commonly used as food source for this amoeba
(Fey et al., 2007).

We observed that titers of S. Typhimurium 14028s associated
with D. discoideum cells remained high and constant during the
first 3 h of infection. After 6 h of infection, the titer of associated
bacteria reached a peak, and remained at similar level at 24 h
post infection (Figure 1A). In contrast, E. coli B/r titers declined
sharply after 1 h of infection, being almost under the limit of
detection at 6 and 24 h of infection (Figure 1A). The differences
observed in both cases cannot be attributed to a differential
effect of infecting bacteria on cell viability since viable counts
of amoeba infected with S. Typhimurium 14028s and E. coli
B/r were equivalent during the course of the experiment. In
both cases, the population of infected amoeba started raising at
30 min of infection, reaching a maximum level at 3 h of infection
(Figure 1B).

To support our observations, we followed the intracellular
fate of S. Typhimurium 14028s and E. coli B/r in D. discoideum
by laser scanning confocal microscopy. To do this, bacteria
constitutively expressing the red fluorescent protein mCherry
from plasmid pFCcGi (Figueira et al., 2013) were co-incubated
for 24 h with D. discoideum expressing a calnexin-GFP protein
fusion (Muller-Taubenberger et al., 2001) and the interaction of
bacteria and amoebae was monitored every 1 h.

Red fluorescent bacteria were detected within amoeba after
1 h of co-incubation, indicating that both bacteria were actively

FIGURE 1 | Intracellular survival of S. Typhimurium 14028s and E. coli B/r in D. discoideum. Individual infection assays were used to determine the
intracellular survival of S. Typhimurium 14028s or E. coli B/r in D. discoideum AX4. (A) Intracellular survival calculated at each time point as CFUt=x/CFUt=0.
(B) Population of viable amoebae at each time point expressed as cells/mL. Graphics shows the mean of at least three independent assays ± SEM. Statistical
significance was determined using a two-way ANOVA with Fisher’s LSD post-test (∗∗P < 0.005, ∗∗∗P < 0.001).
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FIGURE 2 | Analysis of D. discoideum infected with S. Typhimurium
14028s and E. coli B/r by confocal microscopy. Individual infection assays
were used to determine the intracellular fate of S. Typhimurium 14028s
pFCcGi or E. coli B/r pFCcGi in D. discoideum AX2 cnxA-GFP. Images of
infected cells were acquired at different time points (1, 5, 15, and 23 h post
infection) using a Zeiss LSM 710 laser scanning confocal microscope. The
complete set of images captured during the experiment is shown in
Supplementary Figure S1.

internalized by D. discoideum (Figure 2; Supplementary Figure
S1). In the case of E. coli B/r, intracellular bacteria were observed
up to 5 h of co-incubation. After that time point, no bacteria were
detected in association with amoeba (Figure 2; Supplementary
Figure S1). In contrast, intracellular S. Typhimurium 14028s
cells were observed at every time point evaluated. In fact,
we were able to detect bacteria in substantial numbers within
D. discoideum even after 23 h of co-incubation (Figure 2;
Supplementary Figure S1). These observations confirmed that
S. Typhimurium is able to survive and replicate intracellularly in
D. discoideum, and allowed us to identify genes required for this
process.

An aroA Mutant of S. Typhimurium is
Unable to Survive in D. discoideum
We developed a competition assay to evaluate the contribution
of selected genes in the ability of S. Typhimurium to survive
intracellularly in D. discoideum. In this assay, the internalization
and intracellular survival of a defined mutant and the wild-
type strain were directly compared when competing for
D. discoideum as a replicative intracellular niche at different times
of infection.

Salmonella aroA mutants are highly attenuated in vivo
(Hoiseth and Stocker, 1981; Stocker et al., 1983; Cooper
et al., 1990) and present strong defects in intracellular survival
in macrophages in vitro (Fields et al., 1986; Lowe et al.,
1999). Therefore, we aimed to determine if a 1aroA mutant
presents the same survival defect in D. discoideum. Using
our competition assay, we observed that the 1aroA mutant
was internalized at wild-type levels (Figure 3A). However, the
mutant strain was defective in intracellular survival in the
amoeba at 6 h post infection (Figure 3B). No effect in amoeba
viability was observed during the course of the experiment
(Figure 3C).

Relevant Genes Linked to Salmonella
Virulence Are Required to Survive
Intracellularly in D. discoideum
Considering that the intracellular survival defect shown by the
1aroA mutant is associated to metabolic and envelope integrity
defects (Sebkova et al., 2008), we included in our study a group
of mutants in genes directly linked to Salmonella virulence in
different models (i.e., 1invA, 1ssaD, 1clpV, and 1phoPQ).
We chose genes invA and ssaD (also named spiC) because
they encode essential structural components of T3SSSPI−1 and
T3SSSPI−2, respectively (for a review see Moest and Meresse,
2013). In addition, clpV (also named sciG) encodes a chaperone
essential for protein secretion through a type VI secretion
system (T6SS; Bonemann et al., 2009; Pietrosiuk et al., 2011;
Kapitein et al., 2013). We also chose genes phoP and phoQ
because they encode a two-component system that regulates
the expression of many virulence genes in Salmonella (Miller
et al., 1989). As a control, we included mutants 1phoN and
1waaL in our experiments. phoN encodes an acid phosphatase
(Kier et al., 1979; Kasahara et al., 1991) and null-mutants of
this gene in Salmonella present wild-type levels of intracellular
survival in macrophages (Klumpp and Fuchs, 2007) and systemic
colonization in mice during competitive infections (Weening
et al., 2005). Finally, waaL encodes the O-antigen ligase that
is required for the production of a complete LPS structure
(MacLachlan et al., 1991). It has been reported that Salmonella
waaL mutants present defects in intracellular survival and are
attenuated in vivo (Lyman et al., 1976; Aballay et al., 2003; Nagy
et al., 2006; Duerr et al., 2009; Kong et al., 2011; Bender et al.,
2013).

First, we evaluated the internalization of each mutant strain
relative to the wild type during competitive infection. We
observed that mutants 1invA and 1ssaD were internalized
at higher levels than the wild-type strain (Figure 3A). These
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FIGURE 3 | Internalization and intracellular survival of S. Typhimurium
14028s and defined mutants in D. discoideum. Competition assays were
used to determine the intracellular survival of S. Typhimurium mutants 1aroA
(purple), 1invA (green), 1ssaD (red) 1clpV (blue), 1phoPQ (orange), 1phoN
(light blue), and 1waaL (yellow). (A) Internalization relative to the wild-type
strain calculated as (CFUmutant/CFUWT)t=0/(CFUmutant/CFUWT)inoculum and
expressed as log10. (B) Competitive index (CI) between a defined mutant and
the wild-type strain calculated at each time point as (CFUmutant/CFUWT)t =
x/(CFUmutant/CFUWT)t=0 and expressed as log10. (C) Population of viable
amoebae at each time point expressed as cells/mL. Graphics shows the
mean of at least three independent assays ± SEM. Statistical significance was
determined using a two-tailed Student’s t-test (∗P < 0.05, ∗∗P < 0.005,
∗∗∗P < 0.001).

results suggest that S. Typhimurium can evade phagocytosis
by D. discoideum through a mechanism that depends on the
function of T3SSSPI−1 and T3SSSPI−2. On the other hand,
mutants 1phoPQ, 1clpV, and 1phoN were internalized at wild-
type levels, while mutant 1waaL was poorly internalized in
comparison to the wild type (Figure 3A). Next, we evaluated
the intracellular survival of each mutant strain relative to the
wild type at different times post infection. As in the case of
the 1aroA strain, mutants 1invA, 1ssaD, 1phoPQ, 1clpV, and
1waaL showed an impaired ability to survive intracellularly in
D. discoideum (Figure 3B). In contrast, the intracellular survival
of mutant 1phoN in this organism was comparable to that
shown by the wild-type strain (Figure 3B). No effect in amoeba
viability was observed during the course of these experiments
(Figure 3C).

DISCUSSION

In this study, we have confirmed that wild-type S. Typhimurium
can survive intracellularly in the social amoeba D. discoideum.
We adapted infection assays that allowed us to follow the
bacterial population associated with amoebae by direct CFUs
counts and by laser scanning confocal microscopy. Using
both methodologies, we observed that S. Typhimurium 14028s
survives at least for 24 h in D. discoideum under our experimental
conditions. In contrast, E. coli B/r was unable to survive within
this amoeba. It is worth mentioning that this bacterial strain
is routinely used as food source for D. discoideum (Fey et al.,
2007).

Most probably, the discrepancies between our results and
early reports indicating that Salmonella is unable to survive
in D. discoideum (Skriwan et al., 2002; Jia et al., 2009) are
due to differences in the serovar of Salmonella characterized,
the strain employed, and the use of infection assays based
on the standard gentamicin-protection assay. Also, medium
composition and general growth conditions have been implicated
in the modulation of Salmonella virulence on D. discoideum
(Sillo et al., 2011). In this study, we used a well-known virulent
strain of S. Typhimurium, and long-term incubations with
gentamicin were not used in our assays. This because during
the setup of our infection protocols we realized that gentamicin
readily enters in Dictyostelium cells, killing all intracellular
bacteria after 6 h of infection (Supplementary Figure S2A).
An attempt to use sodium azide instead of gentamicin to
eliminate extracellular bacteria in our assays resulted in killing
of amoeba, regardless of the presence of either S. Typhimurium
14028s or E. coli B/r during the assays (Supplementary Figure
S2B). Finally, we decided to use gentamicin (10 mg/L) only
in our competition assays during the first washing step before
preparing the samples for intracellular CFU determination.
The amount of gentamicin used corresponds to the minimum
inhibitory concentration we determined for S. Typhimurium
14028s.

Other difference between our experimental conditions and
those used by others is that we always used D. discoideum
cells from axenic cultures in early exponential growth phase
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(cell densities of 1–2 × 106 cells/mL, at most). The general
recommendation is to use cells from axenic cultures in
exponential phase (cell densities up to 4 × 106 cells/mL; Fey
et al., 2007). In early exponential phase cultures, we observed a
greater proportion of single cells in comparison to cultures grown
to higher densities, where cells tend to aggregate making more
difficult to determine the exact amoeba population during our
infections, even at early time points.

Using our competition assay, we observed that mutants
1aroA, 1waaL, 1invA, 1ssaD, 1clpV, and 1phoPQ present
important defects in intracellular survival in D. discoideum when
compared to the wild-type strain. Of note, the intracellular
survival of a 1phoN mutant was similar to the wild-type
strain under the same experimental conditions. This result
indicates that acid phosphatase PhoN is dispensable for survival
of S. Typhimurium and D. discoideum, as reported in other
infection models (Weening et al., 2005; Klumpp and Fuchs,
2007). In addition, having a mutant with no phenotype
in our intracellular survival assay validates the observations
made for mutants 1aroA, 1waaL, 1invA, 1ssaD, 1clpV, and
1phoPQ.

It is well documented that aroA mutants of S. Typhimurium
and other Salmonella serovars are strongly attenuated in different
models of infection (Hoiseth and Stocker, 1981; Stocker et al.,
1983; Fields et al., 1986; Cooper et al., 1990; Lowe et al., 1999). In
fact, we reported that a 1aroA mutant of S. Enteritidis presents
strong defects in systemic colonization of BALB/c mice and
intracellular survival in RAW264.7 murine macrophages in vitro
(Silva et al., 2012). Most probably, these phenotypes and the
intracellular survival defect observed in D. discoideum are directly
linked to deficient biosynthesis of aromatic compounds and
defects in the integrity of the cell wall and the outer membrane
presented by aroA null-mutants of Salmonella (Sebkova et al.,
2008).

Although there are studies on the role played by O-antigen
in the prey discrimination for serovars of Salmonella presented
by a number of intestinal amoebae from different hosts
(Wildschutte et al., 2004; Wildschutte and Lawrence, 2007),
this is the first report on the contribution of O-antigen to
the intracellular survival of Salmonella in amoebae. Despite
this, it has been reported that Salmonella waaL mutants
present defects in intracellular survival in murine enterocytes
(Duerr et al., 2009) and are attenuated in vivo in different
models of infection, including mice (Lyman et al., 1976; Kong
et al., 2011), Caenorhabditis elegans (Aballay et al., 2003;
Tenor et al., 2004) and Galleria mellonella (Bender et al.,
2013). Most probably, the intracellular defect presented by
our 1waaL mutant in D. discoideum is linked to defects
in motility and susceptibility to antimicrobial substances,
such as cationic peptides (Nagy et al., 2006; Kong et al.,
2011).

T3SSSPI−1 and T3SSSPI−2 inject effector proteins into
eukaryotic cells (including epithelial and phagocytic cells)
and are critical during Salmonella infection of animal hosts
(reviewed in Haraga et al. (2008). In addition, PhoP/PhoQ
two-component system regulates the expression of many

virulence genes following Salmonella uptake into phagosomes
(Groisman et al., 1989; Miller et al., 1989; Alpuche Aranda
et al., 1992), including genes in SPI-2 (Bijlsma and Groisman,
2005). Furthermore, T3SSSPI−2 and PhoP/PhoQ are critical for
intracellular survival of Salmonella serovars in macrophages
(Groisman et al., 1989; Miller et al., 1989; Cirillo et al., 1998;
Hensel et al., 1998). Regarding their role during Salmonella-
protozoa interaction, it has been reported that T3SSSPI−2
and PhoP/PhoQ are required for survival of S. Typhimurium
strain F98 in A. polyphaga, while T3SSSPI−1 appears to be
dispensable for this process (Bleasdale et al., 2009). Another
study also indicates that T3SSSPI−1 is not required for entry
and survival of S. Dublin in A. rhysodes (Tezcan-Merdol et al.,
2004).

In S. Typhimurium, clpV is located in SPI-6 as part of a
gene cluster encoding a T6SS (Blondel et al., 2009; Mulder
et al., 2012), and ClpV is essential for the secretion of proteins
through the T6SS apparatus (Bonemann et al., 2009; Pietrosiuk
et al., 2011; Kapitein et al., 2013). Salmonella mutants harboring
deletions of clpV or T6SS loci present defects in intracellular
survival in macrophages (Haneda et al., 2009; Mulder et al.,
2012; Blondel et al., 2013) and systemic colonization in mice
and chicken (Mulder et al., 2012; Pezoa et al., 2013, 2014). It
has been reported that bacterial pathogens like Vibrio cholerae
and Burkholderia cenocepacia require specific T6SS to survive
predation by D. discoideum (Pukatzki et al., 2006; Aubert
et al., 2008; Zheng et al., 2011). However, to the best of
our knowledge this is the first report on the requirement
of a T6SS in the intracellular survival of Salmonella in
amoebae.

In addition to the mentioned phenotypes, we observed
that mutants 1invA and 1ssaD were internalized in higher
numbers than the wild type during competitive infections.
These results suggest that T3SSSPI−1 and T3SSSPI−2 are required
by S. Typhimurium to evade phagocytosis by D. discoideum.
A similar observation was reported when the internalization of
a 1invC mutant of S. Typhimurium was assessed in dendritic
cells (Bueno et al., 2010). As in the case of invA, invC
encodes an essential component of T3SSSPI−1. The authors
reported that, although being impaired for invasion of non-
phagocytic cells (i.e., L-cells and MLE-12 cells), the 1invC
mutant was internalized at higher rates than the wild type
by murine dendritic cells (Bueno et al., 2010). In addition,
the 1invC mutant was as proficient as the wild-type strain
in blocking antigen presentation by infected dendritic cell
to T cells in vitro. Thus, these observations suggest that
S. Typhimurium employs T3SSSPI−1 to avoid phagocytosis by
professional phagocytic cells such as D. discoideum and dendritic
cells. Further studies are required to elucidate the role played
by T3SSSPI−2 in this process, and to identify the effectors
involved.

Furthermore, the plant growth-promoting rhizobacterium
Pseudomonas fluorescens F113 harbors two independent T3SS,
one of which is phylogenetically related to Salmonella T3SSSPI−1.
It has been reported that mutants in genes spaS (encoding
an essential component of the secretion apparatus) and gacA
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(encoding a positive regulator of hilA expression that is
orthologous to SirA in Salmonella) are ingested preferentially
by A. polyphaga when they are co-incubated with the wild-
type strain (Barret et al., 2013). These results in P. fluorescens
F113 and our results in S. Typhimurium suggest a common
role for T3SSSPI−1 in resistance to amoeboid grazing. This
phenomenon is similar to the preferential feeding of A. castellanii
on non-toxic gacS mutants of P. protegens CHA0 (Jousset
et al., 2009, 2010), suggesting that effectors secreted by different
bacteria through T3SS related to Salmonella T3SSSPI−1 are
toxic for amoebae. Further studies are required to confirm this
hypothesis.

Altogether, we identified genes required for the intracellular
survival of S. Typhimurium in D. discoideum that are associated
with virulence in other infection models. These genes include
those directly liked to functional biosynthesis of aromatic
compounds, ligation of O-antigen to the LPS structure, secretion
through T3SSSPI−1, T3SSSPI−2, and T6SSSPI−6, and PhoP/PhoQ
two-component system. Therefore, our results indicate that
Salmonella exploits a common set of genes and molecular
mechanisms to survive within phagocytic amoeba and host
cells, such us macrophages. It is worth mentioning that the
genes included in this study represent only a small fraction of
those involved in the internalization and intracellular survival
of Salmonella in amoebae. Recently, in collaboration with other
groups we generated different collections of defined single-
gene and multi-gene deletion mutants in the genome of S.
Typhimurium 14028s (Santiviago et al., 2009; Porwollik et al.,
2014). High-throughput analyses of pools of mutants in some
of these collections have been conducted in different models
of infection, including regular BALB/c mice (Santiviago et al.,
2009; Silva-Valenzuela et al., 2016b), tumor-bearing BALB/c
mice (Silva-Valenzuela et al., 2016a), calves (Elfenbein et al.,
2013), and chicks (Yang et al., 2016). Thus, the competition
assay developed in this work will allow us to analyze our
collections of mutants in order to define the gene complement
required for S. Typhimurium to survive within D. discoideum.

Experiments in this direction are currently on their way in our
laboratory.

AUTHOR CONTRIBUTIONS

Conceived and designed the experiments: CS, FC, SR, MV, and
CV. Performed the experiments: SR, MV, CV, PV, NC, PA, AS,
and BL. Analyzed the data: CS, FC, SR, MV, CV, PV, NC, PA, AS,
BL, and SA. Contributed reagents/materials/analysis tools: CS,
FC, and SA. Wrote the paper: CS, SR, MV, and CV. All authors
read and approved the final manuscript.

FUNDING

This work was supported in part by FONDECYT grants 1140754
(to CS) and 1120209 (to FC). SA was supported by FONDECYT
grant 1130225. SR, MV, CV and AS were supported by CONICYT
fellowships 221320275, 21120431, 21140615, and 22140758,
respectively.

ACKNOWLEDGMENTS

We are indebted to Catalina Bravo-Toncio for technical support
during the implementation of Dictyostelium cultures. We thank
Lorena Saragoni for assistance during confocal microscopy
sessions and Cecilia Silva-Valenzuela for generous gift of mutant
strains 1invA and 1ssaD.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2016.01305

REFERENCES
Aballay, A., Drenkard, E., Hilbun, L. R., and Ausubel, F. M. (2003). Caenorhabditis

elegans innate immune response triggered by Salmonella enterica requires intact
LPS and is mediated by a MAPK signaling pathway. Curr. Biol. 13, 47–52. doi:
10.1016/S0960-9822(02)01396-9

Alpuche Aranda, C. M., Swanson, J. A., Loomis, W. P., and Miller, S. I. (1992).
Salmonella typhimurium activates virulence gene transcription within acidified
macrophage phagosomes. Proc. Natl. Acad. Sci. U.S.A. 89, 10079–10083. doi:
10.1073/pnas.89.21.10079

Aubert, D. F., Flannagan, R. S., and Valvano, M. A. (2008). A novel sensor kinase-
response regulator hybrid controls biofilm formation and type VI secretion
system activity in Burkholderia cenocepacia. Infect. Immun. 76, 1979–1991. doi:
10.1128/IAI.01338-07

Barret, M., Egan, F., Moynihan, J., Morrissey, J. P., Lesouhaitier, O., and O’Gara, F.
(2013). Characterization of the SPI-1 and Rsp type three secretion systems
in Pseudomonas fluorescens F113. Environ. Microbiol. Rep, 5, 377–386. doi:
10.1111/1758-2229.12039

Basu, S., Fey, P., Pandit, Y., Dodson, R., Kibbe, W. A., and Chisholm, R. L. (2013).
DictyBase 2013: integrating multiple Dictyostelid species. Nucleic Acids Res. 41,
D676–D683. doi: 10.1093/nar/gks1064

Bender, J. K., Wille, T., Blank, K., Lange, A., and Gerlach, R. G. (2013). LPS
structure and PhoQ activity are important for Salmonella Typhimurium
virulence in the Galleria mellonella infection model. PLoS ONE 8:e73287. doi:
10.1371/journal.pone.0073287

Bijlsma, J. J., and Groisman, E. A. (2005). The PhoP/PhoQ system controls
the intramacrophage type three secretion system of Salmonella enterica. Mol.
Microbiol. 57, 85–96. doi: 10.1111/j.1365-2958.2005.04668.x

Bleasdale, B., Lott, P. J., Jagannathan, A., Stevens, M. P., Birtles, R. J., and
Wigley, P. (2009). The Salmonella pathogenicity island 2-encoded type III
secretion system is essential for the survival of Salmonella enterica serovar
Typhimurium in free-living amoebae. Appl. Environ. Microbiol. 75, 1793–1795.
doi: 10.1128/AEM.02033-08

Blondel, C. J., Jimenez, J. C., Contreras, I., and Santiviago, C. A. (2009).
Comparative genomic analysis uncovers 3 novel loci encoding type six secretion
systems differentially distributed in Salmonella serotypes. BMC Genomics
10:354. doi: 10.1186/1471-2164-10-354

Blondel, C. J., Jimenez, J. C., Leiva, L. E., Alvarez, S. A., Pinto, B. I.,
Contreras, F., et al. (2013). The type VI secretion system encoded in Salmonella
pathogenicity island 19 is required for Salmonella enterica serotype Gallinarum
survival within infected macrophages. Infect. Immun. 81, 1207–1220. doi:
10.1128/IAI.01165-12

Frontiers in Microbiology | www.frontiersin.org 8 August 2016 | Volume 7 | Article 1305

http://journal.frontiersin.org/article/10.3389/fmicb.2016.01305
http://journal.frontiersin.org/article/10.3389/fmicb.2016.01305
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-01305 August 19, 2016 Time: 13:58 # 9

Riquelme et al. Salmonella Survives Intracellularly in Dictyostelium

Bonemann, G., Pietrosiuk, A., Diemand, A., Zentgraf, H., and Mogk, A. (2009).
Remodelling of VipA/VipB tubules by ClpV-mediated threading is crucial
for type VI protein secretion. EMBO J. 28, 315–325. doi: 10.1038/emboj.
2008.269

Bozzaro, S., and Eichinger, L. (2011). The professional phagocyte Dictyostelium
discoideum as a model host for bacterial pathogens. Curr. Drug Targets 12,
942–954. doi: 10.2174/138945011795677782

Brandl, M. T., Rosenthal, B. M., Haxo, A. F., and Berk, S. G. (2005). Enhanced
survival of Salmonella enterica in vesicles released by a soilborne Tetrahymena
species. Appl. Environ. Microbiol. 71, 1562–1569. doi: 10.1128/AEM.71.3.1562-
1569.2005

Bueno, S. M., Wozniak, A., Leiva, E. D., Riquelme, S. A., Carreno, L. J.,
Hardt, W. D., et al. (2010). Salmonella pathogenicity island 1 differentially
modulates bacterial entry to dendritic and non-phagocytic cells. Immunology
130, 273–287. doi: 10.1111/j.1365-2567.2009.03233.x

Cirillo, D. M., Valdivia, R. H., Monack, D. M., and Falkow, S. (1998). Macrophage-
dependent induction of the Salmonella pathogenicity island 2 type III secretion
system and its role in intracellular survival. Mol. Microbiol. 30, 175–188. doi:
10.1046/j.1365-2958.1998.01048.x

Cooper, G. L., Nicholas, R. A., Cullen, G. A., and Hormaeche, C. E. (1990).
Vaccination of chickens with a Salmonella enteritidis aroA live oral Salmonella
vaccine. Microb. Pathog. 9, 255–265. doi: 10.1016/0882-4010(90)90014-H

Datsenko, K. A., and Wanner, B. L. (2000). One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc. Natl. Acad. Sci. U.S.A.
97, 6640–6645. doi: 10.1073/pnas.120163297

Denoncourt, A. M., Paquet, V. E., and Charette, S. J. (2014). Potential role
of bacteria packaging by protozoa in the persistence and transmission of
pathogenic bacteria. Front. Microbiol. 5:240. doi: 10.3389/fmicb.2014.00240

Duerr, C. U., Zenk, S. F., Chassin, C., Pott, J., Gutle, D., Hensel, M., et al. (2009).
O-antigen delays lipopolysaccharide recognition and impairs antibacterial host
defense in murine intestinal epithelial cells. PLoS Pathog 5:e1000567. doi:
10.1371/journal.ppat.1000567

Elfenbein, J. R., Endicott-Yazdani, T., Porwollik, S., Bogomolnaya, L. M.,
Cheng, P., Guo, J., et al. (2013). Novel determinants of intestinal colonization
of Salmonella enterica serotype typhimurium identified in bovine enteric
infection. Infect. Immun. 81, 4311–4320. doi: 10.1128/IAI.00874-13

Feng, Y., Hsiao, Y. H., Chen, H. L., Chu, C., Tang, P., and Chiu, C. H. (2009).
Apoptosis-like cell death induced by Salmonella in Acanthamoeba rhysodes.
Genomics 94, 132–137. doi: 10.1016/j.ygeno.2009.05.004

Fey, P., Dodson, R. J., Basu, S., and Chisholm, R. L. (2013). One stop shop
for everything Dictyostelium: dictyBase and the Dicty Stock Center in 2012.
Methods Mol. Biol. 983, 59–92. doi: 10.1007/978-1-62703-302-2_4

Fey, P., Kowal, A. S., Gaudet, P., Pilcher, K. E., and Chisholm, R. L. (2007).
Protocols for growth and development of Dictyostelium discoideum. Nat. Protoc.
2, 1307–1316. doi: 10.1038/nprot.2007.178

Fields, P. I., Swanson, R. V., Haidaris, C. G., and Heffron, F. (1986).
Mutants of Salmonella typhimurium that cannot survive within the
macrophage are avirulent. Proc. Natl. Acad. Sci. U.S.A. 83, 5189–5193. doi:
10.1073/pnas.83.14.5189

Figueira, R., Watson, K. G., Holden, D. W., and Helaine, S. (2013). Identification of
Salmonella pathogenicity island-2 type III secretion system effectors involved in
intramacrophage replication of S. enterica serovar Typhimurium: implications
for rational vaccine design. MBio 4, e00065. doi: 10.1128/mBio.00065-13

Frederiksen, R. F., and Leisner, J. J. (2015). Effects of Listeria monocytogenes
EGD-e and Salmonella enterica ser. Typhimurium LT2 chitinases on
intracellular survival in Dictyostelium discoideum and mammalian cell lines.
FEMS Microbiol. Lett. 362:fnv067. doi: 10.1093/femsle/fnv067

Gaze, W. H., Burroughs, N., Gallagher, M. P., and Wellington, E. M. (2003).
Interactions between Salmonella typhimurium and Acanthamoeba polyphaga,
and observation of a new mode of intracellular growth within contractile
vacuoles. Microb. Ecol. 46, 358–369. doi: 10.1007/s00248-003-1001-3

Groisman, E. A., Chiao, E., Lipps, C. J., and Heffron, F. (1989). Salmonella
typhimurium phoP virulence gene is a transcriptional regulator. Proc. Natl.
Acad. Sci. U.S.A. 86, 7077–7081. doi: 10.1073/pnas.86.18.7077

Haneda, T., Ishii, Y., Danbara, H., and Okada, N. (2009). Genome-wide
identification of novel genomic islands that contribute to Salmonella virulence
in mouse systemic infection. FEMS Microbiol. Lett. 297, 241–249. doi:
10.1111/j.1574-6968.2009.01686.x

Haraga, A., Ohlson, M. B., and Miller, S. I. (2008). Salmonellae interplay with host
cells. Nat. Rev. Microbiol. 6, 53–66. doi: 10.1038/nrmicro1788

Hensel, M., Shea, J. E., Waterman, S. R., Mundy, R., Nikolaus, T., Banks, G.,
et al. (1998). Genes encoding putative effector proteins of the type III
secretion system of Salmonella pathogenicity island 2 are required for bacterial
virulence and proliferation in macrophages. Mol. Microbiol. 30, 163–174. doi:
10.1046/j.1365-2958.1998.01047.x

Hoffmann, C., Harrison, C. F., and Hilbi, H. (2014). The natural alternative:
protozoa as cellular models for Legionella infection. Cell Microbiol. 16, 15–26.
doi: 10.1111/cmi.12235

Hoiseth, S. K., and Stocker, B. A. (1981). Aromatic-dependent Salmonella
Typhimurium are non-virulent and effective as live vaccines. Nature 291,
238–239. doi: 10.1038/291238a0

Jarvik, T., Smillie, C., Groisman, E. A., and Ochman, H. (2010). Short-
term signatures of evolutionary change in the Salmonella enterica serovar
Typhimurium 14028 genome. J. Bacteriol. 192, 560–567. doi: 10.1128/JB.
01233-09

Jia, K., Thomas, C., Akbar, M., Sun, Q., Adams-Huet, B., Gilpin, C., et al.
(2009). Autophagy genes protect against Salmonella Typhimurium infection
and mediate insulin signaling-regulated pathogen resistance. Proc. Natl. Acad.
Sci. U.S.A. 106, 14564–14569. doi: 10.1073/pnas.0813319106

Jousset, A., Rochat, L., Pechy-Tarr, M., Keel, C., Scheu, S., and Bonkowski, M.
(2009). Predators promote defence of rhizosphere bacterial populations
by selective feeding on non-toxic cheaters. ISME J. 3, 666–674. doi:
10.1038/ismej.2009.26

Jousset, A., Rochat, L., Scheu, S., Bonkowski, M., and Keel, C. (2010). Predator-prey
chemical warfare determines the expression of biocontrol genes by rhizosphere-
associated Pseudomonas fluorescens. Appl. Environ. Microbiol. 76, 5263–5268.
doi: 10.1128/AEM.02941-09

Kapitein, N., Bonemann, G., Pietrosiuk, A., Seyffer, F., Hausser, I., Locker, J. K.,
et al. (2013). ClpV recycles VipA/VipB tubules and prevents non-productive
tubule formation to ensure efficient type VI protein secretion. Mol. Microbiol.
87, 1013–1028. doi: 10.1111/mmi.12147

Kasahara, M., Nakata, A., and Shinagawa, H. (1991). Molecular analysis of
the Salmonella typhimurium phoN gene, which encodes nonspecific acid
phosphatase. J. Bacteriol. 173, 6760–6765.

Kier, L. D., Weppelman, R. M., and Ames, B. N. (1979). Regulation of nonspecific
acid phosphatase in Salmonella: phoN and phoP genes. J. Bacteriol. 138,
155–161.

Klumpp, J., and Fuchs, T. M. (2007). Identification of novel genes in genomic
islands that contribute to Salmonella typhimurium replication in macrophages.
Microbiology 153(Pt 4), 1207–1220. doi: 10.1099/mic.0.%202006/004747-0

Kong, Q., Yang, J., Liu, Q., Alamuri, P., Roland, K. L., and Curtiss, R. III (2011).
Effect of deletion of genes involved in lipopolysaccharide core and O-antigen
synthesis on virulence and immunogenicity of Salmonella enterica serovar
Typhimurium. Infect. Immun. 79, 4227–4239. doi: 10.1128/IAI.0539811

Kreppel, L., Fey, P., Gaudet, P., Just, E., Kibbe, W. A., Chisholm, R. L., et al. (2004).
dictyBase: a new Dictyostelium discoideum genome database. Nucleic Acids Res.
32, D332–D333. doi: 10.1093/nar/gkh138

Lowe, D. C., Savidge, T. C., Pickard, D., Eckmann, L., Kagnoff, M. F., Dougan, G.,
et al. (1999). Characterization of candidate live oral Salmonella typhi vaccine
strains harboring defined mutations in aroA, aroC, and htrA. Infect. Immun.
67, 700–707.

Lyman, M. B., Steward, J. P., and Roantree, R. J. (1976). Characterization of
the virulence and antigenic structure of Salmonella typhimurium strains with
lipopolysaccharide core defects. Infect. Immun. 13, 1539–1542.

MacLachlan, P. R., Kadam, S. K., and Sanderson, K. E. (1991). Cloning,
characterization, and DNA sequence of the rfaLK region for lipopolysaccharide
synthesis in Salmonella typhimurium LT2. J. Bacteriol. 173, 7151–7163.

Maloy, S. R. (1990). Experimental Techniques in Bacterial Genetics. Boston, MA:
Jones and Bartlett.

Miller, S. I., Kukral, A. M., and Mekalanos, J. J. (1989). A two-component
regulatory system (phoP phoQ) controls Salmonella typhimurium
virulence. Proc. Natl. Acad. Sci. U.S.A. 86, 5054–5058. doi: 10.1073/pnas.86.
13.5054

Moest, T. P., and Meresse, S. (2013). Salmonella T3SSs: successful mission
of the secret(ion) agents. Curr. Opin. Microbiol. 16, 38–44. doi: 10.1016/
j.mib.2012.11.006

Frontiers in Microbiology | www.frontiersin.org 9 August 2016 | Volume 7 | Article 1305

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-01305 August 19, 2016 Time: 13:58 # 10

Riquelme et al. Salmonella Survives Intracellularly in Dictyostelium

Mulder, D. T., Cooper, C. A., and Coombes, B. K. (2012). Type VI secretion
system-associated gene clusters contribute to pathogenesis of Salmonella
enterica serovar Typhimurium. Infect. Immun. 80, 1996–2007. doi: 10.1128/IAI.
0620511

Muller-Taubenberger, A., Kortholt, A., and Eichinger, L. (2013). Simple system–
substantial share: the use of Dictyostelium in cell biology and molecular
medicine. Eur. J. Cell Biol. 92, 45–53. doi: 10.1016/j.ejcb.2012.10.003

Muller-Taubenberger, A., Lupas, A. N., Li, H., Ecke, M., Simmeth, E.,
and Gerisch, G. (2001). Calreticulin and calnexin in the endoplasmic
reticulum are important for phagocytosis. EMBO J. 20, 6772–6782. doi:
10.1093/emboj/20.23.6772

Nagy, G., Danino, V., Dobrindt, U., Pallen, M., Chaudhuri, R., Emody, L.,
et al. (2006). Down-regulation of key virulence factors makes the Salmonella
enterica serovar Typhimurium rfaH mutant a promising live-attenuated
vaccine candidate. Infect. Immun. 74, 5914–5925. doi: 10.1128/IAI.00619-06

Pezoa, D., Blondel, C. J., Silva, C. A., Yang, H. J., Andrews-Polymenis, H.,
Santiviago, C. A., et al. (2014). Only one of the two type VI secretion systems
encoded in the Salmonella enterica serotype Dublin genome is involved in
colonization of the avian and murine hosts. Vet. Res. 45, 2. doi: 10.1186/1297-
9716-45-2

Pezoa, D., Yang, H. J., Blondel, C. J., Santiviago, C. A., Andrews-Polymenis,
H. L., and Contreras, I. (2013). The type VI secretion system encoded in
SPI-6 plays a role in gastrointestinal colonization and systemic spread of
Salmonella enterica serovar Typhimurium in the chicken. PLoS ONE 8:e63917.
doi: 10.1371/journal.pone.0063917

Pietrosiuk, A., Lenherr, E. D., Falk, S., Bonemann, G., Kopp, J., Zentgraf, H.,
et al. (2011). Molecular basis for the unique role of the AAA+ chaperone
ClpV in type VI protein secretion. J. Biol. Chem. 286, 30010–30021. doi:
10.1074/jbc.M111.253377

Porwollik, S., Santiviago, C. A., Cheng, P., Long, F., Desai, P., Fredlund, J.,
et al. (2014). Defined single-gene and multi-gene deletion mutant
collections in Salmonella enterica sv Typhimurium. PLoS ONE 9:e99820.
doi: 10.1371/journal.pone.0099820

Pukatzki, S., Ma, A. T., Sturtevant, D., Krastins, B., Sarracino, D., Nelson, W. C.,
et al. (2006). Identification of a conserved bacterial protein secretion system in
Vibrio cholerae using the Dictyostelium host model system. Proc. Natl. Acad. Sci.
U.S.A. 103, 1528–1533. doi: 10.1073/pnas.0510322103

Rehfuss, M. Y., Parker, C. T., and Brandl, M. T. (2011). Salmonella transcriptional
signature in Tetrahymena phagosomes and role of acid tolerance in passage
through the protist. ISME J. 5, 262–273. doi: 10.1038/ismej.2010.128

Salah, I. B., Ghigo, E., and Drancourt, M. (2009). Free-living amoebae, a training
field for macrophage resistance of mycobacteria. Clin. Microbiol. Infect. 15,
894–905. doi: 10.1111/j.1469-0691.2009.03011.x

Santiviago, C. A., Reynolds, M. M., Porwollik, S., Choi, S. H., Long, F., Andrews-
Polymenis, H. L., et al. (2009). Analysis of pools of targeted Salmonella deletion
mutants identifies novel genes affecting fitness during competitive infection in
mice. PLoS Pathog. 5:e1000477. doi: 10.1371/journal.ppat.1000477

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676–682. doi: 10.1038/nmeth.2019

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ:
25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.2089

Sebkova, A., Karasova, D., Crhanova, M., Budinska, E., and Rychlik, I. (2008). aro
mutations in Salmonella enterica cause defects in cell wall and outer membrane
integrity. J. Bacteriol. 190, 3155–3160. doi: 10.1128/JB.00053-08

Sillo, A., Matthias, J., Konertz, R., Bozzaro, S., and Eichinger, L. (2011). Salmonella
typhimurium is pathogenic for Dictyostelium cells and subverts the starvation
response. Cell Microbiol. 13, 1793–1811. doi: 10.1111/j.1462-5822.2011.01662.x

Silva, C. A., Blondel, C. J., Quezada, C. P., Porwollik, S., Andrews-Polymenis,
H. L., Toro, C. S., et al. (2012). Infection of mice by Salmonella enterica serovar

Enteritidis involves additional genes that are absent in the genome of serovar
Typhimurium. Infect. Immun. 80, 839–849. doi: 10.1128/IAI.05497-11

Silva-Valenzuela, C. A., Desai, P. T., Molina-Quiroz, R. C., Pezoa, D., Zhang, Y.,
Porwollik, S., et al. (2016a). Solid tumors provide niche-specific conditions
that lead to preferential growth of Salmonella. Oncotarget 7, 35169–35180. doi:
10.18632/oncotarget.9071

Silva-Valenzuela, C. A., Molina-Quiroz, R. C., Desai, P., Valenzuela, C.,
Porwollik, S., Zhao, M., et al. (2016b). Analysis of two complementary
single-gene deletion mutant libraries of Salmonella Typhimurium in
intraperitoneal infection of BALB/c mice. Front. Microbiol. 6:1455. doi:
10.3389/fmicb.2015.01455

Skriwan, C., Fajardo, M., Hagele, S., Horn, M., Wagner, M., Michel, R., et al. (2002).
Various bacterial pathogens and symbionts infect the amoeba Dictyostelium
discoideum. Int. J. Med. Microbiol. 291, 615–624. doi: 10.1078/1438-4221-00177

Steinert, M. (2011). Pathogen-host interactions in Dictyostelium, Legionella,
Mycobacterium and other pathogens. Semin. Cell Dev. Biol. 22, 70–76. doi:
10.1016/j.semcdb.2010.11.003

Stocker, B. A., Hoiseth, S. K., and Smith, B. P. (1983). Aromatic-dependent
“Salmonella sp.” as live vaccine in mice and calves. Dev. Biol. Stand. 53, 47–54.

Tenor, J. L., McCormick, B. A., Ausubel, F. M., and Aballay, A. (2004).
Caenorhabditis elegans-based screen identifies Salmonella virulence factors
required for conserved host-pathogen interactions. Curr. Biol. 14, 1018–1024.
doi: 10.1016/j.cub.2004.05.050

Tezcan-Merdol, D., Ljungstrom, M., Winiecka-Krusnell, J., Linder, E.,
Engstrand, L., and Rhen, M. (2004). Uptake and replication of Salmonella
enterica in Acanthamoeba rhysodes. Appl. Environ. Microbiol. 70, 3706–3714.
doi: 10.1128/AEM.70.6.3706-3714.2004

Verma, S., and Srikanth, C. V. (2015). Understanding the complexities of
Salmonella-host crosstalk as revealed by in vivo model organisms. IUBMB Life
67, 482–497. doi: 10.1002/iub.1393

Weening, E. H., Barker, J. D., Laarakker, M. C., Humphries, A. D., Tsolis, R. M.,
and Baumler, A. J. (2005). The Salmonella enterica serotype Typhimurium lpf,
bcf, stb, stc, std, and sth fimbrial operons are required for intestinal persistence
in mice. Infect. Immun. 73, 3358–3366. doi: 10.1128/IAI.73.6.3358-3366.2005

Wildschutte, H., and Lawrence, J. G. (2007). Differential Salmonella survival
against communities of intestinal amoebae. Microbiology 153(Pt. 6), 1781–1789.
doi: 10.1099/mic.0.2006/0036160

Wildschutte, H., Wolfe, D. M., Tamewitz, A., and Lawrence, J. G. (2004).
Protozoan predation, diversifying selection, and the evolution of antigenic
diversity in Salmonella. Proc. Natl. Acad. Sci. U.S.A. 101, 10644–10649. doi:
10.1073/pnas.0404028101

Yang, H. J., Bogomolnaya, L. M., Elfenbein, J. R., Endicott-Yazdani, T., Reynolds,
M. M., Porwollik, S., et al. (2016). Novel two-step hierarchical screening of
mutant pools reveals mutants under selection in chicks. Infect. Immun. 84,
1226–1238. doi: 10.1128/IAI.01525-15

Zheng, J., Ho, B., and Mekalanos, J. J. (2011). Genetic analysis of anti-amoebae and
anti-bacterial activities of the type VI secretion system in Vibrio cholerae. PLoS
ONE 6:e23876. doi: 10.1371/journal.pone.0023876

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Riquelme, Varas, Valenzuela, Velozo, Chahin, Aguilera, Sabag,
Labra, Álvarez, Chávez and Santiviago. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 10 August 2016 | Volume 7 | Article 1305

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

	Relevant Genes Linked to Virulence Are Required for Salmonella Typhimurium to Survive Intracellularly in the Social Amoeba Dictyostelium discoideum
	Introduction
	Materials And Methods
	Bacterial Strains and Culture Conditions
	Dictyostelium Strains and Culture Conditions
	Standard DNA Techniques
	Construction of Mutant Strains
	Individual Infection Assay
	Competitive Infection Assay
	Laser Scanning Confocal Microscopy

	Results
	Intracellular Survival of S. Typhimurium in D. discoideum
	An aroA Mutant of S. Typhimurium is Unable to Survive in D. discoideum
	Relevant Genes Linked to Salmonella Virulence Are Required to Survive Intracellularly in D. discoideum

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


