Berrocal et al. Biol Res (2015) 48:34
DOI 10.1186/540659-015-0024-9

BR BIOLOGICAL RESEARCH

RESEARCH ARTICLE Open Access

stg fimbrial operon from S. Typhi

@ CrossMark

STH2370 contributes to association and cell
disruption of epithelial and macrophage-like

cells

Liliana Berrocal'?!, Juan A Fuentes'", A Nicole Trombert'?, Matfas R Jofré'?, Nicolas A Villagra“,

Luis M Valenzuela' and Guido C Mora®

Abstract

human peripheral blood.

epithelial and macrophage-like cells.

Background: Salmonella enterica serovar Typhi (S. Typhi) stg operon, encoding a chaperone/usher fimbria (CU),
contributes to an increased adherence to human epithelial cells. However, one report suggests that the presence

of the Stg fimbria impairs the monocyte—bacteria association, as deduced by the lower level of invasion to mac-
rophage-like cells observed when the stg fimbrial cluster was overexpressed. Nevertheless, since other CU fimbrial
structures increase the entry of S. Typhi into macrophages, and considering that transcriptomic analyses revealed that
stg operon is indeed expressed in macrophages, we reassessed the role of the stg operon in the interaction between
S. Typhi strain STH2370 and human cells, including macrophage-like cells and mononuclear cells directly taken from

Results: We compared S. Typhi STH2370 WT, a Chilean clinical strain, and the S. Typhi STH2370 Astg mutant with
respect to association and invasion using epithelial and macrophage-like cells. We observed that deletion of stg
operon reduced the association and invasion of S. Typhi, in both cellular types. The presence of the cloned stg operon
restored the WT phenotype in all the cases. Moreover, we compared Salmonella enterica sv. Typhimurium 14028s (S.
Typhimurium, a serovar lacking stg operon) and S. Typhimurium heterologously expressing S. Typhi stg. We found
that the latter presents an increased cell disruption of polarized epithelial cells and an increased association in both

Conclusions: S. Typhi stg operon encodes a functional adhesin that participates in the interaction bacteria—eukary-
otic cells, including epithelial cells and macrophages-like cells. The phenotypes associated to stg operon include
increased association and consequent invasion in bacteria—eukaryotic cells, and cell disruption.
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Background

An essential step in the successful colonization and pro-
duction of disease by microbial pathogens is their abil-
ity to adhere to host cells surfaces [1]. Most pathogens
possess many molecules (called adhesins) that mediate
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host adherence. Often these molecules are synergistic in
their function, thereby enhancing adherence, while oth-
ers appear to be functionally redundant [2]. Fimbriae,
also called pili, are important adhesins that facilitate
host tissue colonization in a large number of pathogens.
According to their biosynthetic pathway, fimbriae can be
classified into five major groups: curli, type IV pili, type
III secretion needle, type IV secretion pili, and chaper-
one/usher fimbriae (CU fimbriae) [3—-6]. Genome analy-
ses of Enterobacteriaceae family members, including
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the host-specific Salmonella enterica serovar Typhi (S.
Typhi), revealed that there are at least twelve fimbria
operons involved in the CU dependent pathway but only
few of them have been characterized to date [7]. Salmo-
nella enterica (S. enterica) serovars, normally acquired by
ingesting contaminated water or food, have undergone
mutations and horizontal genetic transfer, resulting in
unique combinations of fimbrial operons. This presum-
ably contributes to genus evolution and to the rising of
different adhesive properties [7, 8]. Actually, sequenc-
ing of S. Typhi genome reveals twelve operons encoding
fimbriae of the CU assembly pathway (i.e. sef, fim, saf, tcf,
bef, sta, stb, stc, std, ste, stg, and sth), while five of these
operons (i.e. sef, tcf, sta, ste, and stg) are absent from the
generalist S. enterica serovar Typhimurium (S. Typhimu-
rium) [7]. Thus, the differences found between S. Typhi
and S. Typhimurium, including the host-specificity,
might be based on the bacteria—host cell interplay. This
interaction depends, at least in part, on specific sets of
fimbriae contributing to the development of the disease
[7].

Among CU fimbrial operons present in S. Typhi and
absent from S. Typhimurium, stg has caught our interest.
This operon is constituted by four open reading frames
known as stgA (main fimbrial subunit), stgB (chaperone),
stgC (outer membrane usher) and stgD (adhesion tip).
Previously, it was reported that stgC (STY3920) con-
tains a premature stop codon that disrupts the predicted
open reading frame (ORF) encoding the usher; therefore
stgC was considered a pseudogene [9]. Nevertheless, the
stg operon seems to encode a functional fimbria since a
S. Typhi Astg mutant exhibits an decreased adherence
to human epithelial cells compared with the WT [10].
In contrast, in the same report the authors suggest that
the presence of the Stg fimbria impairs the macrophage-
like—bacteria association, as deduced by the lower level
of invasion to monocytes observed when the stg fimbrial
cluster was overexpressed [10]. Nevertheless, it has been
reported that other CU fimbrial structures increase the
entry of S. Typhi into macrophages/monocytes [11].
Most importantly, transcriptomic analyses revealed that
stg operon is indeed expressed in macrophages, suggest-
ing that this operon might be participating in the interac-
tion with these cells. These data prompted us to reassess
the role of the stg operon with respect to the interac-
tion between S. Typhi and human cells, including mac-
rophage-like cells and mononuclear cells directly taken
from human peripheral blood.

In this work, we determined that the stg operon con-
tributed to increase association of bacteria and both epi-
thelial and macrophage-like cells. Moreover, stg operon
contributes to cell invasion and epithelial cell disrup-
tion, strongly suggesting that the Stg fimbria are actively
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participating in different steps of S. Typhi infection
process.

Results

The stg operon contributes to the association, invasion,
and to an increased permeability of HEp-2 human
epithelial cells in S. enterica

Considering that one of the first steps in the S. enterica
infection involves the interaction with human epithelial
cells, the contribution of the stg operon to cell adherence
was assessed using HEp-2 cells. For that, the strains to be
tested were cultured in LB to ODg,, = 0.2 in microaero-
philia without shaking prior to determining the number
of bacteria associated to eukaryotic cells and the number
of bacteria that invaded as described in “Methods”. Asso-
ciated bacteria can be defined as adherent bacteria plus
bacteria that invaded during the early stage of the interac-
tion between bacteria and eukaryotic cells. As observed
in Figure la, S. Typhi AstgABCD (i.e. Astg) exhibited
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Figure 1 Association and invasion of HEp-2 epithelial cells. The
strains used include S. Typhi STH2370 WT (black), S. Typhi STH2370
AstgABCD:FRT (Astg) (white), S. Typhi STH2370 AstgABCD:FRT/
pSstg (Astg/pSstg) (dark grey), and S. Typhi STH2370 AstgABCD:FRT/
pSU19 (Astg/pSU19) (light grey) (a); and S. Typhimurium 14028s WT
(black), S. Typhimurium 14028s WT/pSstg (white), and S. Typhimurium
14028s/pSU19 (dark grey) (b). The figure shows values expressed as
the mean = standard deviation of three full biological replicates, each
time in technical triplicate. *p < 0.05 (Student's-test) compared with
the WT in the corresponding group.
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a significantly lower level of association to HEp-2 com-
pared to the otherwise isogenic S. Typhi STH2370 WT, a
highly virulent Chilean strain [12]. The complementation
with the S. Typhi stg whole operon cloned into the pSU19
plasmid (pSstg) restored the WT phenotype, whereas the
empty vector pSU19 exerted no effect (Figure 1la; Addi-
tional file 1: Table S1). On the other hand, S. Typhimu-
rium naturally lacks the stg operon [7]. Thus, to test the
contribution of the stg operon in a heterologous system,
we transformed pSstg into S. Typhimurium 14028s WT
prior to testing the bacterial association to the HEp-2
cells. As shown in Figure 1b (and Additional file 1: Table
S1), S. Typhimurium 14028s WT/pSstg exhibited an
increased association compared with the respective S.
Typhimurium 14028s W'T.

Considering that an increased association between bac-
teria and epithelial cells conceivably may affect the sub-
sequent bacterial internalization, we assessed whether
stg was implicated in the invasion of epithelial cells. The
invasion is a critical step in the normal infection cycle
of S. enterica. Since the invasion is promoted by effec-
tors injected into host cells through a type-III secretory
system, an increased association bacteria—epithelial
cell might affect this process. To test this hypothesis, we
performed a gentamicin protection assay comparing the
invasion rates of S. Typhi STH2370 WT and S. Typhi
Astg. As shown in Figure 1a, S. Typhi Astg presented an
impaired invasion compared with the WT strain, con-
sistent with the results obtained for the association bac-
teria—epithelial cells. Again, the pSstg plasmid, and not
the vector alone, restored the WT phenotype (Figure 1a,
Additional file 1: Table S1). Nevertheless, when inva-
sion efficiency was calculated by determining the ratio
of invaded/associated bacteria using the raw data (Addi-
tional file 1: Table S1), no significant differences were
observed. This result suggests that the decreased invasion
is a consequence of a decreased association, probably
mediated by an effect in adherence, and not to an effect
in invasion specifically. On the other hand, the pSszg plas-
mid apparently produced no effects in the invasion of the
S. Typhimurium heterologous strain (Figure 1b), show-
ing that the stg operon is not specifically contributing to
the invasion of S. Typhimurium 14028s under the tested
conditions.

S. Typhi exhibits a high cytotoxicity towards eukary-
otic cells compared to S. Typhimurium, clearly affecting
the permeability of the infected cells. This phenotype
can be explained because of the presence of cytolytic
factors in the serovar Typhi and/or because of the pres-
ence of proteins that diminishes the cell cytotoxicity in
the serovar Typhimurium [13-15]. Since the stg operon
is only present in the serovar Typhi and absent from the
serovar Typhimurium, we assessed whether the presence
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of the stg operon can also affect the cell permeability of
a monolayer of epithelial cells. For that, polarized HT-29
monolayers were cultured in Transwells and incubated
for 1 week to allow cell polarization with an apical zone
(upper chamber) and a basolateral zone (lower chamber).
Cell polarization was confirmed by a gradual increase of
transepithelial resistance (TER) (data not shown). The
polarized monolayers were subsequently infected with S.
Typhimurium 14028s WT, S. Typhimurium 14028s WT/
pSstg, and S. Typhimurium 14028s WT/pSU19. As con-
trol, we used S. Typhi STH2370 WT. The infected mon-
olayers were used to perform a modified transepithelial
migration assay that included addition of gentamicin
(after 1 h of infection) into the upper chamber as previ-
ously described [14, 15]. As shown in Figure 2, the recov-
ered CFU/mL represented bacteria that migrated to the
lower chamber and survived the presence of the gen-
tamicin leaking through the cell monolayer. If bacteria
disrupt the integrity of the monolayer, gentamicin will
leak through from the upper chamber to the lower cham-
ber, killing bacteria in the lower chamber and decreasing
the recovered CFU/mL. On the other hand, if the mon-
olayer is not disrupted, the recovered CFU/mL should
remain essentially constant over the same time course
since gentamicin cannot permeate through cellular mem-
branes [16]. As observed in Figure 2, the recovered CFU/
mL corresponding to S. Typhimurium 14028s presented
a slight decline over the time course of the assay (black
squares), showing that the monolayer integrity is not
largely affected by bacteria in this case, accordingly to
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Figure 2 Cell permeability assay of S. Typhi STH2370 WT, and S.
Typhimurium 14028s WT and derivatives, through H-T29 human cell
line monolayers. The arrow indicates the time at which gentamicin
was added. The experiments were performed in three full biological
replicates, each time in technical triplicate. The values are expressed
as the mean =+ standard deviation of three independent experiments.

*p < 0.005 (Student's-test).




Berrocal et al. Biol Res (2015) 48:34

previous published studies [14, 15]. In contrast, the CFU/
mL of S. Typhi STH2370 recovered from the lower cham-
ber abruptly decreased after the gentamicin addition until
they became undetectable, showing that the gentamicin
leaked into the lower chamber due to a monolayer dis-
ruption (black diamonds). Most importantly, when S.
Typhimurium 14028s was complemented with the S.
Typhi stg operon (pSstg, white squares) we observed that
the corresponding recovered CFU/mL clearly decreased,
marking a sharp difference with the otherwise isogenic S.
Typhimurium 14028s WT strain and resembling the S.
Typhi phenotype (compare the black squares and white
squares) (Figure 2). All these results were corroborated
by measuring the transepithelial electrical resistance
(TER) of the infected HT-29 monolayer as previously
described [14] (data not shown).

All these results together show that the stg operon con-
tributes to increase the interaction bacteria—epithelial
cell and the invasion in S. Typhi. Moreover, when heterol-
ogously expressed, stg contributes to increase the adher-
ence, and cell disruption in S. Typhimurium.

The stg operon contributes to increase the association

of bacteria and human macrophage-like cells in S. enterica
Macrophage-like cells play an important role in the dis-
semination of Salmonella enterica in the systemic phase
of the disease [9]. In a previous report, it has been stated
that deletion of stg increased uptake of serovar Typhi by
human macrophages, and overexpression of stg operon in
S. Typhi and S. Typhimurium strains reduced phagocy-
tosis by human macrophages [10]. In that study, S. Typhi
strain ISP1820 and derivatives were grown to stationary
phase under aerobic conditions, prior to performing the
infection [10]. Nevertheless, other studies reported that
the stg operon increases its expression during an infection
of macrophages [17, 18], suggesting that this operon may
contribute to S. Typhi invasion in these cells. Consider-
ing that other CU fimbriae have an active role in bacterial
invasion of host phagocytic cells [11, 19], we reassessed
the role of the stg operon in the macrophage-like cell
interaction. The first approach was to determine the role
of stg in the bacterial association to human macrophage-
like cells (monocytes). For that, the human monocyte
cell line U937 was infected with S. Typhi STH2370 WT,
S. Typhi STH2370 Astg, S. Typhi STH2370 Astg/pSstg,
or S. Typhi STH2370 Astg/pSU19, previously cultured in
LB to ODgj, = 0.2 under microaerophilic conditions, to
perform the adherence and invasion assays. As shown in
Figure 3a and in Additional file 1: Table S2, S. Typhi Astg
exhibited a significant impaired association to U937 cells
compared to the WT strain. Trans-complementing with
the pSstg plasmid reverted the mutant phenotype (Fig-
ure 3a). Considering that a lower association could lead
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Figure 3 Association and invasion of monocytes U937 (a) or
mononuclear cells directly extracted from human blood (b). The
strains used include S. Typhi STH2370 WT (black), S. Typhi STH2370
AstgABCD:FRT (Astg) (white), S. Typhi STH2370 AstgABCD:FRT/
pSstg (Astg/pSstg) (fark grey), and S. Typhi STH2370 AstgABCD:FRT/
pSU19 (Astg/pSU19) (light grey) (a); and S. Typhimurium 140285 WT
(black), S. Typhimurium 14028s WT/pSstg (white), and S. Typhimurium
14028s/pSU19 (dark grey) (b). The figure shows values expressed as
the mean = standard deviation of three full biological replicates, each
time in technical triplicate. *p < 0.05 (Student's-test) compared with
the WT in the corresponding group.

to a decreased bacterial invasion, we determined the bac-
terial uptake by U937 monocytes using the gentamicin
protection assay. As observed in Figure 3a, the S. Typhi
Astg also presented a decreased invasion compared with
the WT. Again, when invasion efficiency was calculated
(see data in Additional file 1: Table S2), no significant dif-
ferences were observed, suggesting that the contribution
of stg to the invasion depends on the association (plausi-
bly on the adherence) in this case.

To assess the contribution of the stg operon in mac-
rophage-like—bacteria interaction in an independent
way, we performed association and invasion assays using
S. Typhimurium heterologously expressing S. Typhi
stg from the pSstg plasmid. In this case, we tested the S.
Typhimurium/pSstg with a mononuclear cell fraction
obtained directly from human peripheral blood isolated
with HISTOPAQUE-1077. As observed in Figure 3b
and in Additional file 1: Table S3, the presence of the stg
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operon in S. Typhimurium significantly contributes to
the bacterial uptake compared with the control. In all
cases, the empty vector exerted no effects (Figure 3). The
invasion efficiency (Additional file 1: Table S3) presented
no significant differences among the strains, suggesting
that also in this case the contribution of stg to invasion is
dependent on the bacteria—eukaryotic cells association.

All these results together show that the stg operon con-
tributes to the macrophage-like—bacteria interaction,
contributing to the association and the invasion in a line
of human monocytes (i.e. U937) and in mononuclear
cells directly extracted from human blood.

Discussion

The adherence is a critical process for host colonization
and disease production in several pathogens, including
S. enterica [1]. In this work, we found that stg operon
contributes to adherence/invasion of S. Typhi; and to
adherence/invasion, and cell disruption when heter-
ologously expressed in S. Typhimurium. These findings
strongly suggest that stgABCD encode a functional fim-
bria that is able to assemble under the growth conditions
used. Nevertheless, the stgC gene, encoding the putative
usher for the fimbria assembly, contains an internal stop
codon reported for S. Typhi CT18; therefore it has been
considered as a pseudogene (i.e. non-functional) [7]. We
sequenced an internal fragment of the stgC gene of the
Chilean clinical strain S. Typhi STH2370 [12], a highly
virulent isolate, and we observed that the stop codon is
at the same position observed in the sequenced strain
S. Typhi CT18 (data not shown). A non-functional stgC
could preclude the fimbrial assembly, affecting the phe-
notypes observed in this work. However, despite the
presence of the single internal stop codon in s#gC, a fully
functional StgC protein might be produced. In some
cases, single premature stop codons can be hopped by
ribosomes, allowing a normal protein synthesis in S.
enterica [20], similarly to some phage genes containing
TGA premature stop codons [21]. This same mechanism
might occur in stgC gene to produce a functional usher
protein. Another explanation could be the complementa-
tion of the StgC function (i.e. usher) by functional ushers
from other chaperon-usher operons found in S. enterica,
due to the high identity found among them [7]. Never-
theless, more experiments have to be performed in order
to test these hypotheses.

Here, we also showed that the stg operon, present in S.
Typhi and absent from S. Typhimurium, contributes to
the interaction between S. enterica and host cells, includ-
ing epithelial cells and macrophage-like cells. In the epi-
thelial cell line HEp-2, we observed that stg contributed
to the bacterial association to epithelial cells, suggesting
that szg could be important in the first steps of S. enterica
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infection, accordingly to previously reported studies that
showed an impaired adherence of S. Typhi Astg mutant
to the INT-407 epithelial cell line [10]. We also found
that the increased association due to the presence of the
stg operon is accompanied with an improved invasion
of HEp-2 cells. Nevertheless, Forest et al. showed that
apparently the stg operon is not contributing to this pro-
cess [10], similarly to the observed with S. Typhimurium
heterologously expressing stg (Figure 1b). This difference
could be explained by the fact that we cultured bacteria
under microaerophilic conditions prior to performing
the invasion assay, as previously described [16]. In con-
trast, Forest et al. [10] cultured bacteria to stationary
phase with aeration. The microaerophilic condition is an
important inducer of the invasion process in S. enterica
(unpublished results and [22]). Thus, the bacterial culture
condition seems to be a key factor to assess the interac-
tion between bacteria and eukaryotic cells. On the other
hand, the null contribution of stg to the S. Typhimu-
rium invasion could explain why this serovar lacks the
stgABCD operon [7].

Cell permeability in HT-29 epithelial cells was also
affected by the presence of the stg operon in S. Typh-
imurium (Figure 2), plausibly due to cell disruption [14].
Some authors have suggested that S. Typhi has been
selected for an increased disruptive ability towards epi-
thelial cells compared to S. Typhimurium in order to per-
form a successful systemic/deeper infection in humans
[14, 15]. Nevertheless, we found no differences between
S. Typhi WT and S. Typhi Astg with respect to the cells
disruption (data not shown). This result may be explained
by the fact that S. Typhi presents several mechanisms
to disrupt cells. Actually, S. Typhi presents other factors
contributing to increase the ability to disrupt epithe-
lial cells. Some of these factors, as well as stg, are absent
from S. Typhimurium, including hlyE, and sseJ and sopD2
pseudogenes [13—15]. However, how stg is improving cell
disruption in S. Typhimurium is unknown. We speculate
that stg contributes to this phenotype by increasing the
bacteria—cell contact. Thus, the results showed in this
paper indicate that the stg fimbrial operon has a role in
association, invasion, and in disruption of epithelial cells
in S. enterica.

During the S. Typhi infectious process, bacteria interact
with phagocytic cells that play a crucial role in bacterial
systemic dissemination and possibly in host specificity
[10, 23]. Our results with monocyte U937 cells and with
human mononuclear cells suggested a role of the stg
operon in bacterial association and invasion of phagocytic
cells. These results are consistent with works showing the
expression of stg fimbrial genes in human macrophages
[17, 18]. Other chaperon-usher fimbriae, such as sef
operon, proved to be involved in bacterial interaction with
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phagocytic cells during peritoneal infection in Salmonella
enterica, reinforcing the fact that this kind of fimbriae
could contribute to the systemic spreading [11]. In con-
trast, Forest et al. [10] reported that loss of stg results in
increased phagocytosis of serovar Typhi by THP-1 human
macrophages-like cells. Again, this apparent contradiction
to our findings could be explained by the bacterial growth
conditions used before infecting monocytes. Forest et al.
used bacteria grown overnight at 37°C before infection of
cells [10], while we used bacteria grown to ODgj, = 0.2
under microaerophilic conditions without shaking, a con-
dition promoting an efficient invasion to macrophages
[24, 25]. Finally, it is important to remark that Forest et al.
[10] worked with S. Typhi strain ISP1820, whereas, in this
manuscript, we report a study performed with S. Typhi
strain STH2370 [12], a Chilean clinical isolate. Consider-
ing that S. Typhi STH2370 presents some genomic differ-
ences compared with other standard S. Typhi strain such
as CT18 and Ty2 (unpublished data and [12, 26, 27]), it is
also possible that the differences between our results and
previous data are due to the bacterial strains tested.

As stated above, stg is contributing to bacterial inter-
action with both epithelial cells and macrophages-like
cells, strongly suggesting that the stg operon could par-
ticipate in the intestinal step of infection as well as in the
systemic spread. It has been described other virulence
factors not circumscribed to a unique stage of the infec-
tion. For example, Salmonella SipA, encoded by SPI-1
enhances entry to intestinal epithelial cells by promot-
ing actin polymerization, but also contributing to prolif-
eration of S. enterica within macrophages [28]. Moreover,
other genes belonging to SPI-1 such as prg, sip, spa, and
inv genes increase their expression inside the gut and also
during early stages of bacterial uptake by human mac-
rophages [18]. The possible role of stg operon in both
stages of S. Typhi infection (i.e. intestinal and systemic)
suggests that it may encode an important factor for the
pathogenesis of this human-specific pathogen.

Conclusions

S. Typhi stg operon, encoding a functional adhesin, con-
tributes to the interaction of bacteria and eukaryotic
cells, including epithelial and macrophages-like cells. The
phenotypes associated to stg operon include stg operon
include increased association and consequent invasion in
bacteria—eukaryotic cells, and cell disruption.

Methods

Culture conditions

Clinical isolate of S. Typhi strain STH2370, a highly viru-
lent strain from the Infectious Diseases Hospital Lucio
Coérdova in Santiago, Chile. The S. Typhimurium strains
used in this study are derivatives of the parental wild-type
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strain ATCC14028s. The strains were routinely grown in
Luria—Bertani (LB) broth (Bacto tryptone, 10 g/L; Bacto
yeast extract, 5 g/L; and NaCl, 5 g/L) at 37°C with shak-
ing. For assessing bacteria—eukaryotic cells association
and for the invasion assays, bacteria were cultured in LB
broth at 37°C in microaerophilia as previously described
[16]. Culture media were supplemented with chloram-
phenicol (20 pg/mL), ampicillin (100 pg/mL) or kanamy-
cin (50 pg/mL) when required. Solid media contain Bacto
agar (Merck) at 15 g/L.

Construction of mutants

S. Typhi AstgABCD:FRT (or simply named S. Typhi
Astg) was constructed using the Red-Swap procedure
as described [29]. The primers used in the lambda red
recombination system correspond to WNstgA (AATGA
AACATCGGGATATATAATATATCAATAGAGTT
ATACATATGAATATCCTCCTTAG) and WCstgD (TTGA
TATGACTTATTTTGTAATTAGATTAGTTCGT
TATTTTGTAGGCTGGAGCTGCTTCG).

PCR amplifications and plasmid construction

PCR amplifications were performed using an Eppen-
dorf thermal cycler and Accuprime Tag DNA polymer-
ase (Invitrogen). Reaction mixtures contained 1X PCR
buffer, 1.5 mM MgCl,, each dNTP (200 wM), primers
(1 wM), 100 ng of template DNA, and 2 U polymerase.
Standard conditions for amplification were 30 cycles at
96°C for 40 s, 55°C for 45 s, and 72°C for 2 min, followed
by a final extension step at 72°C for 10 min. Template S.
Typhi STH2370 (WT) chromosomal DNA was prepared
as described [30]. The pSstg plasmid was constructed by
digesting the pGstg with EcoRI and cloning the fragment
that contained the stg operon into the EcoRI site in mid-
copy vector pSU19. Primers used for stg operon amplifi-
cation were NstgA (AGCGACAACATGCACATCAT),
and CstgD (CAGGGCCGTAGTTCTTGAT). Products
generated by PCR amplification were resolved in 0.8%
agarose gels.

Determination of bacteria: eukaryotic cell association

and invasion assays

Macrophage-like human cell line (U937), and the epi-
thelial cell lines (HEp-2 and HT-29) were maintained
in RPMI 1640 (Invitrogen) containing 10% fetal calf
serum pre-treated for 30 min at 60°C, at 37°C in a 5%
CO,/95% air mixture. Peripheral mononuclear cells
were obtained from healthy people using HISTO-
PAQUE -1077 according the protocol described by
Boyum et al. [31]. For assessing the bacteria—epithelial
cell association, HEp-2 cells were seeded at a concen-
tration of 5 x 10° cells per well in 96-well microtiter
plates. Bacteria were grown in microaerophilia as
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previously described [16] in static conditions to an
ODygyy = 0.2 prior to being added to a cell monolayer
at a MOI of 100:1. After incubation for 1 h at 37°C,
the infected cells were washed five times with sterile
PBS. The eukaryotic cells were disrupted with sodium
deoxycholate 0.5% prior to determining the number
of bacteria associated to the eukaryotic cells by bac-
terial plate counting (CFU). The level of associated
bacteria was expressed as a percentage of the initial
inoculum. For monocytes cell association assays, U937
cells were seeded at a concentration of 5 x 10° cells in
1.5 mL tubes. Bacteria were grown in microaerophilia
as previously described [16] in static conditions to an
ODygy = 0.2 prior to being added to macrophages at a
MOI of 100:1. The mixture U937 and bacteria was cen-
trifuged for 5 min at 1,000x g to synchronize the bacte-
ria—cell interaction. After incubation for 1 h at 37°C,
the infected cells were washed five times with sterile
PBS prior to adding 0.5% deoxycholic acid sodium salt
in PBS. Bacteria associated to eukaryotic cells were
determined by bacterial plate counting (CFU). The
level of association was expressed as a percentage of
the initial inoculum. To determine the invasion rate to
HEp-2 epithelial cells, the U937 macrophage-like cells,
or mononuclear cells, the gentamicin protection assay
was performed as previously described [13].

Transepithelial migration assay

Colon carcinoma HT29 cells were grown to confluence
on 3.0 mm pore-size filters (“Transwells’, Millicell’, Mil-
lipore) in glucose-free RPMI medium (Gibco) for 2 weeks
at 37°C and 5% of CO, to allow cell polarization, which
was subsequently confirmed by a gradual increase of
transepithelial resistance (TER). Transwells with cellular
monolayers were inoculated apically with 400 L of bac-
terial cultures at approximately 1 x 10’ CFU/mL previ-
ously grown in microaerophilia [16] to and ODg,, = 0.2 in
LB. After 1 h incubation at 37°C to allow bacterial uptake
by the human cells, monolayers were washed once with
sterile PBS and 400 pL of glucose-free RPMI medium
containing gentamicin (50 pg/mL) was added to elimi-
nate extracellular bacteria. Aliquots (20 wL) from the
basal compartment (lower chamber) were then collected
every 15 min and up to 3 h of incubation to monitor the
number of bacteria that crossed the cell monolayer as
determined by CFUs count on LB agar plates. All the
results obtained with the transepithelial migration assay
were corroborated by measuring the transepithelial elec-
trical resistance as previously described [14].

Consent
All the human subjects that donated blood presented an
informed consent to participate in this study.
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Statistics

All results are expressed as the mean £ SD of an indi-
vidual experiment performed in triplicate. p values were
calculated according to Student’s t test, and a value of
p < 0.05 was considered to be statistically significant.

Additional file

Additional file 1: Association or invasion of different eukaryotic cells,
including HEp-2 (epithelial cells), U937 (macrophage-like cells), and mono-
nuclear cells directly extracted from human blood. The bacterial strains
used include S. Typhi STH2370 WT, S. Typhi STH2370 AstgABCD:FRT (Astg),
S. Typhi STH2370 AstgABCD:FRT/pSstg (Astg/pSstg), and S. Typhi STH2370
AstgABCD:FRT/pSU19 (Astg/pSU19); and S. Typhimurium 14028s WT, S.
Typhimurium 14028s WT/pSstg, and S. Typhimurium 14028s/pSU19. The
tables show values expressed as the means = standard deviation of 3 full
biological replicates, each time in technical triplicate. *p < 0.05 (Student's-
Test) compared with the WT in the corresponding group.

Abbreviations
S. enterica: Salmonella enterica; S. Typhi: Salmonella enterica serovar Typhi; S.
Typhimurium: Salmonella enterica serovar Typhimurium; stg: stgABCD operon.
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