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RESEARCH ARTICLE

Spatial Segregation of Virulence Gene Expression during Acute Enteric
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Biosciences, College of Veterinary Medicine & Biomedical Sciences, Texas A&M University, College Station, Texas, USAY; Department of Medical Microbiology and
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ABSTRACT To establish a replicative niche during its infectious cycle between the intestinal lumen and tissue, the enteric patho-
gen Salmonella enterica serovar Typhimurium requires numerous virulence genes, including genes for two type III secretion
systems (T3SS) and their cognate effectors. To better understand the host-pathogen relationship, including early infection dy-
namics and induction kinetics of the bacterial virulence program in the context of a natural host, we monitored the subcellular
localization and temporal expression of T3SS-1 and T3SS-2 using fluorescent single-cell reporters in a bovine, ligated ileal loop
model of infection. We observed that the majority of bacteria at 2 h postinfection are flagellated, express T3SS-1 but not T3SS-2,
and are associated with the epithelium or with extruding enterocytes. In epithelial cells, S. Typhimurium cells were surrounded
by intact vacuolar membranes or present within membrane-compromised vacuoles that typically contained numerous vesicular
structures. By 8 h postinfection, T3SS-2-expressing bacteria were detected in the lamina propria and in the underlying mucosa,
while T3SS-1-expressing bacteria were in the lumen. Our work identifies for the first time the temporal and spatial regulation of
T3SS-1 and -2 expression during an enteric infection in a natural host and provides further support for the concept of cytosolic
S. Typhimurium in extruding epithelium as a mechanism for reseeding the lumen.

IMPORTANCE The pathogenic bacterium Salmonella enterica serovar Typhimurium invades and persists within host cells using
distinct sets of virulence genes. Genes from Salmonella pathogenicity island 1 (SPI-1) are used to initiate contact and facilitate
uptake into nonphagocytic host cells, while genes within SPI-2 allow the pathogen to colonize host cells. While many studies
have identified bacterial virulence determinants in animal models of infection, very few have focused on virulence gene expres-
sion at the single-cell level during an in vivo infection. To better understand when and where bacterial virulence factors are ex-
pressed during an acute enteric infection of a natural host, we infected bovine jejunal-ileal loops with S. Typhimurium cells har-
boring fluorescent transcriptional reporters for SPI-1 and -2 (PinvF and PssaG, respectively). After a prescribed time of
infection, tissue and luminal fluid were collected and analyzed by microscopy. During early infection (=2 h), bacteria within
both intact and compromised membrane-bound vacuoles were observed within the epithelium, with the majority expressing
SPI-1. As the infection progressed, S. Typhimurium displayed differential expression of the SPI-1 and SPI-2 regulons, with the
majority of tissue-associated bacteria expressing SPI-2 and the majority of lumen-associated bacteria expressing SPI-1. This un-
derscores the finding that Salmonella virulence gene expression changes as the pathogen transitions from one anatomical loca-

tion to the next.
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he intestinal mucosa is located at an important crossroads of

dynamic interactions between the intestinal microbiota, vital
absorptive cells, transient as well as resident immune cells, and
pathogenic organisms. Intestinal villi extend into the luminal mi-
lieu and provide a selective barrier against luminal contents, re-
move injured or aged epithelial cells via controlled sloughing or
extrusion, educate naive immune cells to intestinal symbiotic bac-
teria, and monitor the local environment for pathogenic threats
(1, 2). Appropriate immunologic and cellular responses to the
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autochthonous intestinal microbial populations, as well as general
luminal conditions, are important for the health of the organism.

Disruption of the autochthonous population plays an impor-
tant role in the establishment and propagation of infection for
several pathogens of the alimentary tract, of which Salmonella
enterica serovar Typhimurium has received significant attention
(3-7). This member of the Enterobacteriaceae family is a food-
borne pathogen that elicits clinically and pathologically similar
disease outcomes in humans and cattle (8—10). Animal models for
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this localized gastroenteric infection include neonatal bovines and
streptomycin-treated mice (11, 12). In the bovine model, bacterial
invasion of intestinal tissue occurs as early as 15 min after expo-
sure and typically affects phagocytic and nonphagocytic cells (13).
Ileal Peyer’s patch phagocytes, likely tissue-associated dendritic
cells and M cells, capture and deliver invading S. Typhimurium
cells to the local mesenteric lymph node to educate and recruit T
cells for return to the site of infection (14, 15). The initial hours of
acute Salmonella infection in humans and cattle are similarly char-
acterized by polymorphonuclear cell (PMN) infiltration into the
lamina propria and then PMN efflux and transit through the in-
testinal epithelium into the lumen, luminal fluid accumulation,
epithelial cell shedding, and villus blunting (16, 17). Similar fea-
tures of mucosal damage have also been described for S. Typhi-
murium infection of rabbits and rhesus monkeys (18, 19).

S. Typhimurium employs two type III secretion systems
(T3SS) to mediate their interactions with host cells (20, 21).
T3SS-1 and T3SS-2 are encoded in Salmonella pathogenicity is-
lands 1 and 2 (SPI-1 and SPI-2, respectively). Genetic deletion of
SPI-1 or SPI-2 can abrogate the virulence and ability of Salmonella
to invade, colonize, or replicate within host cells (10, 11, 22, 23).
The SPI-1 and SPI-2 regulons are induced under different envi-
ronmental conditions. Expression of the SPI-1 regulon is con-
trolled by numerous proteins, including invF and hilA, and in-
duced extracellularly (24), consistent with its role in invasion of
nonphagocytic host cells, such as enterocytes. Proteins encoded by
genes within the SPI-1 regulon include structural components of
the T3SS-1 apparatus and several type III effectors that modulate
macropinocytosis at the plasma membrane, trafficking of the nas-
cent Salmonella-containing vacuole (SCV), and intracellular rep-
lication (25). Following invasion into nonphagocytic cells, S. Ty-
phimurium down-regulates SPI-1 and induces the SPI-2 regulon
(26). SPI-2-encoded T3SS-2 translocates effector proteins that are
required for maturation and maintenance of the SCV (25). Al-
though the SCV has been considered the predominant site of in-
tracellular replication for Salmonella, recent studies have identi-
fied a distinct population of S. Typhimurium cells that hyper-
replicate in the cytosol of epithelial cells (27, 28). In contrast to the
SPI-2-induced vacuolar population, these cytosolic bacteria are
induced for SPI-1 and flagellated. In a polarized epithelial cell
model, these “invasion-primed” intracellular bacteria are released
into the extracellular milieu when the host cell is extruded from
the monolayer. In murine gall bladders, extruding epithelial cells
were shown to also contain cytosolic invasion-primed S. Typhi-
murium cells (27). In addition, enterocytes containing large num-
bers of S. Typhimurium cells have been observed within rabbit
ileal mucosa (18) and chick ileocecal mucosa (29). It has been
proposed that this bacterial population may play an important
role in cell-to-cell transmission and/or dissemination in vivo (27).

Although it is clear that SPI-1 and, to a lesser extent, SPI-2 are
required for the induction of pathological changes during acute
enteric infection (10, 30), the timing and location of bacterial gene
expression in vivo have received little attention and are poorly
understood. Here we have addressed this question using the well-
established neonatal bovine ileal loop model. Calves were infected
with S. Typhimurium harboring transcriptional fusions to repre-
sentative genes from SPI-1 (invF) or SPI-2 (ssaG) for various times
before tissue was harvested for transmission electron and confocal
microscopy. We report the presence of both vacuole membrane-
bound and -compromised bacteria within the epithelium and dis-
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semination of invasion-primed S. Typhimurium by epithelial ex-
trusion, particularly early during infection. In addition, our
single-cell expression analysis revealed a distinct temporal and
spatial segregation of SPI-1- and SPI-2-positive bacteria during
intestinal colonization.

RESULTS AND DISCUSSION

S. Typhimurium interactions with the epithelium during early
infection. To observe interactions between S. Typhimurium and
the host epithelium during early infection, bovine ileal loops were
harvested at 2 h postinoculation (p.i.) and processed for transmis-
sion electron microscopy (TEM). Analysis of infected tissue re-
vealed numerous examples of S. Typhimurium cells colonizing
enterocytes, goblet cells, and other cells within the epithelium
(Fig. 1; see also Fig. S1 in the supplemental material). In most
instances, infected host cells remained part of the epithelium;
however, examples of epithelial cells with remnant microvilli,
seemingly undergoing extrusion and containing S. Typhimurium
cells, were also observed (Fig. 1C and E, arrows). We further noted
that while many intracellular bacteria were enclosed by a vacuolar
membrane (Fig. 1B and S2A and B), others were not (Fig. 1C to F
and S2C to E). Instead, the integrity of the vacuole around these
bacteria appeared to be compromised (defined as >25% of the
bacterial surface not being associated with a vacuolar membrane),
affording access to the host cytosol. Approximately 13% of S. Ty-
phimurium cells were observed in such compromised vacuoles (n
= 173 bacteria). By electron microscopy, we were unable to iden-
tify a bovine epithelial cell laden with cytosolic S. Typhimurium
cells, as has been described for chick ileocecal mucosa (31) and
polarized human intestinal epithelial monolayers (27). However,
our TEM analysis does support previous observations of the pres-
ence of S. Typhimurium in distinct intracellular compartments in
epithelial cells and cellular extrusion acting as a mechanism for
bacterial dissemination into the lumen (18, 27). TEM analysis of
infected tissue samples from 8 h p.i. revealed S. Typhimurium
bacterialocated in the lamina propria within intact vacuoles, com-
promised vacuoles, or vacuoles apparently free of any discernible
host membrane (Fig. S3).

Further TEM analysis of intracellular S. Typhimurium within
intact and compromised vacuoles from 2-h-p.i. samples revealed
the presence of numerous vesicular bodies within the SCV lumen
(Fig. S1). These vesicles ranged in size from <50 nm to >200 nm.
Intracellular and extracellular Gram-negative bacteria are known
to secrete spherical vesicles, called outer membrane vesicles
(OMV), that are 50 to 250 nm in diameter and often have an
electron-dense luminal content by electron microscopy, consis-
tent with what we report here (32). Budding or recently formed
OMYV originating from the pathogen were found associated with
all intracellular S. Typhimurium cells analyzed (Fig. S1, arrow-
heads), complementing the findings from a previous in vivo study
of a human Salmonella isolate in chicken ileum (33). OMV were
typically found free within the SCV lumen (Fig. S1J) or adjacent to
or apparently spanning the SCV membrane (Fig. S1K, arrowhead,
and S2C, arrow). Larger, more-electron-lucent membrane struc-
tures were also noted within the SCV (Fig. S1J and K and S2E,
chevrons), sometimes apparently fusing with or blebbing from the
vacuolar membrane (indicated in Fig. S2E, chevron). It is unclear
if these larger vesicles originate from the pathogen or the host.

SPI-1 and -2 expression during acute infection. To further
our understanding of bacterial virulence gene expression during
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FIG1 Inenterocytes, S. Typhimurium cells are surrounded by intact and compromised vacuolar membranes. Representative transmission electron micrograph
of infected epithelial cells at 2 h p.i. The vacuolar membrane is highlighted with a red line in the inset. (A and B) Series of images demonstrating S. Typhimurium
cells enclosed within an intact membrane (C to F). Infected epithelial cells likely undergoing cellular extrusion. At least one bacterium in each cell has a
compromised vacuolar membrane (indicated by discontinuous red lines in the insets). (C and E) Arrows indicate remnant microvilli. Bars, 5 um (A, C, and E),

1 um (B, D, and G), and 0.5 wm (F).

acute infection in vivo, we used S. Typhimurium harboring re-
porter plasmids for either the SPI-1 or the SPI-2 regulon in the
bovine ileal loop model. The plasmids encode a destabilized green
fluorescent protein (GFP) variant, GFP[LVA] (half-time, ~40
min), that is under the control of gene promoters from either
SPI-1 (PinvF) or SPI-2 (PssaG). InvF is a transcriptional activator
of SPI-1 (34), whereas SsaG is a structural component of T3SS-2
(35). In broth cultures, wild-type bacteria harboring
pPMPMA3APlac-PinvF-GFP[LVA] exhibited green fluorescence
when grown under SPI-1-inducing conditions (Luria-Bertani
[LB]-Miller broth, 3.5 h) but not under SPI-2-inducing condi-
tions (low phosphate magnesium [LPM], pH 5.8, 14 h) (Fig. S4A).
Fluorescence was not observed under SPI-1-inducing conditions
upon deletion of hilA, a master regulator of the SPI-1 regulon (36).

January/February 2014 Volume 5 Issue 1 e00946-13

Conversely,  bacteria  harboring ~ pMPMA3APlac-PssaG-
GFP[LVA] were fluorescent only when grown under SPI-2-
inducing conditions, and this was dependent on ssrB (Fig. S4),
part of a two-component regulatory system that is absolutely re-
quired for expression of the SPI-2 regulon (37). Upon examina-
tion of infected ileal loop tissues, we found that the intrinsic fluo-
rescence of GFP[LVA] was often too weak to detect by confocal
microscopy. To circumvent this, we used rabbit polyclonal anti-
GFP antibodies to amplify the fluorescence signal associated with
individual bacteria. Mammalian tissue culture invasion assays
were used to assess the expression kinetics and frequencies of
GFP-positive bacteria and to determine that intrinsic fluorescence
and antibody amplification of the GFP[LVA] signal were compa-
rable to those of methods of reporter activity quantification
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FIG2 PinvF-positive, flagellated S. Typhimurium bacteria are associated with host cells proximal to villus tips and in the lumen. Ligated jejunal-ileal loops were
infected with S. Typhimurium cells harboring PinvF-GFP[LVA] for 2 h. (A) Confocal image showing an extruded epithelial cell (cytokeratin 8 positive)
containing numerous PinvF-GFP-positive bacteria. Green, anti-GFP; red, anti-cytokeratin 8; blue, DNA. (B) Confocal image showing several bovine cells
adjacent to a villus tip containing a significant burden of flagellin-positive and PinvF-GFP positive Salmonella cells. Green, anti-GFP; red, anti-FliC; shades of
gray, phalloidin for actin; blue, DNA. For A and B, dotted lines indicate the apical surface of the villus tip. (C) Confocal image of cells adjacent to villus tips
revealing flagellin-positive and PinvF-GFP-positive bacteria intimately associated with bovine cells sloughed from the tissue. Green, anti-GFP; red, anti-FliC;
blue, DNA. (D) Confocal image of luminal fluid content showing PinvF-GFP-positive, flagellated Salmonella bacteria found in clusters within a heterogeneous
milieu of eukaryotic and prokaryotic cells. Green, anti-GFP; red, anti-FliC; blue, DNA. (E) Enlarged inset from panel D. Bars, 10 wm.

(Fig. S4B). Furthermore, at both 2 h and 8 h p.i. in the in vivo
model, luminal fluid accumulation and bacterial burdens in tis-
sue, mucus, and fluid samples from loops infected with S. Typhi-
murium harboring the GFP reporter plasmids were consistent
with those of wild type (WT)-infected loops (Fig. S5). Addition-
ally, plasmids were retained throughout the duration of an 8-h
infection (Fig. S5). Collectively, these experiments validated the
use of pMPMA3APlac-PinvF-GFP[LVA] and pMPMA3APlac-
PssaG-GFP[LVA] as accurate transcriptional reporters of the
SPI-1 and SPI-2 regulons, respectively, in vitro.

Confocal microscopy analysis of villus tips and cells immedi-
ately adjacent to tissue revealed numerous instances of extruding
or sloughed cells positive for staining by cytokeratin 8, an inter-
mediate filament protein found in epithelial cells containing
PinvF-positive S. Typhimurium cells at 2 h (Fig. 2A). In bovine

4 mBio mbio.asm.org

cells found adjacent to villus tips, many of the bacteria also immu-
nostained for flagellin (FliC) (Fig. 2B). Salmonella has previously
been associated with epithelial cell extrusion in polarized mono-
layers, rabbit ileal loops, and mouse gall bladders (18, 27). Such
extrusion has been postulated as a dissemination mechanism,
since bacteria within these dying cells are induced for SPI-1 and
flagellated (18). Our observations provide further evidence for the
presence SPI-1-induced, flagellated S. Typhimurium bacteria as-
sociating with host cells sloughing from villus tips in vivo. Infected
cells adjacent to the villus often contained multiple regions posi-
tively stained for DNA, suggesting either nuclear degradation of a
single cell or multiple cells clumping together (Fig. 2A and B).
Extruding epithelial cells or near-tissue PinvF-positive bacteria
were rarely observed at 8 h p.i., likely due to the significant villus
blunting and immune responses seen at this later time point.

January/February 2014 Volume 5 Issue 1 e00946-13
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FIG 3 Temporal and spatial distribution of PinvF- and PssaG-positive S. Typhimurium cells. Ligated jejunal-ileal loops were infected with S. Typhimurium cells
harboring either PinvF-GFP[LVA] or PssaG-GFP[LVA]. (A to C) Representative confocal images of tissue stained for GFP (green), phalloidin (for actin, red), and
DNA (blue), with GFP-positive bacteria indicated by white arrowheads. (A) PinvF-GFP[LVA] infection at 2 h p.i.; (B) PinvF-GFP[LVA] infection at 8 h p.i.; (C)
PssaG-GFP[LVA] infection at 8 h p.i; (D) box-and-whisker plot of tissue-associated PinvF- or PssaG-GFP[LVA]-positive S. Typhimurium cells and their
distance from the nearest apical surface (assessed from phalloidin staining). Whiskers represent the 5-t0-95% confidence interval. ® symbols represent outlier
data points. ***, P < 0.001. ND, not determined. Numbers of GFP-positive bacteria assessed for distance to the luminal surface were as follows: 82 bacteriaat2 h
for PinvF-GFP[LVA]-infected cells, 50 bacteria at 8 h for PinvF-GFP[LVA]-infected cells, and 199 bacteria at 8 h for PssaG-GFP[LVA|-infected cells (values are

from samples from at least three animals).

Immunostaining of the luminal fluid samples for GFP and FliC
and fluorescent staining of DNA with DAPI (4',6-diamidino-2-
phenylindole) revealed a heterogeneous population of PinvF-
positive and -negative S. Typhimurium cells, other bacterial spe-
cies, and host cells (Fig. 2D and E). Interestingly, PinvF-positive S.
Typhimurium appeared to aggregate in this environment
(Fig. 2E) and also immunostained for flagellin (Fig. 2B and C).
Stecher et al. used a reporter plasmid expressing GFPmut2 under
the control of the fliC promoter in a streptomycin-treated mouse
model of colitis and showed there a gradation of fliC expression by
S. Typhimurium in the gutat 1 day p.i. (38). Approximately half of
the bacteria in the cecal lumen were GFP positive, whereas almost
all were GFP positive (92%) when in close proximity to the cecal
epithelium. In an independent study of flagellin expression during
systemic salmonellosis, Cummings et al. used a fliC::gfp mut3 re-
porter to show that ~60% of S. Typhimurium cells in the Peyer’s
patches transcribed fIiC at 7 days p.i. but that none in the mesen-
teric lymph nodes or spleen were GFP positive (39). Our finding
that luminal S. Typhimurium cells are flagellated supports the
concept of an anatomical restriction of FliC expression to the gut.

We did not detect any PssaG-positive bacteria in luminal fluid
samples at either 2 h or 8 h p.i. (Fig. S6). This is in contrast to the
findings of a recent report that identified a very small population

January/February 2014 Volume 5 Issue 1 e00946-13

(1.34% of the total) of SPI-2-induced S. Typhimurium cells in the
lumen of the cecum during a mouse model of colitis. Approxi-
mately two-thirds of these bacteria were extracellular; the remain-
ing cells were within luminal CD18* neutrophils (40). Using
recombinase-based in vivo expression technology (RIVET), an-
other group has also reported that SPI-2 is expressed prior to
bacterial penetration of the epithelial layer in a murine model of
salmonellosis (41). The considerable differences in pathology and
host response between the bovine and mouse models of salmonel-
losis, in addition to infection parameters and detection methods,
may account for the discrepancy between these observations.
Virulence gene expression within gut tissue. During enteric
infections, many different cell types are targets for S. Typhimu-
rium, including enterocytes, goblet cells, macrophages, and den-
dritic cells (42, 43). However, it is unclear when these particular
host cell-bacterium interactions occur during the course of acute
infection. To monitor the physical location of PinvF- and PssaG-
induced S. Typhimurium cells, GFP-positive bacteria were quan-
tified in two ways by confocal microscopy: (i) by determining the
distance of tissue-associated bacteria from the nearest apical sur-
face, denoted by phalloidin staining (Fig. 3), and (ii) by categoriz-
ing the subtissue localization of GFP-positive bacteria (Fig. 4).
At 2 h p.i., PinvF-positive bacteria were largely associated with
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FIG 4 PinvF- and PssaG-positive S. Typhimurium bacteria predominantly associate with different host cell types. Ligated jejunal-ileal loops were infected with
S. Typhimurium cells harboring either PinvF-GFP[LVA] or PssaG-GFP[LVA] and processed for confocal microscopy. (A) Representative image of PinvF-
GFP[LVA] infection at 2 h p.i. (B and C) PssaG-GFP[LVA] infection at 8 h p.i. (A and B) Green, anti-GFP; red, anti-cytokeratin 8; shades of gray, phalloidin for
actin; blue, DNA. (C) Green, anti-GFP; red, anti-HLA-DRa; shades of gray, phalloidin for actin; blue, DNA. Bars = 10 wm. Arrowheads indicate GFP-positive
S. Typhimurium bacteria within epithelial cells (A and B) or phagocytes (C). (D) The locations of PinvF- and PssaG-positive bacteria were scored as in the
epithelium (light gray), extravillus (hatched), or lamina propria (dark gray). Percentages of bacteria in the extravillus/epithelium/lamina propria were as follows:
15/57/28% for PinvF-GFP[LVA]-infected specimens at 2 h (n = 439), 77/13/9% for PinvF-GFP[LVA]-infected specimens at 8 h (n = 298), and 0/3/97% for
PssaG-GFP[LVA]-infected specimens at 8 h (n = 308). (E) Proportions of total bacteria positive for either PinvF- or PssaG-GFP in the epithelium, lamina
propria, or extravillous space at 2 h (light gray) or 8 h p.i. (dark gray). Percentages of PinvF-GFP-positive bacteria at 2 h/8 h were as follows: 68/39% in the
epithelium, 63/17% in the lamina propria, and 58/53% in the extravillous space. Percentages of PssaG-GFP-positive bacteria at 2 h/8 h were as follows: 0/37% in
the epithelium, 0/58% in the lamina propria, and 0/0% in the extravillous space.
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the epithelium (57%) (Fig. 4A and D) and typically situated
<10 pm from the nearest apical surface (Fig. 3A and D). The
remaining PinvF-positive bacteria were distributed between the
extravillous milieu (15%) and the lamina propria (28%), implying
that the SPI-1 regulon is expressed after the initial interaction of
bacteria with enterocytes. PinvF-positive bacteria were still de-
tected at 8 h p.i., (Fig. 3B), although at a reduced frequency com-
pared to that at 2 h p.i., indicating that at a relatively late stage in
acute enteritis, SPI-1 is down-regulated but continues to be ex-
pressed. The vast majority of PinvF-positive bacteria were outside
the villus (77%) at 8 h p.i., typically within sloughed-off cells in the
mucosal layer immediately adjacent to the tissue (Fig. 4D). Of the
tissue-associated PinvF-positive bacteria at 8 h p.i., there was more
variation in their distances from the apical surface than at 2 h p.i.
Some were within 10 wm of the apical surface, but others were
found much deeper within the tissue (Fig. 3D). In concordance,
tissue-associated PinvF-positive bacteria were similarly distrib-
uted between the epithelium and lamina propria at 8 h p.i.
(Fig. 4D).

To better understand the prevalence of SPI-1 gene expression
within the subtissue compartments over time, we determined the
proportion of GFP-positive S. Typhimurium cells in the epithe-
lium, lamina propria, and extravillous space. In the epithelium
and lamina propria, we observed a marked decrease in the pro-
portion of PinvF-GFP[LVA] expression from 2 h p.i. to 8 h p.i.:
68% (n = 298) to 39% (n = 85) in the epithelium and 63% (n =
171) to 17% (n = 162) in the lamina propria (Fig. 4E). A previous
report has observed a similar decrease in expression of another
gene within SPI-1, sicA, in the murine intestine after oral infection
(44). In contrast, the proportion of PinvF-GFP[LVA]-positive
bacteria remained constant from 2 h to 8 h in the extravillous
space, with 58% (n = 93) positive at the early time point and 53%
(n = 389) positive later in the infection (Fig. 4E). Historically, a
compelling role for SPI-1 in the colonization of nonphagocytic
cells, such as epithelial cells, has been well established (45-47).
Much less is known about this pathogenicity island and phago-
cytic cells, but SPI-1 does contribute to cell death in macrophages
and dendritic cells and to nitric oxide production in macrophages
(48, 49). Our tissue localization data indicate that both entero-
cytes and cells within the lamina propria are colonized by SPI-1-
induced S. Typhimurium during acute enteritis.

For the SPI-2 regulon, no tissue-associated PssaG-positive bac-
teria were observed at 2 h (Fig. S6B and see above). In contrast,
PssaG-positive bacteria were prevalent at 8 h p.i. and strongly
associated with subepithelial tissue (97%, n = 308), especially cells
positive for HLA-DRa (Fig. 4C), which is a cell surface receptor
found on dendritic cells, B cells, and monocytes/macrophages.
These immune-originating cell types are often found near the cen-
tral lacteal. This preferential localization of PssaG-positive S. Ty-
phimurium cells to the lamina propria was also reflected in the
distance of the bacteria from the apical surface (Fig. 3C and D);
GFP-positive bacteria were significantly further from the apical
surface than PinvF-positive S. Typhimurium cells at the same time
point. Despite this strong association with the lamina propria, in
some instances, PssaG-positive bacteria were found within cyto-
keratin 8-positive epithelial cells (Fig. 4B). Proportionally, 58% (n
= 518) of bacteria in the lamina propria were PssaG positive at 8 h
p.i., while only 37% (n = 27) were positive in the epithelium
(Fig. 4E). Intracellular induction of SPI-2 is known to occur in
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both nonphagocytic and phagocytic cells (50, 51), in agreement
with the tissue localization that we report here.

In this work, we have utilized a natural-host model of infec-
tion, i.e., bovine, ligated jejunal-ileal loops, to better understand
host-pathogen interactions during acute enteritis. One striking
observation was that of extruding or sloughing enterocytes har-
boring S. Typhimurium during early stages of infection. Bacteria
within these extruded cells expressed SPI-1 and flagella. We have
previously reported a similar phenotype in polarized epithelial
monolayers (27). Epithelial cell turnover is a normal process in
healthy, uninfected tissue that must be exquisitely regulated; an
imbalance can lead to states of acute or chronic pathological dis-
turbances in the gut. Interestingly, gastrointestinal infections are
often associated with altered rates of epithelial cell extrusion in the
gut. For example, after oral inoculation of calves, enteropatho-
genic Escherichia coli (EPEC) induces enterocyte exfoliation in the
terminal rectum (52). Likewise, extensive epithelial shedding into
the lumen of the small intestine is observed upon Vibrio parahae-
molyticus infection of infant rabbits (53). Perhaps increased epi-
thelial cell shedding is a common host defense mechanism against
enteric pathogens.

In order to establish a successful infection, pathogens must
precisely regulate virulence gene expression, both temporally and
spatially. By documenting bacterial gene expression at the single-
cell level in vivo, we have demonstrated for the first time a distinct
segregation of SPI-1- and SPI-2-induced S. Typhimurium cells
over a time course of acute intestinal infection. PinvF-positive
bacteria were found predominantly within enterocytes early dur-
ing infection but were mostly limited to the extravillous space as
the infection progressed, likely due to immunological responses
(i.e., PMNs, professional phagocytes, etc.) and pathological re-
sponses (i.e., villus blunting, epithelial sloughing) by the host.
Extruded epithelial cells contained SPI-1-induced, flagellated bac-
teria, suggestive of reseeding of the lumen with invasive bacteria
(26). In contrast, SPI-2-induced bacteria were almost exclusively
found within the lamina propria and only at 8 h p.i. Notably, less
than half of the tissue-associated Salmonella cells were induced for
either SPI-1 or SPI-2 at 2 h or 8 h p.i, although it is likely that at
earlier time points, a larger proportion of the bacterial population
is induced for SPI-1, given the central role that this pathogenicity
island plays in enterocyte entry and colonization (45, 54). Variable
gene expression in genetically identical populations of Salmonella
is well recognized and described for broth culture conditions (55—
57) and infection of tissue culture cells (26-28, 58) but has only
lately received attention in vivo (59, 60). Heterogeneity is most
certainly dictated by both host and bacterial factors (61), and the
complex nature of the gut suggests a high likelihood of population
heterogeneity during colonization. For example, movement from
the anaerobic lumen of the intestine to the zone of relative oxy-
genation at the epithelial surface is considered a trigger for T3SS
activation on the surface of Shigella flexneri, the causative agent of
dysentery (62). Heterogeneity in virulence gene expression in vivo
has also recently been reported for Vibrio cholerae, the etiological
agent of cholera. During infection of rabbit ileal loops, only bac-
teria that are closest to the epithelial surface, not those in the
luminal fluid, express fcpA, a structural subunit of the toxin-
coregulated pilus (63). The existence of these subpopulations of
bacteria in vivo underscores the importance of single-cell studies
for analyzing gene expression. Future studies directed at decipher-
ing the distinct microenvironments within the gut and how bac-
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teria respond to each of these environments is key to our under-
standing of the complexities of pathogen-host interactions during
gastroenteritis.

MATERIALS AND METHODS

Bacterial strains and culture. Salmonella enterica serotype Typhimurium
derivative IR715 was transformed by electroporation with the plasmid
PMPMA3APIac, containing a destabilized version of green fluorescent
protein (GFP[LVA]) under the control of either the invF or the ssaG
promoter (26, 64). A promoterless GFP[LVA] plasmid (EMPTY-GFP)
served as a vector control (26). Due to the reduced stability of GFP[LVA]
(~40 min in S. Typhimurium), these plasmids are valid reporters for tran-
sient gene expression (26). Bacterial cultures were grown either in shaking
Luria-Bertani (LB) broth or on LB agar plates containing nalidixic acid
(50 mg/liter) with carbenicillin (100 mg/liter) when appropriate. Bacterial
inocula for the ligated ileal loop surgeries were prepared as described
previously (22). Briefly, IR715, pMPMA3APlac-PinvF-GFP[LVA]
(PinvF), and pMPMA3APlac-PssaG-GFP[LVA] (PssaG) were grown in
LB broth with appropriate antibiotics for 14 h at 37°C at 220 rpm in a
shaking incubator (model 24; New Brunswick Scientific). Cultures were
then diluted 1:100 in LB broth containing carbenicillin (100 mg/liter),
where appropriate, and incubated as described above for 4 h. Bacteria in
the exponential phase of growth were quantified using a Genesys 10S
visible-light spectrophotometer (Thermo Scientific) and diluted to
10° CFU in 3 ml of LB broth. Bacterial densities were confirmed by plating
on LB agar plates with appropriate antibiotics.

Animals and surgeries on bovine, ligated jejunal-ileal loops. Surger-
ies on ligated jejunal-ileal loops were performed as described previously
(22, 65). Brangus calves 4 weeks of age and 45 to 55 kg were used in
accordance with the Texas A&M University International Animal Care
and Use Committee (IACUC) animal use policies and approved under
Animal Use Protocol 2011-077. Calves were obtained from the Texas
A&M University Veterinary Medical Park and received colostrum prior to
isolation. Animals were fed antibiotic-free milk replacer twice daily and
water ad libitum. Prior to surgery, calves were twice tested for Salmonella
spp. in fecal excretions. Rectal swabs were collected immediately after
isolation and again 1 week prior to surgery. Swabs were placed in tetra-
thionate broth (BBL) overnight and subsequently streaked onto XLT-4
agar plates (BBL). All calves were negative for Salmonella species colonies
on XLT-4 plates after 48 h of incubation. Loops from seven calves were
utilized for this study, with at least three independent loops for each bac-
terial strain.

For the surgical procedure, calves were fasted for 12 h prior to surgery.
Anesthesia was induced with propofol (Abbot Laboratories), followed by
intubation and maintenance with isoflurane (Isoflo; Abbot Laboratories)
for the duration of the experiment. After laparotomy, the distal jejunum
and ileum were externalized and 20 to 30 loops, each ~6 cm in length, were
formed with a 1-cm spacer loop in between. Bacterial cultures of 3 ml
containing 1 X 10° total CFU were prepared as described above and
loaded into a 5-ml syringe with a 26-gauge needle and kept on ice until
inoculation into the loop via intraluminal injection. Cultures were inoc-
ulated into separate loops as WT (S. Typhimurium IR715), LB (LB broth),
PinvF (IR715 harboring pMPMA3APlac-PinvF-GFP[LVA]), PssaG
(IR715 pMPMA3APlac-PssaG-GFP[LVA]), or Empty (IR715
pMPMA3APlac-null-GFP[LVA)). Following inoculation, the loops were
returned to the body cavity (the surgical incision was temporarily se-
cured) and maintained at approximately 37°C. Infections were allowed to
continue for 2 h or 8 h before excision and processing for bacteriology and
confocal and electron microscopy.

Pathology, bacteriology, and plasmid retention. To assess the level of
tissue-associated S. Typhimurium cells, two 6-mm biopsy punches (0.1 g)
from the Peyer’s patch portion of the loop (antimesenteric side of the
intestinal mucosa) were collected from each loop. Extracellular bacteria
were removed by washing the samples three times in sterile phosphate-
buffered saline (PBS), followed by incubation for 1 h in 10 pg/ml genta-
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micin in PBS. The biopsy specimens were then homogenized and diluted
in PBS (10-fold) before being plated on selective LB agar plates. For sam-
ples containing WT S. Typhimurium, LB agar plates contained 50 mg/liter
nalidixic acid (LB-NAL). PinvF or PssaG S. Typhimurium samples were
plated on LB-NAL plates, and LB-NAL was supplemented with 100 mg/
liter carbenicillin (LB-NAL/CARB). LB control samples were plated on
LB-NAL plates. Plates were incubated overnight at 37°C, and colonies
were then counted. Data are reported as log numbers of CFU per mg of
tissue. To quantify S. Typhimurium cells in the mucus, ileal loops were
opened and tissue surfaces were scraped to collect mucus. Scrapings were
placed in a preweighed container, reweighed, serially diluted, and spread
on LB-NAL or LB-NAL/CARB selective plates, and colonies were counted
the next day. Data are reported as log numbers of CFU per mg of mucus.
For quantification of S. Typhimurium cells in the luminal fluid, luminal
contents were collected from intact loops and quantified for weight and
volume, 10-fold serially diluted in sterile PBS, and plated on either LB-
NAL or LB-NAL/CARB plates as described above; the plates were incu-
bated overnight at 37°C and colonies counted the next day. Data are re-
ported as log numbers of CFU per volume of fluid.

Tissue and fluid fixation for microscopy. For each loop, 6-mm biopsy
specimens were taken from the Peyer’s patch tissue and placed into 10%
buffered formalin for confocal microscopy or 2.5% glutaraldehyde, 2.5%
formaldehyde in 0.1 M sodium cacodylate buffer for transmission elec-
tron microscopy (TEM) for 24 h. Samples for confocal microscopy were
then floated into 20% sucrose with 0.05% sodium azide and stored at 4°C
until use. Samples for TEM were placed into 0.1 M sodium cacodylate
buffer and kept at 4°C until processed further.

Fluid samples were removed from loops as described above, and
100 ul of a sample was placed in 500 ul of 10% buffered formalin over-
night. Following fixation, samples were centrifuged at 10,000 X g for
10 min, the supernatant was removed, and the pellet was gently resus-
pended in 20% sucrose with 0.05% sodium azide. Samples were stored at
4°C until processed further.

Confocal microscopy. Once infused with 20% sucrose, tissue samples
were enrobed with optimum-cutting-temperature compound (Sakura
Finetek USA, Inc.) and snap-frozen in liquid nitrogen. Frozen samples
were sectioned at 10 wm on an OTF/AS 5000 Cryostat (Vibratome). For
immunostaining, sections were rehydrated with PBS for 5 min, followed
by permeabilization and blocking with 2% normal donkey serum, 1%
bovine serum albumin (BSA), 0.1% Triton X-100, and 0.05% Tween 20 in
PBS for 45 min at room temperature (RT). Primary antibodies were di-
luted in 1% BSA, 0.1% Triton X-100, and 0.05% Tween 20 in PBS over-
night at 4°C, followed by 3 washes for 5 min each in 0.05% Tween 20 in
PBS (PBST). Secondary antibodies were diluted in 0.1% Triton X-100 in
0.05% Tween 20 in PBS and incubated for 1 h at RT. Sections were washed
3 times for 5 min each in PBST, coated in SlowFade gold antifade reagent
with 4°,6-diamidino-2-phenylindole (DAPI; Life Technologies), and cov-
ered with a coverslip. Samples were cured overnight at RT. Slides were
viewed at appropriate fluorescent wavelengths on a Carl Zeiss LSM 510
META NLO Multiphoton confocal microscope (Texas A&M University)
or an LSM 710 confocal laser scanning microscope (Rocky Mountain
Laboratories, National Institutes of Health). Images were processed and
rendered with Image] (W. S. Rasband, National Institutes of Health,
Bethesda, MD) and assembled using Adobe Photoshop CS3 or Elements 9
(ACD Systems).

Antibodies and reagents. Primary antibodies for indirect immuno-
fluorescence staining were mouse monoclonal anti-FliC (1:100; BioLeg-
end), rabbit polyclonal anti-Salmonella O-antigen group B factors 1, 4, 5,
and 12 (1:200; Difco), rabbit polyclonal anti-GFP (1:1,000; Life Technol-
ogies), mouse monoclonal anti-major histocompatibility complex class II
DR alpha DA6.147 (HLA-DRa) (1:100; Santa Cruz), and mouse mono-
clonal anti-human cytokeratin 8 CK3-3E4 (1:200; Miltenyi Biotech). Flu-
orescent secondary antibodies used included Alexa Fluor 488-, 568-, or
647-conjugated secondary antibodies (1:1,000; Life Technologies) and
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DyLight 488-conjugated secondary antibodies (1:500; KPL). Alexa Fluor
647 phalloidin was used at a 1:50 dilution (Life Technologies).

Tissue localization of SPI-1- and SPI-2-induced bacteria. Tissue sec-
tions from 2-h or 8-h infections with PinvF or PssaG strains from multiple
calves were immunostained with anti-cytokeratin 8 and anti-GFP anti-
bodies. The locations of GFP-positive bacteria were designated (i) “ex-
travillus” if bacteria were in the lumen, (ii) “epithelium” if they were in
cytokeratin-positive cells, or (iii) “lamina propria” if bacteria were in the
tissue beneath the epithelium. At least 20 villi were scored for each time
point and infection. Distances of tissue-associated PinvF- or PssaG-
positive bacteria to the nearest apical surface were quantified with the
measurement tool in Image] and analyzed with Prism 5 (GraphPad Soft-
ware Inc.). Data were displayed in box-and-whisker plots, with the whis-
kers representing the 5th-to-95th percentiles. Data were analyzed statisti-
cally by a one-way analysis of variance followed by Tukey’s multiple-
comparison test, with a P of <0.01 considered significant.

Electron microscopy. Tissue samples fixed for TEM were postfixed
for 1.3 hin 1% OsO, reduced with 0.35% K,[Fe(CN),] and buffered with
0.1 M sodium cacodylate. The samples were dehydrated in an ascending
ethanol gradient and embedded in epoxy resin. Thin sections (60 to
90 nm) were prepared with a Leica EM UC6 ultramicrotome and post-
stained with uranyl acetate and lead citrate. The sections were viewed and
imaged with a Morgagni 268 transmission electron microscope (FEI).
Images were cropped, and exposure was optimized and sharpened in Pho-
toshop Elements 9 (Adobe).

Analysis of GFP reporter expression. Bacteria were grown under
SPI-1- or SPI-2 inducing conditions as follows. The SL1344 wild type (66),
AhilA mutant (67), or ssrB::kan mutant (68) harboring pMPMA3APlac-
PinvF-GFP[LVA] or pMPMA3APlac-PssaG-GFP[LVA] was grown over-
night with shaking in LB-Miller broth at 37°C and then subcultured 1:33
in LB-Miller broth for 3.5 h with shaking at 37°C to induce SPI-1. For
SPI-2 induction, bacteria were grown in LB-Miller broth with shaking for
4 to 5 h at 37°C. Bacteria (0.5 ml) were centrifuged, washed once in low-
phosphate, low-magnesium (LPM) medium, pH 5.8 (69), and resus-
pended in an equal volume of LPM medium. Bacteria were then diluted
1:50 in LPM medium and grown for 14 h with shaking at 37°C.

Cultures were centrifuged at 8,000 X g for 2 min, and bacterial pellets
were washed once in PBS and then fixed in 1% paraformaldehyde (PFA)
for 10 min at room temperature. Bacteria were washed in PBS and then
stained with mouse monoclonal anti-S. Typhimurium group B lipopoly-
saccharide (LPS; 1:200 dilution, clone 1E6; Meridian Life Science), fol-
lowed by Alexa Fluor 568-conjugated goat anti-mouse IgG (1:400 dilu-
tion). After being washed once in PBS, bacteria were mounted on glass
slides using Mowiol 4-88 (Calbiochem) and viewed on a Leica DM4000
upright fluorescence microscope.

HeLa epithelial cells (ATCC CCL-2) and RAW264.7 macrophage-like
cells (ATCC TIB-71) were obtained from the American Type Culture
Collection and used within 15 passages of receipt. HeLa cells were grown
in Eagle’s minimum essential medium (EMEM; Corning Cellgro) con-
taining 10% heat-inactivated fetal calf serum (FCS; Invitrogen).
RAW264.7 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM,; Corning Cellgro) containing 10% heat-inactivated FCS. Cells
were seeded on acid-washed glass coverslips in 24-well plates at 6 X 10*
cells/well (HeLa) or 2 X 10° cells/well (RAW264.7). SPI-1-induced bac-
teria were grown to late log phase as described above, centrifuged at 8,000
X g for 2 min, and then resuspended in Hanks’ buffered saline solution
(HBSS; Corning Cellgro). Bacteria were added to epithelial and
macrophage-like cells at multiplicities of infection of 50 and 10, respec-
tively, for 10 min. Noninternalized bacteria were removed by three washes
with HBSS and cells incubated in growth medium until 30 min p.i. Then,
growth medium containing 50 ug/ml gentamicin was added for 1 h, fol-
lowed by growth medium containing 10 pg/ml gentamicin for
the remainder of the experiment. Infected monolayers were fixed in 2.5%
PFA for 10 min at 37°C and then permeabilized and blocked in 10%
normal goat serum—0.2% Triton X-100—PBS for 20 min. Primary anti-
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bodies were rabbit anti-GFP (1:1,000 dilution; Molecular Probes) and
mouse monoclonal anti-S. Typhimurium group B LPS (1:2,000 dilution,
clone 1E6; Meridian Life Science). Secondary antibodies were Alexa Fluor
488-conjugated goat anti-rabbit IgG and Alexa Fluor 568-conjugated goat
anti-mouse IgG (1:800 dilution; Molecular Probes). Coverslips were
mounted on glass slides in Mowiol, and the percentages of GFP-positive
bacteria were scored by fluorescence microscopy.
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