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The YrbE phospholipid transporter of Salmonella enterica serovar Typhi regulates
the expression of flagellin and influences motility, adhesion and induction of
epithelial inflammatory responses
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ABSTRACT
Salmonella enterica serovar Typhi is the etiologic agent of typhoid fever, a major public health
problem in the developing world. Moving toward and adhering to the intestinal epithelium
represents key initial steps of infection by S. Typhi. We examined the role of the S. Typhi yrbE
gene, which encodes an inner membrane phospholipid transporter, in these interactions with
epithelial cells. Disruption of yrbE resulted in elevated expression of flagellin and a hypermotile
phenotype. It also significantly reduced the ability of S. Typhi to adhere to the HeLa epithelial cell
line and to polarized primary epithelial cells derived from human ileal organoids. Interestingly, the
yrbE-deficient strain of S. Typhi induced higher production of interleukin-8 from the primary
human ileal epithelial cell monolayers compared to the wild-type bacteria. Deletion of the flagellin
gene (fliC) in the yrbE-deficient S. Typhi inhibited motility and attenuated interleukin-8 production,
but it did not correct the defect in adhesion. We also disrupted yrbE in S. Typhimurium. In contrast
to the results in S. Typhi, the deficiency of yrbE in S. Typhimurium had no significant effect on
flagellin expression, motility or adhesion to HeLa cells. Correspondingly, the lack of yrbE also had
no effect on association with the intestine or the severity of intestinal inflammation in the mouse
model of S. Typhimurium infection. Thus, our results point to an important and serovar-specific
role played by yrbE in the early stages of intestinal infection by S. Typhi.
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Introduction

Typhoid fever is a systemic febrile disease caused
by infection with the human-restricted Gram-
negative enteropathogen Salmonella enterica sero-
var Typhi.1,2 It is a major public health problem in
the developing world: the risk-adjusted burden of
typhoid has been estimated to be 12 million ill-
nesses and 130,000 deaths annually in low- and
middle-income countries, with most of the cases
occurring in children less than 5 y of age.3

Diagnosis of the condition can be difficult, and
treatment is increasingly complicated by the emer-
gence of multidrug-resistant (MDR) and even
extensively drug-resistant (XDR) strains of S.
Typhi.1,4,5 Thus, there is an urgent need for new
strategies to deal with the infection therapeutically

and prophylactically. The development of such
strategies depends on detailed understanding of
typhoid pathogenesis.

Since S. Typhi infection occurs following the
ingestion of contaminated food or water, the early
steps in pathogenesis involve adhesion to and inva-
sion of the intestinal epithelium, particularly the
follicle-associated epithelium overlying Peyer’s
patches in the ileum.6,7 Because S. Typhi infects
only humans, much of what we know about
Salmonella–host interactions has been learnt from
the study of S. Typhimurium, a broad host range
serovar that infects a variety of animals, including
laboratory mice.8 Although there are important dif-
ferences between S. Typhi and S. Typhimurium with
respect to genomic structure, host range, virulence
factors and disease outcomes, the general
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mechanisms involved in infection are similar in the
two pathogens.6,7,9–11 Following ingestion and tran-
sit through the proximal gut, Salmonellamoves from
the intestinal lumen to the epithelium using flagella-
mediated motility and then adheres loosely to the
epithelial cells by means of a variety of surface
adhesins.12–16 Insertion of the Salmonella pathogeni-
city island 1 (SPI1)-encoded type III secretion system
(TTSS) into the apical membrane of the epithelial
cell follows, resulting in firm adhesion or
docking.16,17 A number of bacterial effector proteins
are then injected through the syringe-like SPI1 TTSS
into the epithelial cytoplasm, leading to actin poly-
merization-mediated protrusions of the plasma
membrane that ultimately engulf the bacteria within
a membrane-bound vacuole.18 The bacteria are then
translocated across the epithelium into the lamina
propria and, in the case of S. Typhi, are disseminated
to systemic tissues.19 S. Typhimurium infection in
humans is usually confined to the gastrointestinal
tract, where it causes an acute inflammatory
response that is responsible for the associated diar-
rhea, vomiting and abdominal pain.1,11 This
response is attenuated by various mechanisms dur-
ing S. Typhi infection, which may facilitate systemic
spread of the pathogen and help to explain the rela-
tively minor intestinal symptoms of typhoid.1

The bacterial cell envelope, which encompasses
the outer and inner membranes in the case of
Gram-negative organisms, helps to maintain cellu-
lar integrity and also constitutes the interface with
the environment, including the tissues and cells of
infected hosts. In the latter capacity, the various
components of the envelope are involved in sen-
sing a number of environmental factors and indu-
cing appropriate responses via changes in gene
expression and other mechanisms.20,21 In addition,
virulence determinants such as adhesins, the TTSS
and flagella are embedded in the cell envelope in
association with the outer and/or inner
membranes.14,22,23 An important characteristic of
the Gram-negative outer membrane is the asym-
metric composition of its two leaflets, with enrich-
ment of lipopolysaccharide in the outer leaflet and
phospholipids in the inner leaflet. This asymmetry
is maintained in part by a conserved ATP-binding
cassette (ABC) transport system, which removes
phospholipids from the outer leaflet of the outer
membrane and is referred to as the Mla pathway

in E. coli and the Yrb pathway in several other
Gram-negative bacteria.24,25 Mutations in this
pathway have been associated with a variety of
phenotypic abnormalities, including increased sen-
sitivity to detergent and EDTA in E. coli, increased
formation of outer membrane vesicles in
Haemophilus influenzae and Vibrio cholerae,
decreased serum resistance in H. influenzae, and
decreased intercellular spread in Shigella
flexneri.24–27 The Yrb system has received little
attention in either S. Typhimurium or S. Typhi,
the only insights being provided by a recent study
of the latter organism indicating that deficiency of
YrbE, the inner membrane permease that is
believed to transport phospholipids, leads to inap-
propriately elevated expression of the typhoid
toxin in the cytosol of infected cells.28 Given the
paucity of information on Yrb function in
Salmonella, we decided to investigate this issue in
S. Typhi by generating a mutant strain with
a disruption in the yrbE gene. We found that the
YrbE-deficient strain of S. Typhi had abnormal-
ities of flagellin expression, motility, adhesion to
epithelial cells and the induction of intestinal
inflammatory responses. Surprisingly, disruption
of yrbE had little or no effect on these character-
istics in S. Typhimurium.

Results

We used the method of Datsenko and Wanner to
disrupt the yrbE gene in the wild-type (WT) S. Typhi
strain Ty2.29 PCR of genomic DNA from the mutant
strain, designated as Ty2ΔyrbE, was used to confirm
the disruption of the yrbE gene and final excision of
the chloramphenicol resistance cassette used for the
disruption. We also complemented Ty2ΔyrbE with
a plasmid expressing yrbE to generate the strain
Ty2ΔyrbE/pyrbE+. We used quantitative reverse tran-
scription PCR (qRT-PCR) to compare yrbE expres-
sion in Ty2, Ty2ΔyrbE and Ty2ΔyrbE/pyrbE+ and
found it to be essentially undetectable in Ty2ΔyrbE
and about 11-fold higher than WT in Ty2ΔyrbE/
pyrbE+ (Supplementary Figure 1A). We also exam-
ined the expression of yrbB and yrbC, genes that are
downstream of yrbE in the operon, and found that the
disruption of yrbE did not significantly alter their
expression, confirming the absence of polar effects
(Supplementary Figure 2A).24 yrbE did not have
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a significant effect on growth since the Ty2 and
Ty2ΔyrbE strains grew at essentially identical rates
(Supplementary Figure 3A). The Ty2ΔyrbE/pyrbE+

strain had a minor, non-significant lag in growth
compared to the other two strains during the early
phase of culture but by 7 h it had achieved a similar
density (Supplementary Figure 3A).

Since yrbE was listed as one of the genes affect-
ing motility in a genome-wide screen carried out
in E. coli, we compared swimming and swarming
motility in Ty2, Ty2ΔyrbE and Ty2ΔyrbE/
pyrbE+.30 We found that yrbE deficiency resulted
in a hypermotile phenotype in the swimming
assay, while complementation with the yrbE-
expression plasmid corrected this abnormality
(Figure. 1(A,B)). There was no consistent effect
of the yrbE disruption on swarming motility
(data not shown). These results were somewhat
surprising because the E. coli screen indicated
that a mutation in yrbE strongly repressed swarm-
ing but did not significantly affect swimming.30

Nevertheless, in keeping with the increased moti-
lity of Ty2ΔyrbE, this strain expressed significantly
higher levels of fliC, the sole flagellin gene in most

S. Typhi isolates, relative to Ty2 (Figure 1(C)).31,32

As in the motility assay, plasmid complementation
restored expression of fliC to levels that were not
significantly different from WT (Figure 1(C)).

We then proceeded to examine the effect of yrbE
deficiency on adhesion of S. Typhi to the HeLa
cervical epithelial cell line. As described by others,
the adhesion assay was carried out on ice in order to
prevent internalization of the bacteria.13 The bacteria
were centrifuged onto the cells to correct for differ-
ences in motility. As shown in Figure 2, yrbE defi-
ciency resulted in significantly reduced adhesion of
S. Typhi to HeLa cells (about 1.5 log lower), whereas
complementation of the mutant strain with plasmid-
expressed yrbE restored WT adhesion levels. The
effects of yrbE on adhesion could not be explained
by differences in the numbers of Ty2, Ty2ΔyrbE and
Ty2ΔyrbE/pyrbE+ added to the cells. The actual
infecting doses of the three bacterial strains were
determined by plating and were found to be similar
in each experiment.

To gain insight into the mechanistic basis for the
impaired adhesion caused by yrbE deficiency, we
considered the possibility that the hypermotility of

Figure 1. Effect of yrbE on motility and flagellin expression of S. Typhi. Overnight cultures of Ty2, Ty2ΔyrbE and Ty2ΔyrbE/pyrbE+

were spotted onto LB/0.25% agar plates. After 8 h at 37°C, the plates were (A) photographed, and (B) motility diameters measured.
**p < .01, n = 6 or 7 per group. (C) fliC expression in overnight cultures of Ty2, Ty2ΔyrbE and Ty2ΔyrbE/pyrbE+ was measured by
qRT-PCR. **p < .01, n = 4 or 6 per group.
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Ty2ΔyrbE might interfere with the ability to form
normal adhesive interactions with the plasma mem-
brane of mammalian cells. To investigate this idea, we
deleted the fliC gene in Ty2ΔyrbE to generate the
double mutant strain Ty2ΔyrbEΔfliC. Deletion of
fliC completely abolished the hypermotility of
Ty2ΔyrbE (Figure 3(A)) but did not increase the
adhesion of this strain to HeLa cells (Figure 3(B)).
Since flagella have been implicated in initial, nonspe-
cific adherence to host cells, it was possible that dis-
ruption of fliC could have affected adhesion
independently of motility.33 Therefore, to substantiate
our findings, we disrupted the flagellar motor gene
motB in Ty2ΔyrbE to generate the strain
Ty2ΔyrbEΔmotB. motB is part of the stator complex
of the flagellar motor and couples proton flux to
rotation of the rotor-flagellar filament.34 Mutations
of motB result in a paralyzed phenotype in which

Figure 2. Effects of yrbE on S. Typhi adhesion to HeLa cells.
Adhesion of Ty2, Ty2ΔyrbE and Ty2ΔyrbE/pyrbE+ to HeLa cells
was measured as described in the text. **p < .01, ***p < .001,
n = 12–14 per group.

Figure 3. Effects of fliC and motB deletion on motility and adhesion of Ty2ΔyrbE. (A) Swimming motility of Ty2ΔyrbE and
Ty2ΔyrbEΔfliC. ***p < .001, n = 5 per group. (B) Adhesion of Ty2ΔyrbE and Ty2ΔyrbEΔfliC to HeLa cells. The difference between
groups is not significant, n = 6 per group. (C) Swimming motility of Ty2ΔyrbE and Ty2ΔyrbEΔmotB. ***p < .001, n = 3 per group. (D)
Adhesion of Ty2ΔyrbE and Ty2ΔyrbEΔmotB to HeLa cells. The difference between groups is not significant, n = 6 per group.
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flagella are assembled but cannot rotate.35 In keeping
with these earlier observations, disruption of motB in
Ty2ΔyrbE inhibited motility (Figure 3(C)). However,
it did not improve adhesion to HeLa cells (Figure 3
(D)). Taken together, our results indicate that the
increased flagellin expression and hypermotility of
Ty2ΔyrbE do not explain the impaired adhesion of
this strain.

Although the HeLa cell line is widely used in
studies of Salmonella-epithelial interactions, it is
derived from a cell type that is not the natural
target of S. Typhi. Accordingly, we also used polar-
ized monolayers of primary intestinal epithelial
cells generated from human ileal organoids to
examine the effects of yrbE deficiency. Short of
infecting human volunteers, the organoid-derived
monolayers represent one of the most physiologi-
cally relevant experimental systems for studying
interactions between S. Typhi and the human
intestinal epithelium.36 Polarized monolayers of
the primary ileal epithelial cells were infected api-
cally with Ty2, Ty2ΔyrbE and Ty2ΔyrbE/pyrbE+

and adhesion was assessed as before. Similar to
the results with HeLa cells, we found that disrup-
tion of yrbE significantly reduced the adhesion of
S. Typhi to the polarized gut epithelial monolayers
and that this abnormality could be corrected by
plasmid complementation (Figure 4(A)). We also
examined the effect of the yrbE deficiency on the
ability of the bacteria to induce secretion of the
pro-inflammatory cytokine interleukin-8 (IL-8)
from the basolateral aspect of the monolayers.
We found that Ty2ΔyrbE induced a higher

amount of IL-8 relative to the WT strain (although
not to the level of statistical significance), and that
complementation of Ty2ΔyrbE with the yrbE
expression plasmid significantly reduced this
amount (Figure 4(B)). The increase in IL-8 induc-
tion by Ty2ΔyrbE was probably related to its
higher expression of flagellin since the disruption
of fliC in this strain significantly reduced produc-
tion of the cytokine (Supplementary Figure 4),
consistent with earlier demonstrations of the
essential role played by Salmonella flagellin in
activating inflammatory responses in intestinal
epithelial cells.37–39

The YrbE transporter in S. Typhimurium is
identical in protein sequence to the S. Typhi ver-
sion. However, given the differences in pathogeni-
city of the two organisms, we were interested in
determining whether yrbE played the same roles in
S. Typhimurium as it did in S. Typhi. Accordingly,
we disrupted the yrbE gene in the WT S.
Typhimurium strain SL1344 to generate the strain
SLΔyrbE, as well as the plasmid complemented
version of this strain, SLΔyrbE/pyrbE+. We con-
firmed the absence of yrbE expression in SLΔyrbE
and its marked increase in SLΔyrbE/pyrbE+

(Supplementary Figure 1B), as well as the lack of
any polar effects of the yrbE disruption on the
downstream genes yrbB and yrbC
(Supplementary Figure 2B). As in the case of S.
Typhi, yrbE did not have significant effects on
growth of S. Typhimurium (Supplementary
Figure 3B). We compared the swimming motility
of SL1344, SLΔyrbE and SLΔyrbE/pyrbE+. As

Figure 4. Effects of yrbE on interactions between S. Typhi and human ileum organoid-derived polarized primary epithelial monolayers. (A)
Adhesion of Ty2, Ty2ΔyrbE and Ty2ΔyrbE/pyrbE+ to the monolayers was measured as described in the text. *p < .05, **p < .001, n = 6 or 7 per
group. (B) Induction of basolateral IL-8 secretion from the monolayers in response to Ty2, Ty2ΔyrbE and Ty2ΔyrbE/pyrbE+ was measured by
ELISA. **p < .01, n = 3 per group.
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noted previously by others, S. Typhimurium is
more motile in this assay than S. Typhi.40,41

Somewhat to our surprise, the lack of yrbE had
no significant effect on either motility or flagellin
expression in S. Typhimurium (Figure 5(A,B)).
Note that the fliC primers used for qRT-PCR
amplify both of the flagellin transcripts expressed
by S. Typhimurium, fliC and fljB. Similar results
were obtained with fljB-specific primers (data not
shown). Interestingly, the plasmid complemented
strain had significantly reduced motility and fla-
gellin expression (Figure 5(A,B)), uggesting that
yrbE was capable of influencing these characteris-
tics in S. Typhimurium when over-expressed. In
a further distinction from S. Typhi, yrbE had no
significant effects on adhesion of S. Typhimurium
to HeLa cells (Figure 6). Finally, we made use
of the streptomycin pre-treatment mouse model
of S. Typhimurium infection to examine the effects
of yrbE in vivo.42 Here also, we found no signifi-
cant differences between SL1344, SLΔyrbE and
SLΔyrbE/pyrbE+ with respect to indicators of
the severity of intestinal inflammation – gross
appearance, length, histology or TNFα transcript
levels of the cecum (Supplementary Figure 5A,
Figure 7(A–C)) – or in the numbers of the bacteria
present in the stool or associated with the cecal
wall (Supplementary Figure 5B, Figure 7(D)).
Thus, based on our findings, yrbE does not appear
to have any effects on interactions between S.

Typhimurium and the intestinal epithelium,
a clear difference from its role in S. Typhi.

Discussion

The results presented here provide novel insights
into the functions of the YrbE transporter in S.
Typhi. Our findings indicate that YrbE plays an
important role in controlling the expression of
flagellin, and that it influences key aspects of
pathogenesis, viz., motility, and adhesion to
epithelial cells. The hypermotility associated with

Figure 5. Effect of yrbE on motility and flagellin expression of S. Typhimurium. (A) Overnight cultures of SL1344, SLΔyrbE and SLΔyrbE/
pyrbE+ were spotted onto LB/0.25% agar plates. After 8 h at 37°C, the motility diameters were measured. **p < .01, n = 5 per group. (B)
Flagellin expression in overnight cultures of SL1344, SLΔyrbE and SLΔyrbE/pyrbE+ was measured by qRT-PCR using fliC primers (which
amplify both fliC and fljB transcripts). *p < .05 **p < .01, n = 7–9 per group.

Figure 6. Effect of yrbE on S. Typhimurium adhesion to HeLa
cells. Adhesion of SL1344, SLΔyrbE and SLΔyrbE/pyrbE+ to HeLa
cells was measured as described in the text. The differences
between groups are not significant, n = 9 per group.
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disruption of the yrbE gene in the Ty2ΔyrbE
strain results from increased expression of flagel-
lin, while the impaired adhesion of this strain is
not the result of the increases in flagellin or
motility. The exact mechanism by which yrbE
influences adhesion remains to be elucidated.
The YrbE transporter is involved in maintaining
the normal phospholipid composition of the
outer bacterial membrane.24–26 Although a very
recent study has raised some questions about the
direction in which phospholipids are moved by
the transporter, disruption of yrbE is expected to
cause changes in outer membrane phospholipid
composition.43 Such alterations could affect the
biophysical properties of the membrane, which
in turn could affect adhesion of the bacteria to
host cells. Further work will be required to inves-
tigate and substantiate this idea.

Interestingly, the elevated levels of flagellin expres-
sion that result from disruption of yrbE appear to
enhance the inflammatory effects of S. Typhi at the
gut epithelium, presumably as a result of increased
activation of Toll-like receptor 5 (TLR5), a major
receptor for flagellin that is expressed on the basolat-
eral surface of intestinal epithelial cells.37–39 Thus,
yrbE may contribute to the attenuation of intestinal
inflammatory responses that facilitates extra-
intestinal spread of S. Typhi.10 Absence of yrbE-
dependent control of fliC expression is also likely to
affect the course of S. Typhi infection at systemic sites.
Flagellin sensors such as TLR5 and the NLRC4
inflammasome that are expressed in macrophages
and dendritic cells play important roles in restricting
bacterial growth.44 Correspondingly, Salmonella
mutants that over-express flagellin have been shown
to be attenuated in vivo.45

Figure 7. Effects of yrbE in the in vivo streptomycin pre-treatment mouse model of S. Typhimurium infection. Groups of C57BL/6J
mice were infected orally with SL1344, SLΔyrbE and SLΔyrbE/pyrbE+ after streptomycin pre-treatment and euthanized 48 h after
infection. (A) Cecal lengths (n = 4–8 per group). (B) Formaldehyde-fixed sections of the ceca were stained with hematoxylin and
eosin and visualized with a 10X objective. (C) Total RNA prepared from segments of the ceca was used for qRT-PCR analysis of TNFα
expression (n = 4–7 per group). (D) Weighed portions of the ceca were homogenized in 1% Triton X-100 and serial dilutions plated
to determine the numbers of intestine-associated Salmonella (n = 3–4 per group). The differences between groups are not
significant.
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Together with earlier experiments showing that
yrbE inhibits the inappropriate expression of the
typhoid toxin in the cytosol of infected cells, our
observations suggest that a major function of this
transporter is to regulate S. Typhi gene expression,
presumably as a result of changes in outermembrane
phospholipid composition.28 Interestingly, a recent
study showed that deficiency of the Neisseria gonor-
rhoeae mlaA gene, which acts in the same phospho-
lipid transport pathway as yrbE, resulted in
abnormally elevated expression of some adhesins.46

This finding provides further support for the idea
that YrbE-dependent regulation of outer membrane
phospholipids is required for normal gene regula-
tion. This function is likely to be a reflection of the
outer membrane’s role in detecting and responding
to environmental cues. Based on this idea, it seems
reasonable to speculate that an abnormality of outer
membrane phospholipid composition caused by
yrbE deficiency would interfere with the sensing
and/or signal-transducing properties of other mole-
cules located in this structure. Further work will be
required to fill in the details of this model. The
involvement of yrbE in gene regulation does not
rule out its more traditional role in protection
against membrane disrupting agents, nor its more
recently described activity in membrane
vesiculation.24–26 All these functions probably arise
from the requirement for yrbE in maintaining the
structural integrity of the outer membrane.

It was surprising to discover that disruption of
yrbE had little or no effect on flagellin expression,
motility, adhesion and the induction of intestinal
inflammatory responses in S. Typhimurium. This
finding suggests that the function of yrbE is ser-
ovar-specific and raises the intriguing possibility
that this gene might contribute to the differences
in types of disease caused by S. Typhi and S.
Typhimurium. Further characterization of yrbE
function in the two serovars will help to shed
light on this issue. Meanwhile, it may be pertinent
that a recent report identified unusual trehalose
phospholipid molecules that are present at higher
levels in the cell envelope of S. Typhi compared to
S. Typhimurium.47 If YrbE is involved in the
transport of such phospholipids, disrupting the
yrbE gene could have functional consequences in
S. Typhimurium that differ from those in S. Typhi.
This possibility merits further investigation.

In summary, our findings indicate that yrbE
plays an important and serovar-specific role in
the early interactions between S. Typhi and the
intestinal epithelium. Further characterization of
its function could provide novel insights into
typhoid pathogenesis and suggest new ways to
prevent and treat this important public health
problem.

Materials and methods

Growth of bacteria and generation of gene
disruptions

The WT S. Typhi strain Ty2 was obtained from the
American Type Culture Collection, Manassas, VA
and was cultured at 37°C in lysogeny broth (LB). To
carry out infections, a colony from a freshly streaked
plate was inoculated into 2 ml of LB and incubated in
a 12 ml culture tube with a loose cap at 37°C with
shaking at 220 rpm for 8 h. Ten microliters of the
culture was then back-diluted 1/1000 into 10 ml of
fresh LB in a tightly capped 12 ml culture tube and
incubated overnight at 37°C under static conditions
(i.e., without shaking).

The S. Typhi yrbE gene was disrupted following
the protocol of Datsenko andWanner.29 Briefly, Ty2
was transformed by electroporation with the tem-
perature-sensitive plasmid pKD46 encoding the
Lambda Red recombinase. The pKD46 transformant
was then transformed with a DNA fragment con-
taining a chloramphenicol resistance marker flanked
by regions of yrbE homology that was generated by
PCR amplification with the Phusion DNA polymer-
ase (New England Biolabs, Ipswich, MA) using the
primers STyYrbEP1 and STyYrbEP2 and the plas-
mid pKD3 as the template (sequences of all primers
are provided in Supplementary Table 1).
Transformants were selected on LB with 10 µg/ml
chloramphenicol at 37°C to eliminate pKD46.
Genomic DNA was prepared from several transfor-
mants and used for PCR amplification with the
primers STyYrbEUp and STyYrbEDn to confirm
the disruption of yrbE by insertion of the chloram-
phenicol resistance cassette. A transformant with the
confirmed disruption was transformed with the tem-
perature-sensitive plasmid pCP20 encoding the FLP
recombinase in order to excise the chloramphenicol
resistance cassette. Following curing of the plasmid
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by growth at 37°C in the absence of any antibiotic
selection, the excision was confirmed by PCR ampli-
fication of genomic DNA with STyYrbEUp and
STyYrbEDn. The yrbE-disrupted strain was desig-
nated Ty2ΔyrbE.

To complement Ty2ΔyrbE, the WT yrbE open
reading frame was PCR amplified from Ty2 geno-
mic DNA using the primers STyYrbER1 contain-
ing a flanking EcoR1 site and STyYrbEN1
containing a flanking Not1 site. The EcoR1-Not1-
digested PCR product was cloned into the multi-
copy plasmid pBH and the resultant product
sequenced to confirm that the cloned yrbE
retained the WT sequence.38 The plasmid was
transformed into Ty2ΔyrbE to generate the
Ty2ΔyrbE/pyrbE+ strain.

The disruptions of the fliC and motB genes in
Ty2ΔyrbE were carried out and confirmed as
described above for yrbE. The corresponding
primers were: STyFliCP1, STyFliCP2,
STyFliCUp, STyFliCDn, STyMtBP1, STyMtBP2,
STyMtBUp, STyMtBDn. The fliC-disrupted
strain was designated Ty2ΔyrbEΔfliC, while the
motB disrupted strain was designated
Ty2ΔyrbEΔmotB.

The WT S. Typhimurium strain SL1344 was
originally obtained from Dr. Beth McCormick,
University of Massachusetts Medical Center,
Worcester, MA. It was grown similarly to S.
Typhi and the disruption of the yrbE gene car-
ried out exactly as described above using the
same sets of primers (which target identical
nucleotide sequences in the S. Typhimurium
genome). The yrbE-disrupted strain –
SLΔyrbE – was transformed with the pBHyrbE
expression plasmid to obtain the complemented
strain SLΔyrbE/pyrbE+

Growth assays were carried out by inoculating 8
µl of saturated overnight cultures of the S. Typhi and
S. Typhimurium strains into quadruplicate 800 µl
aliquots of LB (with ampicillin added to 100 µg/ml
in the case of the plasmid-complemented strains) in
a 48-well tissue culture plate. The plate was incu-
bated at 37°C with shaking at 220 rpm. One hun-
dred µl aliquots of the cultures were removed
every hour and the absorbance at 650 nm measured
on a microplate reader using LB as the blank.

Bacterial motility assays

Motility of bacterial strains was analyzed essen-
tially as described by Kalai Chelvam et al. by
spotting 2 µl of the overnight cultures onto the
center of triplicate LB plates made with either
0.25% agar (for swimming) or 0.5% agar
(swarming).41 The plates were incubated at 37°C
for 8 h (swimming) or overnight (swarming) and
the maximum diameter of the motility circle was
measured.

Analysis of bacterial gene expression

Total RNA was prepared from 1.2 ml aliquots of
triplicate overnight static cultures of the bacteria
using the RNeasy Mini kit (Qiagen, Germantown,
MD) and following the manufacturer’s guidelines.
The RNA (0.5–1 µg per sample) was treated with
RNAse-free DNAse to eliminate any contaminat-
ing genomic DNA, reverse transcribed and ampli-
fied using the iScript cDNA synthesis kit and the
iQ SYBR Green Supermix kit, respectively (both
kits from Bio-Rad, Hercules, CA). Amplification
was carried out using primers specific for
S. enterica fliC and S. Typhimurium fljB, as well
as bacterial 16S rRNA, and was monitored using
the Bio-Rad CFX Connect Real-Time System. The
specificity of the amplification was confirmed
based on the generation of a single, sharp melting
curve. Relative expression was calculated using the
2−ΔCt method, with normalization to 16S rRNA.
The sequences of the primers for Salmonella fliC
and universal bacterial 16S rRNA have been pub-
lished previously.48,49 The primers used for ampli-
cation of S. Typhimurium fljB were STmFljbF and
STmFljbR (all primer sequences are provided in
Supplementary Table 1). Note that because of the
marked sequence similarity between fliC and fljB,
it was not possible to design primers specific for
only the former. Thus, the fliC primers that we
used amplify both transcripts in S. Typhimurium.
The fljB primers amplify only the fljB transcript.
The expression of the yrbB and yrbC genes was
analyzed by qRT-PCR in the same way, using the
primers STyYrbBF and STyYrbBR, and STyYrbCF
and STyYrbCR, respectively.
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Growth of HeLa cells

HeLa cells were maintained in a 37°C tissue cul-
ture incubator in Dulbecco’s Modified Eagle
Medium (DMEM, Invitrogen, Carlsbad, CA) with
10% heat-inactivated fetal bovine serum (iFBS)
and penicillin-streptomycin, with trypsinization
and passage every 2–3 d.

Adhesion assays

On the day before infection, 1.75 × 105 HeLa cells
in 0.5 ml of medium were seeded in triplicate in
the wells of a 24-well tissue culture plate and
allowed to adhere overnight. The next morning,
the wells were typically 80-90% confluent. The
medium was aspirated from the wells and the
cells were washed 3 times with PBS and placed in
antibiotic-free DMEM with 10% iFBS (infection
medium) prior to infections. The tissue culture
plate with the cells was incubated on ice starting
about 30 min before the addition of bacteria.

Overnight static cultures of the various bacterial
strains were harvested by centrifugation, washed
with PBS and suspended in infection medium at
a calculated density of 4 × 109 cfu/ml. Twenty-five
microliters of the appropriate bacterial suspension
(approximately 108 cfu) was added to the corre-
sponding wells. The actual inoculum of each bacter-
ial strain was determined by plating serial dilutions
of the suspensions used for infection. The inocula of
the WT, yrbE-disrupted and plasmid-complemented
strains were similar in any given experiment.

After the addition of the bacteria, the plate was
centrifuged at 500 g for 10 min at 4°C to deposit the
bacteria onto the cells. The plate was incubated on
ice for 1 h, as described by others.13 The cells were
then washed three times with ice-cold PBS and lysed
by the addition of sterile 1% Triton X-100 in water.
After incubation on ice with gentle agitation for 15
min, serial dilutions of the lysates were made and
plated on LB agar to enumerate recovered bacteria.

Human ileum-derived organoid monolayers

Polarized monolayers of primary human intestinal
epithelial cells were prepared as previously
described.50,51 In brief, biopsies of the terminal
ileum were obtained from individuals in good general

health and without chronic medical conditions who
were undergoing diagnostic colonoscopy. Human
subject recruitment and use of the biopsies were car-
ried out with informed consent and with the approval
of the Massachusetts General Hospital/Partners
Healthcare Institutional Review Board (protocol
number 2014P002001). Biopsies were transported
immediately to the laboratory and processed to obtain
crypt fractions. Crypts were cultured to generate orga-
noids as described in detail in ref.50 The organoids
were trypsinized and the cells seeded on Transwell
inserts in 24-well plates (Corning Life Sciences,
Tewksbury, MA) and cultured until the formation of
monolayers. Forty-eight hours before use, the mono-
layers were treated apically with N-[2S-(3,5-difluoro-
phenyl)acetyl]-L-alanyl-2-phenyl-1,1-dimethylethyl
ester-glycine (DAPT, MilliporeSigma, Burlington,
MA) and the stem cell factors were reduced to induce
differentiation. Monolayer integrity and polarization
were assessed by the measurement of trans-epithelial
electrical resistance. About an hour before infection,
the medium was aspirated from the apical and baso-
lateral compartments, the cells were washed 3 times
with PBS and placed in antibiotic-free DMEM with
10% iFBS. Bacterial adhesion to the organoid-derived
polarized monolayers of primary intestinal epithelial
cells was quantified in the same way as for the HeLa
cells, with the bacteria being added to the apical
chamber and volumes of medium and PBS adjusted
for the size of the Transwell compartments. For the
measurement of IL-8 secretion, the organoid mono-
layers were infected on the apical side for 1 h at 37°C.
The cells were then washed and incubated in medium
containing 100 µg/ml of gentamicin to kill extracellu-
lar bacteria. The basolateral supernatants were col-
lected 4–5 h later and IL-8 concentration measured
by enzyme-linked immunosorbent assay (ELISA) as
described previously.39

Mouse infections

Groups of 6-week-old male WT C57BL/6J mice
(Jackson Laboratory) were treated with streptomy-
cin, 20 mg per mouse, by oral gavage and then
infected 24 h later with approximately 5 × 108 cfu
of SL1344, SLΔyrbE or SLΔyrbE/pyrbE+ by oral
gavage, as described in the published protocol.42

The mice were euthanized by controlled flow carbon
dioxide asphyxia 48 h after infection. At necropsy,
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the cecum, which is the site of maximal inflamma-
tion in this model, was excised, photographed and
its length recorded. Segments of the cecum were
removed for fixation and processing for hematoxy-
lin and eosin staining, preparation of RNA, and
quantitation of tissue pathogen burden by homoge-
nization in sterile 1% Triton X-100 and plating of
serial dilutions of the homogenate on MacConkey
agar containing 50 µg/ml streptomycin. A sample of
stool was collected aseptically from the colon and
homogenized and plated similarly. qRT-PCR for
cecal TNFα transcript levels was carried out as
described previously.52 The animal experiments
were approved by the Institutional Animal Care
and Use Committee under protocol number
2008N000061 and were performed in accordance
with all relevant guidelines.

Statistical analysis

Each assay was performed in triplicate or quadrupli-
cate and was carried out at least twice. The results
from representative or multiple experiments are pre-
sented as the mean ± standard deviation. The
Student’s t-test was used to assess significance in
experiments involving comparison of just two
groups while the Kruskal–Wallis test with post-hoc
Dunn’s test was used for experiments involving mul-
tiple comparisons. A p value < .05 was considered to
be significant. All statistical analyses were carried out
using Prism 6 (GraphPad Software, San Diego, CA).
The p values are indicated in the figures, with *
representing p < .05, ** representing p < .01 and ***
representing p < .001. The number of replicates (n) is
provided in each figure legend.
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