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Group IV polysaccharide capsules are common in enteric bacteria and have more recently been described in nontyphoidal Sal-
monella species. Such capsules are known as O-antigen (O-Ag) capsules, due to their high degree of similarity to the O-Ag of the
lipopolysaccharide (LPSO-Ag). Capsular polysaccharides are known virulence factors of many bacterial pathogens, facilitating
evasion of immune recognition and systemic dissemination within the host. Previous studies on the O-Ag capsule of salmonellae
have focused primarily on its role in bacterial surface attachment and chronic infection; however, the potential effects of the
O-Ag capsule on acute pathogenesis have yet to be investigated. While much of the in vivo innate immune resistance of Salmo-
nella enterica serovar Typhimurium is attributed to the high-molecular-weight LPS, we hypothesized that the O-Ag capsule may
enhance this resistance by diminishing surface expression of pathogen-associated molecular patterns, such as flagella, and in-
creasing resistance to host immune molecules. To test this hypothesis, O-Ag capsule-deficient mutants were constructed, and the
loss of O-Ag capsular surface expression was confirmed through microscopy and immunoblotting. Loss of O-Ag capsule produc-
tion did not alter bacterial growth or production of LPS. Western blot analysis and confocal microscopy revealed that O-Ag cap-
sule-deficient mutants demonstrate reduced resistance to killing by human serum. Furthermore, O-Ag capsule-deficient mu-
tants produced exclusively phase I flagellin (FliC). Although O-Ag capsule-deficient mutants did not exhibit reduced virulence in
a murine model of acute infection, in vitro results indicate that the O-Ag capsule may function to modify the antigenic nature of
the bacterial surface, warranting additional investigation of a potential role of the structure in pathogenesis.

Salmonella enterica is the most common cause of bacterial gas-
trointestinal (GI) infection worldwide, causing over 93 million

new infections annually (1, 2), the majority of which are caused by
nontyphoidal serovars, such as Salmonella enterica serovar Typhi-
murium and Salmonella enterica serovar Enteritidis (3). Although
primarily associated with self-limiting gastroenteritis, nontyphoi-
dal Salmonella species (NTS) are also an important and underrec-
ognized cause of community-acquired bacteremia, particularly in
many regions of sub-Saharan Africa (4, 5), where NTS are the
most commonly isolated bloodstream pathogens. NTS bactere-
mia is highly associated with an altered immune status related to
advanced HIV, concurrent infection with malaria, malnutrition,
and extremes of age (�2 or �60 years) but also occurs in up to 5%
of NTS infections in otherwise healthy patients (6–11).

Although extraintestinal infection with NTS is relatively rare,
the invasive Salmonella enterica serovar Typhi is particularly adept
at systemic dissemination, a characteristic facilitated in part by the
production of a surface polysaccharide termed the Vi-antigen (Vi-
Ag) capsule. The Vi-Ag capsule is not required for GI colonization
but diminishes the local inflammatory response at sites of bacte-
rial invasion and enhances systemic virulence (12) by masking
pathogen-associated molecular patterns (PAMPS), such as lipo-
polysaccharide (LPS); repressing production of highly immuno-
genic flagellin; increasing resistance to innate immune molecules;
and directly interfering with host interleukin-8 (IL-8) inflamma-
tory signaling cascades (13, 14). S. Typhimurium lacks the Vi-Ag
capsule but has been reported to produce an alternative capsular
polysaccharide (15–17). This structure is a group IV capsule, often
referred to as an O-antigen (O-Ag) capsule due to its high degree
of similarity to the O-antigen tetrasaccharide repeating unit of
lipopolysaccharide (LPSO-Ag). Previous work has identified group
IV capsules in Escherichia coli, Vibrio, Shigella sonnei, Francisella
tularensis, and Campylobacter jejuni (18–23). Functional analyses

of the roles of these capsules during infection have demonstrated
that they are able to facilitate serum resistance, aid in systemic
dissemination, exhibit shielding of LPS, inhibit immune recogni-
tion of the type III secretion system (T3SS) apparatus, reduce host
inflammatory response, and delay apoptosis of infected macro-
phages (21, 24, 25).

Previous studies to understand the role of the O-Ag capsule in
Salmonella have reported it to be important for bacterial surface
adherence, environmental persistence, and multicellular behavior
(15, 26). In S. Enteritidis, the O-Ag capsule operon (yshA-yihU) is
regulated by AgfD (CsgD) in concert with extracellular matrix
components and thus is maximally expressed in stationary phase
at lower temperatures (�30°C) (17). In S. Typhimurium, how-
ever, the O-Ag capsule operon is not a target of AgfD regulation
(27) and is highly expressed at 37°C in vivo, specifically in the small
intestine, liver, and spleen (28), indicating a possible role in sys-
temic virulence. In the present study, we visualized the O-Ag cap-
sule in association with the bacterial surface of S. Typhimurium
and observed that the capsule is dependent on the function of a
putative transmembrane permease (YihO), shields LPS from rec-
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ognition by specific antibodies, increases resistance to serum bac-
tericidal activity, and modulates surface expression and phase
variation of flagella. The results described here further character-
ize the O-Ag capsule of S. Typhimurium and support a role for the
structure in facilitating pathogenesis and altering immune-medi-
ated clearance through modification of the bacterial surface.

MATERIALS AND METHODS
Bacterial strains, culture conditions, and reagents. The bacterial strains
used in this study are shown in Table 1. Unless otherwise indicated, re-
agents were purchased from Thermo Fisher Scientific, Rockford, IL. Cul-
tures were grown overnight at 37°C with aeration in Luria-Bertani (LB)
broth or on LB agar plates as described below. O-Ag capsule detection and
purification were conducted on cultures in stationary phase. For experi-
ments using mid-logarithmic-phase bacteria, overnight cultures were di-
luted 1:100 in fresh LB broth and grown at 37°C with aeration to an optical
density at 600 nm (OD600) of 0.6. When necessary, media were supple-
mented with chloramphenicol (25 �g ml�1) (LBcam), ampicillin (50 �g
ml�1 or 100 �g ml�1) (LBamp), or kanamycin (45 �g ml�1) (LBkan).
Capsular production was observed to be similar under all the culture
conditions tested (liquid and agar cultures grown in LB, LB without salt,
tryptic soy broth [TSB], super optimal broth [SOB], and M9 minimal
medium supplemented with glucose or glycerol at incubation tempera-
tures of both 30°C and 37°C), and therefore, subsequent experiments
were conducted under standard laboratory culture conditions using LB
broth or agar at 37°C.

Construction of mutants. Unmarked, nonpolar deletions in S. Typhi-
murium 14028S (wild type) were created according to the phage � Red-
mediated homologous-recombination method as described by Datsenko

and Wanner (29). In brief, strain JSG1727 was cultured for 5 h at 30°C to
induce expression of the pKD46 � Red recombinase plasmid. The cells
were pelleted and washed in 10% glycerol. Inner primers with homology
to the target gene (Table 2, yihO, JG2087/JG2088) were used to PCR
amplify the camR cassette of pKD3. The PCR product was gel extracted,
transformed into JSG1727, and plated on LBcam at 37°C. Transformants
were patched to LBcam and LBamp at 40°C to remove pKD46. Chloram-
phenicol-resistant, ampicillin-sensitive colonies were selected; screened
via colony PCR with outer checking primers (Table 2, yihO, JG2093/
JG2094); and sequenced at the Ohio State University (OSU) Plant Mi-
crobe Genomics Facility to confirm correct replacement of the target gene
with camR. The resultant strains were grown at 37°C and transformed
with purified pCP20 encoding Flip recombinase to resolve the camR
cassette. Ampicillin-resistant, chloramphenicol-sensitive transformants
were selected at 30°C; grown at 37°C to remove pCP20; and screened via
colony PCR. Deletion of the target gene(s) was confirmed by sequencing
using outer checking primers, and the resultant strain was stored at
�80°C in 20% glycerol. For complementation of yihO, plasmids pJM1
and pJM2 were constructed as follows. yihO was amplified and cloned into
the HindIII and EcoRI sites of vectors pUC18 and pWSK129 (GenScript
Corporation, Piscataway, NJ) (30). Ligation reactions were transformed
into One-Shot Top10 chemically competent E. coli (Invitrogen/Life Tech-
nologies, Carlsbad, CA), and the transformants were plated on LBamp
containing 0.1 mM IPTG (isopropyl-�-D-thiogalactopyranoside) and 40
�g ml�1 X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) to
permit blue-white screening. White colonies were selected and screened
by colony PCR using M13 Forward (M13F) and the JG2491 primer inter-
nal to yihO. Correct clones carrying plasmid pJM1 (yihO in pUC18) and
pJM2 (yihO in pWSK129) were isolated. The plasmids were purified, se-
quenced using M13F, and transformed into JSG3672 �yihO.

Purification of bacterial polysaccharides. Overnight bacterial cul-
tures (50 ml) were normalized to an OD600 of 1.0 and centrifuged for 30
min at 5,000 � g. The pellets were homogeneously resuspended in TRIzol
(Life Technologies, Carlsbad, CA) and incubated at room temperature for
30 min. Chloroform (Sigma-Aldrich, St. Louis, MO) was added at a ratio
of 1:5, and the mixture was vigorously vortexed, followed by sitting for 15
min at room temperature to create a phase separation. Samples were
centrifuged for 10 min at 11,000 � g, the aqueous phase was removed, and
the organic phase was subjected to a secondary aqueous extraction. The
aqueous phases were combined, frozen at �80°C, and lyophilized. Lyoph-
ilized samples were resuspended in endotoxin-free H2O and dialyzed
against double-distilled H2O (ddH2O) in a 7,000 molecular weight cutoff
(MWCO) membrane for 18 h, followed by lyophilization in preweighed
tubes. The resultant material was weighed and assayed for protein con-
tent, which was determined to be less than 0.01% of the sample weight, via
bicinchoninic acid (BCA) assay (Pierce, Rockford, IL). The polysaccha-
ride content was estimated using a phenol-sulfuric acid assay (31), which
found it to be consistent with the calculated sample weight. The material
was resuspended at a concentration of 25 �g ml�1 in endotoxin-free H2O.

Preparation of O-Ag capsule polyclonal antisera. Rabbit polyclonal
antisera directed at extracellular polysaccharides (EPS) of S. Enteritidis
(17) (provided by D. L. Gibson and A. P. White) were adsorbed against a
�yshA-yihW mutant of S. Typhimurium in order to remove potential
nonspecific reactivity with other immunogenic components of the cell
surface. In brief, 100 ml of stationary-phase culture of JSG3675 (�yshA-
yihW) was pelleted at 4,800 � g for 20 min at 4°C. The pelleted cells were
washed in 10 ml of adsorption buffer (10 mM NaCl, 10 mM KCl) and
resuspended in 50 ml ice-cold acetone for 30 min. The acetone was al-
lowed to evaporate in a fume hood until the pellets were completely dry.
The dried pellets were then homogenized into a fine powder, and 100 mg
was incubated with O-Ag capsular antiserum diluted 1:50 in phosphate-
buffered saline (PBS) for 4 h at 4°C with constant agitation. Samples
were centrifuged at 14,000 � g for 15 min, and the procedure was
repeated 2 more times before the antiserum was passed through a

TABLE 1 S. enterica serovars used in this study

Strain Relevant characteristics Source

JSG210 Wild-type S. Typhimurium; ATCC 14028s
(CDC)

ATCC

JSG880 S. Typhimurium ATCC 14028S rough strain
lacking LPS O-polysaccharide

34

JSG1145 S. Typhimurium 14028S fljB::MudJ; Kan
(FljB off, FliC on)

B. Cookson

JSG1179 S. Typhimurium 14028S fliC::Tn10 hin108::
Tn10dCm (FljB on)

B. Cookson

JSG1190 S. Typhimurium 14028S hin108::Tn10dCm
fliC::Tn10 (FljB off, FliC off)

B. Cookson

JSG1221 S. Typhimurium LT2 galE-zbi812::Tn10
KK151

K. Klose

JSG1676 S. Typhimurium 14028S rfaD::luc; LPS O-Ag
ligase

66

JSG1727 S. Typhimurium 14028S carrying pKD46
Lambda red recombinase plasmid

66

JSG1773 E. coli DH5a carrying pCP20 Flp recombinase
plasmid

D. Provenzano

JSG2929 E. coli DH5a carrying pKD3 plasmid J. Slaugh
JSG3453b S. Typhimurium 14028S yihO::Camr This study
JSG3672 S. Typhimurium 14028S �yihO This study
JSG3675 S. Typhimurium 14028S �yshA-yihW This study
JSG3675b S. Typhimurium 14028S �yshA-yihW::Camr This study
JSG3676 S. Typhimurium 14028S JSG3672 �yihO

pWSK129::yihO
This study

JSG3677 S. Typhimurium 14028S JSG210
pWSK129::yihO

This study

JSG3691 S. Typhimurium 14028S JSG3672 �yihO
pUC18::yihO

This study

JSG3692 S. Typhimurium 14028S JSG3672 �yihO
pUC18

This study
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sterile, low-protein-binding filter (Millipore, Billerica, MA); ali-
quoted; and stored at �20°C until use.

Western blot analysis of isolated polysaccharides. Six micrograms of
isolated polysaccharide was boiled in 2� Laemelli sample buffer with
�-mercaptoethanol (BME) (Bio-Rad, Hercules, CA) for 10 min and sep-
arated by electrophoresis on a 16-cm SDS-15% PAGE gel. The gels were
wet transferred to methanol-activated polyvinylidene difluoride (PVDF)
membranes, which were subsequently blocked at 4°C overnight. LPS was
detected using murine monoclonal IgG to S. Typhimurium group B LPS
(Meridien Life Sciences, Memphis, TN; catalog number C863093M; clone
1E6). The membranes were incubated in anti-LPS (1:2,000) or anti-cap-
sule (1:1,000) diluted in 5% bovine serum albumin (BSA) (Sigma-Al-
drich) for 2 h at 22°C, washed in Tris-buffered saline (TBS) plus 0.1%
Tween 20 (TBST) 3 times for 15 min each time, and incubated in anti-
mouse (for LPS; 1:4,000) or anti-rabbit (for capsule; 1:2,000) horseradish
peroxidase-conjugated secondary antibodies (Bio-Rad). All blocking
steps were conducted at 4°C overnight in 5% BSA diluted in Tris-buffered
saline, pH 7.6 (BSA-TBS). Antibody incubations were conducted in 5%
BSA diluted in TBST (BSA-TBST); washes were conducted using TBST
alone (3 times for 15 min each time). Western blots were visualized using
the Bio-Rad Chemi-Doc XRS system.

Dot blotting to detect LPS and O-Ag capsule. Dot blotting was con-
ducted to permit detection and quantitation of O-Ag capsule relative to
LPS on whole bacterial cells (32). Bacterial cultures were grown overnight,
fixed in 4% paraformaldehyde (PFA), and normalized to an OD600 of 0.8
(	2 � 109 CFU ml�1) in PCMH buffer (1� PBS, 1 mM HEPES, 0.5 mM
MgCl2, and 0.15 mM CaCl2, pH 7.3). Tenfold serial dilutions (101 to
10�4) were conducted, and 50 �l of bacterial culture was spotted in du-
plicate onto activated PVDF membranes and followed with 200 �l PCMH
buffer to ensure contact with the membrane. The blots were dried and
blocked at 4°C overnight in 5% BSA-TBS, followed by incubation in either
anti-LPS (1:2,000) or anti-capsule (1:1,000) antibody diluted in 5% BSA-
TBST for 2 h at room temperature. The blots were washed in TBST (3

times for 15 min each time) and incubated with anti-mouse (for LPS;
1:4,000) or anti-rabbit (for capsule; 1:2,000) horseradish peroxidase-con-
jugated secondary antibodies (Bio-Rad) for 2 h at room temperature prior
to visualization using the Bio-Rad Chemi-Doc XRS system. Images were
analyzed using Fiji (ImageJ v 1.48f) software to calculate the average pixel
intensity of each spot and the adjacent background. The background was
subtracted from each value, and the data were graphed as the ratio of O-Ag
capsule reactivity to LPS (1:10 dilution) for each strain.

In-gel staining of EPS. Bacterial polysaccharides were electropho-
resed in an SDS-15% PAGE gel (16 cm; 1.5 mm thick). The gel was im-
mersed in 100 ml of alcian blue solution (0.1% alcian blue, 40% ethanol,
5% acetic acid in ddH2O) for 30 min. The gel was rinsed for 1 min in
ddH2O, and silver staining was carried out according to the method of
Tsai and Frasch (33). The production of LPS was compared to that of
negative-control strains of S. Typhimurium with defects in biosynthesis
or assembly of the LPSO-Ag. Strain JSG880, previously characterized as a
bile-sensitive mutant in a library of MudJ transposon-mutagenized PhoP-
constitutive (PhoPc) S. Typhimurium 14028S (34), exhibited no LPSO-Ag

production in LB or under any tested conditions and is resistant to phage
P22. Therefore, the strain was selected as an LPSO-Ag-deficient control.
The results annotated here as “LPS O-Ag deficient” or “LPSO-Ag

�” were
obtained with strain JSG880 and replicated using JSG1676 �rfaD and
JSG1221�galE.

Confocal microscopy. O-Ag capsule was detected using the adsorbed
polyclonal capsular antisera described above. Overnight bacterial cultures
were normalized in LB medium to an OD600 of 0.8; 100 �l was removed
and centrifuged (5 min; 5,000 � g) and resuspended in 50 �l HEPES
buffer (0.1 M HEPES, 1� PBS, pH 7.0; filter sterilized). The cells were
fixed for 15 to 30 min at room temperature in 2% paraformaldehyde (pH
7.4; sterile filtered in 1� PBS), washed 3 times in HEPES buffer, and
blocked in filtered 5% BSA-TBS. Antibody incubations for LPS (1:200) or
capsule (1:100) were conducted in 5% BSA-TBST at room temperature
for 2 h or at 4°C overnight. Secondary-antibody incubation was con-

TABLE 2 Oligonucleotide primers used in this study

Primer Sequence (5=-3=) Target

JG1198 CCCAGTCACGACGTTGTAAAACGACGGCCAGT pUC/pWSK plasmid primer
JG1203 AAAGACAATAGAAACGCAGACGATGTTCAATATCGCCTG yihW outer checking primer for verification

of yshA-yihW mutation
JG1990 AGCTTTGGCAGATCTTCATC yshA outer checking primer for verification of

yshA-yihW mutation
JG2081 ACGGTCGCGTATGTCCTATC rpoB
JG2082 GAGTTCGCCTGAGCGATAAC rpoB
JG2087 CCTGCGGGGCGTTTTGAGAGGCGATTATGTGTGTAGGCTGGAGCTGCTTC yihO reverse inner primer with pKD3

homology for �-Red deletion of yihO
JG2088 TAAAGCGGCAAGCGTCGTTTAATTATTTAC CATATGAATATCCTCCTTAG yihO forward inner primer with pKD3

homology for �-Red deletion of yihO
JG2093 CTTCACGTTCTTCCGTAAGGTCTC Forward yihO outer checking primer for

verification of yihO mutation
JG2094 GTTTTCTACATAAGCGCCAGCA Reverse yihO outer checking primer for

verification of yihO mutation
JG2260 AAAATAGAGGCAATAATATCAGAAGAAATAGTGTAGGCTGGAGCTGCTTC Inner primer with pKD3 homology for �-Red

deletion of yshA-yihW
JG2261 CCGGCGCAAGGGCGCTTGTCACGCTGAAACCATATGAATATCCTCCTTAG Inner primer with pKD3 homology for �-Red

deletion of yshA-yihW
JG2490 GATATGCTCACCGGCGTATT Primer internal to yihO
JG2491 AAAATGAGCTGACGCAAACC Primer internal to yihO
JG2592 GTAAAACGACGGCCAGT M13 Forward
JG2593 AACAGCTATGACCATG M13 Reverse
JG2692 TGACCAACTCAGCGCCATTA HinF4 (35)
JG2693 TATCGTGAGCGCGTTACACT HinR4 (35)
JG2694 AGGTAAACGTACCGACAGCA HinLR1 (35)
JG2695 AGTGTAACGCGCTCACGATA HinRF1 (35)
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ducted simultaneously with DAPI (4=,6-diamidino-2-phenylindole)
counterstain (1 �M) in the dark. Antibody incubations in experiments
employing multiple fluorophores were conducted simultaneously if
unique host and target animal species for the primary and secondary
antibodies were compatible. Otherwise, incubations were conducted se-
rially with 1 h blocking in 5% BSA-TBST between consecutive incubation
steps. Fluorescent labeling was conducted using Alexa Fluor-conjugated
(goat IgG) secondary antibodies (Invitrogen). Alexa Fluor 488 was em-
ployed for targets of primary interest or at lower abundance, while Alexa
Fluor 594 was employed for targets at greater abundance. Following stain-
ing, the cells were mounted on glass slides in ProLong Gold anti-fade
(Invitrogen), covered with a coverslip, and left to dry in the dark overnight
or stored for up to 2 weeks at 4°C.

Transmission electron microscopy. Individual bacterial colonies
grown at 37°C overnight were gently resuspended in transmission elec-
tron microscopy (TEM) sample buffer with 2.5% glutaraldehyde (0.1 M
HEPES, 6% sucrose, 1� PBS, pH 7.0; filter sterilized). A 25-�l sample was
pipetted onto Formvar-coated 200-mesh nickel grids (Ted Pella Inc., Red-
ding, CA) and allowed to settle for 25 min. The grids were washed with
TEM buffer, blocked (30 min; 0.5% BSA; 4°C), and incubated with anti-
capsule antibody (1:100; 60 min; 0.5% BSA; 4°C), followed by overnight
incubation at 4°C with 10-nm gold-conjugated goat anti-rabbit IgG (cat-
alog number GAF-012-10; EY Laboratories Inc., San Mateo, CA). Prior to
viewing, samples were negatively stained with 1% uranyl acetate. All stain-
ing steps were performed on a silicon pad in a humidified chamber. Sam-
ples were viewed on an FEI Tecnai G2 Spirit Transmission Electron Mi-
croscope at the OSU Campus Microscopy Imaging Facility (CMIF).

Serum bactericidal assay. Blood was collected from healthy adults by
venipuncture according to a protocol approved by the Ohio State Univer-
sity Institutional Review Board. The blood was left to clot at room tem-
perature for 1 h in sterile 5-ml round-bottom tubes (BD Falcon, Franklin
Lakes, NJ), followed by 1 h at 4°C. Serum was separated by centrifugation
at 4°C and frozen in aliquots at �80°C in sterile polypropylene tubes. The
serum was thawed on ice immediately prior to use. Heat inactivation of
complement was performed, when needed, by incubating serum in a heat-
ing block with gentle agitation at 56°C for 30 min. Bacteria from station-
ary-phase cultures were normalized to an OD600 of 0.8 in LB medium and
subsequently diluted in PCMH buffer before the addition of 100 �l (ap-
proximately 2 � 106 CFU) to 100 �l 50% serum to yield a 200-�l sample
containing approximately 2 � 105 CFU in 25% serum. Ten-microliter
aliquots were removed immediately (time zero [T0]) and following 30
(T30), 60, 90, and 180 min of incubation at 37°C with gentle agitation.
Aliquots were removed at the indicated time points and serially diluted in
ice-cold 1� PBS, placed on ice for 5 min, and plated for viability. Serum
killing was calculated compared to the number of CFU recovered at T0

and the numbers of CFU recovered from samples in 56°C heat-inactivated
serum and buffer alone at the indicated time points. The graphed data do
not include CFU calculations from heat-inactivated samples, all of which
exhibited increases of approximately 4 � 105 CFU ml�1 over 180 min,
with no significant variance among sample means based on one-way anal-
ysis of variance (ANOVA) (P 
 0.1).

Complement binding. Overnight bacterial cultures were normalized
and diluted in PCMH as described above, and approximately 2 � 106 CFU
was added to 100 �l 20% serum (final concentration, 10% serum) for 30
min. Ten-microliter aliquots were removed for viability plating at T0 and
T30. Following a 30-min incubation, samples were placed on ice, washed
gently 3 times in PCMH, and fixed in 4% paraformaldehyde for 15 min at
room temperature. The fixed samples were blocked and incubated with
goat anti-human C3 (1:100; catalog number A205; Quidel Corp., San
Diego, CA), followed by donkey anti-goat Alexa Fluor 594 (1:200; Invit-
rogen). Blocking and antibody incubations were performed in sterile-
filtered 5% BSA in TBST for 1 h at room temperature; samples were
washed gently 3 times following incubations with cold TBST and mounted
with Pro-Long Gold anti-fade. The slides were allowed to dry in the dark

at room temperature overnight prior to viewing on an Olympus FV1000
spectral confocal scanning laser microscope.

Flagellin analysis. Bacteria were grown to mid-log phase (to visualize
both FliC and FljB) or stationary phase (with FljB primarily expressed in
the wild type) and normalized in LB medium, using wide-bore pipette
tips, to an OD600 of 0.8. Confocal microscopy was conducted as described
above using anti-FliC diluted 1:200 in BSA-TBST and Alexa Fluor-conju-
gated secondary antibody (1:400). For SDS-PAGE analysis, bacterial cul-
tures were pelleted (5,000 � g) and lysed by boiling in PBS, and the total
protein content was determined by a BCA assay. Samples were resus-
pended in 2� Laemmli sample buffer with BME and loaded (equivalent to
approximately 1 � 109 CFU) onto 8% or 15% SDS-PAGE gels. In addi-
tion, trichloroacetic acid (TCA) (Sigma-Aldrich) precipitation was con-
ducted to assay the flagellin contents in whole-cell supernatant proteins.
In brief, normalized 50-ml overnight cultures were centrifuged for 1 h at
220,000 � g at 4°C to ensure the separation of whole cells from the super-
natant. The supernatant was filtered through a 0.22-�m low-protein-
binding filter (Millipore), concentrated at 4°C with 10% TCA, and nor-
malized for total protein content using the BCA assay. Normalized pellet
and supernatant samples were diluted in Laemmli sample buffer with
BME and electrophoresed as described above. Samples for Western blot-
ting were similarly visualized using Coomassie brilliant blue staining
(Pierce/Life Technologies, Carlsbad, CA) to demonstrate the total protein
content. For mass spectrometry, protein bands of interest were excised
from Coomassie blue-stained gels and submitted to the Ohio State Uni-
versity Mass Spectrometry and Proteomics Facility. Identified peptides
were analyzed using Mascot (Boston, MA) Deamon V2.2.1 and compared
to the NIH/NCBI database.

Western blotting for flagellin. Electrophoresed proteins were wet
transferred to methanol-activated PVDF membranes, which were subse-
quently blocked at 4°C overnight in 5% BSA-TBS (pH 7.6). The mem-
branes were probed with monoclonal antibodies detecting either FliC
alone (diluted 1:10,000 in BSA-TBST; clone FliC-1; catalog number
629701; Bio-Legend, San Diego, CA) or both FliC and FljB flagellins (di-
luted 1:8,000 in BSA-TBST; clone 6301; catalog number MAB7071P;
Maine Biotechnology, Portland, ME). The membranes were washed, in-
cubated in horseradish peroxidase-conjugated goat anti-mouse IgG (FliC,
1:12,000; flagellin, 1:10,000), and visualized using the Bio-Rad ChemiDoc
XRS system.

Motility assay. Five microliters of bacterial culture containing ap-
proximately 1 � 105 CFU was inoculated into the center of a 12-well plate
(Corning, Tewksbury, MA) containing either swimming or swarming LB
agar (0.35% and 0.7% agar, respectively). The motility plates were sup-
plemented with appropriate antibiotics as needed. Motility inhibition as-
says were conducted in similarly prepared plates containing anti-FliC an-
tibody (1:100). Prior to inoculation into plates, bacterial cultures were
normalized and preincubated in PBS with or without anti-FliC antibody
(1:100) for 30 min to ensure antibody binding. The plates were incubated
at 37°C and photographed at 3 h, 6 h, 10 h, and 24 h. The area of bacterial
motility was measured and subsequently quantitated using Fiji imaging
software.

Determination of the fljB-fljA promoter orientation. Genomic DNA
was extracted (GenElute; Sigma) from stationary-phase bacterial cultures
normalized to an OD600 of 1.0. Genomic DNA (100 ng) was used as a
template for 15 cycles of PCR amplification of the rpoB gene and the
promoter region upstream of fljB-fljA. Primer combinations designed to
flank the invertible hin region permitted determination of the promoter
orientation based on amplification product size (35). The resultant PCR
products were as follows: fljB-OFF (1,180-bp product using JG2692/
JG2695 and 1,124 bp using JG2693/JG2694) or fljB-ON (1,769-bp prod-
uct using primers JG2692/JG2693 and 543-bp product using primers
JG2694/JG2695). Amplification products were visualized on 1% agarose
gels containing ethidium bromide.

In vivo virulence. Survival studies were conducted in 6- to 8-week-old
female BALB/c mice (five animals per group). Food and water were with-
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held for 4 h prior to inoculation. Overnight bacterial cultures were washed
gently in 1� PBS, normalized to an OD600 of 0.8, and plated in duplicate
to determine viable CFU. The animals were inoculated via oral gavage
with 1.6 � 106 CFU (�3.2 � 105 CFU) of either wild-type, �yihO, or
�yshA-yihW S. Typhimurium. Five animals were infected with each
strain, and the experiment was repeated twice (total, 30 mice). Fecal pel-
lets were collected on day 5 and plated on xylose lysine deoxycholate
(XLD) agar, and the resultant colonies were screened by PCR to con-
firm the infecting strain. The surviving animals were sacrificed 15 days
postinfection. The animals were monitored for health daily and were
euthanized when moribund in accordance with institutional IACUC
protocol criteria.

Statistical analysis. All statistical analysis was performed with Prism 5
software (GraphPad Software, Inc.). The values reported represent data
from a minimum of three independent experiments carried out in tripli-
cate. To determine the significance of observed differences between
groups, Student’s t test or two-way ANOVA was performed. The observed
differences were considered statistically significant compared to the wild
type at a P value of �0.05, and all reported P values are 
0.02.

RESULTS
O-Ag capsule-deficient mutants exhibit full-length, surface-lo-
calized LPS. Production of full-length LPS with a variable number
of O-Ag repeats, in particular, the production of long LPSO-Ag, is
critical for systemic virulence and resistance to host immune mol-
ecules (36). Biosynthesis of LPS is a complex and highly sequential
process, making it susceptible to disruption by perturbations in
enzymatic pathways or biosynthetic precursors. Group IV O-Ag
capsules often share common monosaccharide precursors and
biosynthetic machinery with LPSO-Ag (37). Therefore, we sought

to determine whether O-Ag capsule-deficient mutants exhibit re-
duced or truncated LPS. LPS production was analyzed by silver
staining of electrophoresed bacterial polysaccharides (Fig. 1A).
Typical banding patterns were observed in wild-type S. Typhimu-
rium and �yihO and �yshA-yihW O-Ag capsule-deficient mu-
tants, demonstrating that products of the O-Ag capsule gene clus-
ter are not required for production of full-length LPS. Although
�yihO and �yshA-yihW strains exhibited wild-type LPS, densi-
tometry of the banding intensities indicated that O-Ag capsule-
deficient mutants exhibited 	25 to 45% more short LPS (contain-
ing 1 to 8 LPSO-Ag repeating units) than the wild type. Confocal
microscopy of whole, fixed bacterial cells labeled for LPSO-Ag and
counterstained with DAPI (Fig. 1B) demonstrated that LPS in
�yihO and �yshA-yihW strains is localized to the bacterial surface
and distributed in a manner indistinguishable from that observed
in wild-type cells. The presence of a wild-type LPSO-Ag was further
confirmed by susceptibility to phage P22 (data not shown).

Detection of O-Ag capsule expression in O-Ag operon and
LPSO-Ag mutants. The LPSO-Ags of S. Enteritidis and S. Typhimu-
rium are structurally similar, sharing identical repeating trisaccha-
ride backbones of �-D-Manp-(1-4)-�-L-Rhap-(1-3)-�-D-Galp-
(1-2), with the mannose bearing tyvelose in the former and
abequose in the latter. The O-Ag capsular repeating-unit structure
in S. Enteritidis was determined to be identical to that of the LPS
O-Ag repeating unit, with the exception of glucosylation of the
mannose residue and addition of polymeric glucose on the
tyvelose residue (17). Due to the similarity of the overall LPS O-Ag
content, as well as the O-Ag operon gene sequences in the two

FIG 1 O-Ag capsule operon mutants produce wild-type lipopolysaccharide. (A) Silver stain analysis of 10 �g TRIzol-extracted exopolysaccharides from S.
Typhimurium wild-type (lane 1), LPSO-Ag

� (lane 2), and �yihO O-Ag capsule-deficient (lane 3) and �yshA-yihW (lane 4) strains. (B) Confocal micrographs
demonstrating surface localization and distribution of lipopolysaccharide (LPS) (1:200) on fixed, DAPI-counterstained S. Typhimurium.
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organisms, we sought to detect the S. Typhimurium capsule using
polyclonal antisera generated against S. Enteritidis EPS. In a pre-
vious study (17), the capsular antisera were adsorbed against a
�galE mutant; however, such a mutation would result in deficient
production of numerous surface-associated polysaccharides, in-
cluding LPSO-Ag, potentially leaving residual cross-reactivity
against alternate surface EPS structures. A defined mutation in the
O-Ag capsular operon was employed for antibody adsorption in
our study.

Defined mutations in each of the genes putatively involved in
O-Ag capsule synthesis were constructed, growth rates were con-
firmed to be unaffected, and mutants were preliminarily screened
for O-Ag capsule production. Western blotting of whole-cell ly-
sates probed with O-Ag capsule polyclonal antisera (17) demon-
strated that all O-Ag operon mutations exhibited reduced O-Ag
capsular production but that deletion of yihO, encoding a putative
inner membrane permease involved in O-Ag capsular export, re-
sulted in the greatest abrogation of O-Ag capsule production (Fig.
2 and data not shown). In order to minimize potential nonspecific
reactivity, O-Ag capsule-directed polyclonal antiserum was triple
adsorbed against �yshA-yihW cells. Bacterial polysaccharides
were isolated using a modified TRIzol method, normalized based
on weight and carbohydrate content, and determined to contain
less than 0.01% protein. Western blotting of 10 to 50 �g bacterial
polysaccharide incubated with anti-LPSO-Ag (Fig. 2A) or adsorbed

O-Ag capsule antibody (Fig. 2B) demonstrated O-Ag capsule an-
tibody reactivity with a high-molecular-mass (
150-kDa) poly-
saccharide of S. Typhimurium that was greatly reduced in both
�yihO and �yshA-yihW mutants. Densitometric analysis revealed
relative intensities for �yihO and �yshA-yihW strains of 3% and
16% that of the wild type, respectively. These data also further
supported the presence of wild-type LPS in �yihO and �yshA-
yihW strains.

Visualization of the O-Ag capsule on the bacterial surface.
Confocal microscopy of whole, fixed bacterial cells labeled for
LPSO-Ag and O-Ag capsule and counterstained with DAPI re-
vealed heterogeneous expression of O-Ag capsule within a wild-
type culture (Fig. 2C). This effect was independent of culture me-
dia (LB, M9 plus glucose, M9 plus glycerol, TSB, SOB, liquid, and
agar), culture temperature (22°C, 30°C, and 37°C), and the order
of antibody addition (data not shown). Individual cells exhibited
reactivity with either LPSO-Ag or O-Ag capsule, but reactivity with
both antibodies was rarely observed, indicating that production of
O-Ag capsule may block reactivity with specific antibodies di-
rected at the LPSO-Ag. Immunogold TEM of whole cells labeled
with anti-capsule antibody and 10-nm gold-conjugated goat anti-
rabbit secondary antibody demonstrated capsular localization at
the bacterial cell surface in wild-type cells, which was absent in the
�yihO strain (Fig. 2D).

O-Ag capsular production on the surfaces of whole cells was

FIG 2 Detection of the O-Ag capsule of S. Typhimurium using polyclonal capsule-specific antisera. (A and B) Western blot analysis of 10 �g TRIzol-extracted
exopolysaccharides probed for LPS (1:1,500) (A) or O-Ag capsule (1:1,000) (B) production by wild-type S. Typhimurium (lanes 1 and 4) or �yihO (lane 2) and
�yshA-yihW (lane 3) strains. (C) Confocal fluorescence microscopy of whole DAPI-stained wild-type S. Typhimurium cells labeled for LPS (green) and O-Ag
capsule (red) (left, merged image of capsule and LPS; right, capsule only) demonstrating heterogeneous O-Ag capsule reactivity. (D) Transmission electron
micrographs (enlarged on the right) using O-Ag capsule antisera (1:100) and 10 nM gold-conjugated secondary antibody to detect O-Ag capsule in association
with the bacterial surface.
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also determined using whole-cell dot blotting (Fig. 3A), as well as
confocal microscopy of DAPI- and O-Ag capsule-labeled cells
(Fig. 3B). The reactivity of wild-type cells with O-Ag capsule an-
tibody was strongly associated with aggregated cells, although
minimal reactivity was observed with individual cells, as shown in
Fig. 2. Both dot blotting and confocal microscopy demonstrated
minimal O-Ag capsular production in LPSO-Ag

� and �yihO
strains. Complementation of the �yihO mutant with the high-
copy-number pUC18-derived plasmid pJM1 (�yihO pyihO) re-
sulted in restoration of capsular production to levels approaching
those observed in wild-type cells. �yihO pJM1-complemented
cells exhibited an elongated morphology and small, mucoid col-
ony morphology on agar plates; however, there was no difference
in the growth rate (as measured by OD or CFU per milliliter [data
not shown]). The low-copy-number pWSK129-derived plasmid
pJM2 was insufficient to provide functional complementation of
observed capsular or flagellar phenotypes (data not shown).

Loss of O-Ag capsule results in increased serum sensitivity.
Production of high-molecular-weight surface polysaccharides,
such as LPSO-Ag and capsular polysaccharide, is frequently associ-
ated with increased resistance to killing by human serum comple-
ment (38). To determine the impact of O-Ag capsule production
on bacterial survival in normal human serum (NHS) from healthy
donors, �yihO and �yshA-yihW O-Ag capsule-deficient mutants
were tested for viability following incubation in 25% fresh or heat-
inactivated NHS for 180 min (Fig. 4A) and compared to viable
bacteria in wild-type and LPSO-Ag

� control strains. As previously
reported, wild-type S. Typhimurium was highly resistant to
killing by NHS (increase from T0, 4 � 104 CFU ml�1), while
LPSO-Ag

� strains were effectively killed within 30 min (decrease
from T0, �2 � 105 CFU ml�1). �yihO and �yshA-yihW O-Ag
capsule-deficient mutants exhibited increased serum sensitivity

relative to the wild type (decrease from T0, �1 � 105 CFU ml�1

and �7 � 104 CFU ml�1, respectively), and complementation of
yihO restored serum resistance to wild-type levels (increase from
T0, 8 � 104 CFU ml�1). Heat-inactivated serum did not result
in bactericidal activity for any strain (average increase from T0,
4 � 105 CFU ml�1 among all samples at 180 min; no significant
differences among strains [P 
 0.5; one-way ANOVA]), demon-
strating that the observed bactericidal activity was due to the ac-
tivity of functional complement.

Cleavage of complement component C3 and deposition of C3b
on the bacterial membrane represents the point of convergence
for all three pathways of complement activation; therefore, con-
focal microscopy was employed to qualitatively visualize C3 asso-
ciated with the bacterial surface following 30 min of incubation in
10% donor sera. The increased serum sensitivity of �yihO and
�yshA-yihW O-Ag capsule-deficient mutants was accompanied
by a qualitative increase in deposition of complement component
C3 on the surface relative to C3 levels observed in wild-type and
�yihO pyihO strains (Fig. 3B). Following longer incubation peri-
ods (
90 min), however, differences in C3 deposition on the wild
type and capsule-deficient mutants were less remarkable, al-
though there was a clear difference in viability at these times, in-
dicating that complement binding to wild-type cells may occur
without resulting in lysis. Immunoblotting of electrophoresed
bacterial polysaccharides incubated in pooled donor sera revealed
that bacterial targets of IgG binding in the tested sera corre-
sponded to molecular masses of �25 kDa, with no reactivity ob-
served in regions corresponding to high-molecular-mass polysac-
charides (data not shown).

O-Ag capsule-deficient mutants exhibit alterations in pro-
duction of phase I flagellin. Synthesis of surface polysaccharides
has been linked to flagellar regulation in a number of bacterial

FIG 3 O-Ag capsule is not expressed by strains harboring mutations in O-Ag capsule operon or LPS-biosynthetic genes. (A) Dot immunoblot of normalized S.
Typhimurium cultures probed for either LPS (bottom) or O-Ag capsule (top) indicating capsular expression relative to LPS in a whole-cell dot blot of S.
Typhimurium. (B) Confocal fluorescence microscopy of whole DAPI-stained S. Typhimurium cells labeled for O-Ag capsule (red), demonstrating the absence
of O-Ag capsule in �yihO, �yshA-yihW, and LPSO-Ag

� strains and restoration of O-Ag capsule production by complementation of yihO.
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species (39, 40). S. Typhimurium expresses two antigenically dis-
tinct forms of flagellin whose expression is partly controlled by a
Hin-invertible cassette containing a single promoter. Inversion of
this cassette results in individual cells expressing flagella com-
posed of either FliC (phase 1) or FljB (phase 2) flagellin on their
surfaces (41, 42). Although the precise role of flagellar phase vari-
ation in vivo remains incompletely understood, it is thought that
alternate expression of such highly immunogenic epitopes may
facilitate immune evasion (43). Analysis of total protein profiles of
the wild type or the �yihO mutant revealed a clear alteration in
production of proteins at approximately 50 kDa (Fig. 5A), which
were excised and determined by mass spectrometry to be flagellin.
Western blotting using an antibody capable of detecting FliC and
FljB (Fig. 5B) or FliC alone (Fig. 5C) revealed that stationary-
phase cultures of wild-type S. Typhimurium and the �yihO com-
plemented strain expressed primarily FljB (44, 45), while �yihO
and �yshA-yihW capsule-deficient mutants expressed primarily
FliC with no detectible expression of FljB. The flagellar phase was
also shifted in the yihU::cam strain. The observation that flagellar
alterations were similar in �yihO, �yshA-yihW, and yihU::cam
O-Ag capsule-deficient strains indicates that the effect is not spe-
cifically attributable to the loss of yihO but is instead associated
with loss of the O-Ag capsule, as the yihU::cam strain is also O-Ag
capsule deficient. Densitometry of total flagella detected by West-
ern blotting indicated that while the phase of flagellin monomer
composition is shifted from FljB to FliC in O-Ag capsule-deficient
mutants, the overall amounts of flagella produced are similar to
that of wild-type cells.

Confocal microscopy (Fig. 6) and motility assays (Fig. 7) were
performed in order to assess whether FliC monomers detected in
supernatants and whole-cell lysates of O-Ag capsule-deficient
mutants were assembled into surface-associated and functional
flagella. For microscopic visualization of flagella, whole bacterial
cells were fixed and labeled with anti-FliC and anti-O-Ag capsule
antibodies (Fig. 6). The micrographs revealed that flagella, like
O-Ag capsule, are most clearly visible in association with aggrega-

tive cells. In �yihO cells, there is a marked increase in FliC flagella
and no reactivity with O-Ag capsular antibodies, while wild-type
and �yihO complemented strains exhibit similar levels of both
O-Ag capsule and FliC.

Swarming and swimming motilities were assessed on 0.3% and
0.7% LB agar, respectively. Although no swimming defect was
observed in O-Ag capsule-deficient cells, swarming motility in the
�yihO strain was reduced to 44% that of the wild type (data not
shown), a defect that was restored in the �yihO complemented
strain. To determine the capacity of O-Ag capsule mutants to
switch from FliC to FljB flagellin, bacterial motility was monitored
in the presence or absence of anti-FliC antibodies (43). Under
these conditions, the motility of phase-locked cells expressing
only FliC flagellin is inhibited, while biphasic strains capable of
expressing FljB flagellin are able to exhibit normal swimming mo-
tility. Swimming motility in agar with or without anti-FliC anti-
bodies was compared to that of a fliC-ON phase-locked strain
(JSG1145). In the absence of anti-FliC antibodies, there was no
detectible difference in the swimming motilities of any tested
strains (Fig. 7A and B). No inhibition of motility by anti-FliC was
observed in the wild-type or complemented �yihO strains, which
exhibited the same level of motility regardless of the presence of
anti-FliC antibodies. Although there was a decrease in overall bac-
terial density of the �yihO complemented strain, the diameter and
rate of motility were no different than those observed in the wild
type. While no defect in swimming motility was observed for the
�yihO or �yshA-yihW strain incubated in 0.3% agar alone, incu-
bation in the presence of anti-FliC resulted in motility inhibition
similar to that of a fliC-ON phase-locked strain (Fig. 7A and B).

Because the alternate expression of either FljB or FliC is con-
trolled by the inversion of the fljB-fljA promoter region, primers
were designed to detect H-segment promoter orientation. In spite
of the absence of detectible FljB protein in �yihO and �yshA-yihW
O-Ag capsule-deficient mutants, both ON and OFF promoter ori-
entations were detected (Fig. 8). Quantitation of the fljB-ON ver-
sus fljB-OFF products relative to rpoB indicated an increased pro-

FIG 4 O-Ag capsule-deficient strains exhibit reduced resistance to human serum and increased C3 associated with the bacterial surface. (A) Serum bactericidal
assay depicting the change in numbers of viable CFU per milliliter from T0 following incubation of 	2 � 105 CFU S. Typhimurium in 25% normal human serum
for 180 min (P � 0.01; n  3). Changes in numbers of viable CFU ml�1 for each strain were as follows: wild type, �4.33 � 104; LPSO-Ag

�, �2.30 � 105; �yihO,
�1.00 � 105; �yshA-yihW, �7.33 � 104; �yihO pyihO, �8.00 � 104. Equivalent incubations of strains in heat-inactivated sera resulted in increases of
approximately 4 � 105 CFU ml�1 over the same period, with no significant variance among sample means based on one-way ANOVA (P 
 0.1). *, P � 0.05; ***,
P � 0.001. The error bars represent means and standard deviations. (B) Confocal micrographs of 2 � 106 bacterial CFU incubated in 10% human serum for 30
min and labeled to visualize complement C3 deposition on the bacterial membrane. The data are representative of the results of experiments conducted in 10
individual donor sera. DIC, differential inference contrast.
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portion of fljB-ON promoter orientation in wild-type cells relative
to O-Ag capsule-deficient strains. Thus, while there may be a
shift toward the fljB-OFF promoter orientation in O-Ag cap-
sule-deficient strains, all strains exhibited both promoter ori-
entations, indicating that the lack of FljB protein is likely to due
to posttranscriptional regulation and not to an absence of pro-
moter inversion.

FIG 5 Altered production of phase I and phase II flagellin in O-Ag capsule-deficient strains. (A) Visualization of total proteins on Coomassie blue-stained
SDS-PAGE gel of bacterial lysates. The molecular mass marker (lane 1) indicates altered production of an 	50-kDa protein in the wild-type (lane 2) and �yihO
(lane 3) strains. The bands were excised, analyzed by mass spectrometry, and determined to correspond to FljB (phase II) and FliC (phase I) flagellins in the
wild-type and �yihO strains, respectively. (B) Western blot detection of both FliC and FljB production in whole-cell lysates of S. Typhimurium. (C) Western blot
detection of FliC flagellin only.

FIG 6 Increased cell-associated phase I flagella are visible on �yihO S. Typhi-
murium. Shown are confocal micrographs of fixed, whole bacteria labeled for
phase I (FliC) flagella and O-Ag capsule on wild-type, �yihO, or �yihO pyihO
complemented strains. The top row includes DAPI counterstain, while the
bottom row depicts capsule (red) and flagella (yellow) only.

FIG 7 Motility of O-Ag capsule-deficient mutants is inhibited by FliC-specific
antisera. (A) Motility assay to determine swimming in 0.3% LB agar (top row)
or 0.3% LB agar containing anti-FliC antibodies (bottom row). (B) Quantita-
tion of the zones of motility in the presence of anti-FliC relative to 0.3% agar
alone. Inoculated plates were imaged after 10 h of incubation. Swimming
motility was calculated for O-Ag capsule-deficient strains and is depicted rel-
ative to the motility of the biphasic wild-type or FliC-ON monophasic control
strain. mAB, monoclonal antibody.
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O-Ag-deficient strains do not exhibit reduced virulence in
mice. To determine whether the observed alterations in flagella
and serum resistance corresponded to a reduction in systemic
virulence, the ability of O-Ag capsule-deficient mutants to cause
lethal disease was compared to that of wild-type S. Typhimurium
in a murine model. BALB/c mice were inoculated individually
with 1.6 � 106 CFU of wild-type, �yihO, or �yshA-yihW bacteria
and monitored for 15 days. Three animals infected with the wild
type survived to the study endpoint at day 15, while only one
animal infected with either �yihO or �yshA-yihW bacteria sur-
vived to the study endpoint. The overall survival and time to death
with the O-Ag capsule-deficient strains was less than that observed
for animals infected with the wild type, though it was not found to
be statistically significant (Fig. 9).

DISCUSSION

Bacterial surface antigens play a key role in determining the inter-
action between the pathogen and the host. Studies of the Vi-Ag
capsule have greatly increased our understanding of the patho-
genic mechanisms of S. Typhi and continue to yield promising
options for vaccine candidates. The Vi-Ag capsule is important for
systemic dissemination of S. Typhi (46), and although the poly-
saccharide is absent from the surface of nontyphoidal Salmonella,
NTS are known to result in extraintestinal infection in up to 5% of
cases (47). Previous work has demonstrated that invasive NTS
(iNTS) is most commonly observed in immunocompromised in-
dividuals; however, the preponderance of invasive Salmonella rel-

ative to other bacterial infections (48) may imply bacterial factors
facilitating invasive disease.

The O-Ag capsule is one exopolysaccharide produced by S.
Typhimurium and S. Enteritidis, the two serovars most frequently
isolated in patients with iNTS, and is dependent upon a highly
conserved operon (yshA-yihU). Previous studies have focused on
potential roles for the O-Ag capsule in bacterial aggregation re-
lated to environmental colonization and chronic infection; how-

FIG 8 Phase-variable expression of either FljB or FliC is controlled in part by the inversion of the fljB-fljA promoter region. Endpoint PCR using primers
designed to flank the Hin-invertible promoter region upstream of fljB-fljA was conducted, and the resultant product sizes (lower right) enabled determination
of fljB-fljA-ON (fliC-OFF) or fljB-fljA-OFF (fliC-ON) promoter orientation. The genomic DNA template was normalized prior to 15 cycles of PCR amplification
of the fljB-fljA promoter region or rpoB (bottom).

FIG 9 The virulence of the wild type was compared to that of O-Ag capsule-
deficient (�yihO and �yshA-yihU) strains in a murine model of systemic in-
fection. BALB/c mice were orally inoculated with 1.6 � 106 CFU (�3.2 � 105

CFU) of either wild-type S. Typhimurium or the �yihO or �yshA-yihW mu-
tant, The animals were monitored for health daily and were euthanized when
moribund. The survival curves were analyzed using a log-rank (Mantel-Cox)
test and were found not to reach statistical significance (P  0.093).
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ever, the potential for this structure to facilitate immune evasion
during acute disease has not yet been investigated. This study has
demonstrated that the O-Ag capsule operon genes in S. Typhimu-
rium function downstream of the LPSO-Ag-biosynthetic pathway
to produce a surface-associated polysaccharide capable of shield-
ing LPSO-Ag, increasing resistance to human serum, and modulat-
ing expression of phase I flagellin monomer (FliC).

Detection of the O-Ag capsule in this study relied on polyclonal
antisera generated against purified S. Enteritidis extracellular
polysaccharides and subsequently adsorbed against a mutant of S.
Typhimurium lacking all 10 genes in the O-Ag capsule-encoding
gene cluster (�yshA-yihW). Preliminary screening of capsular
production by bacterial strains harboring individual mutations in
each gene of the O-Ag capsule operon revealed that a yihO::cam
mutant exhibited the greatest decrease in capsular production,
consistent with previous reports of YihO playing an important
role in O-Ag capsular production (15, 17). Western blotting of
purified bacterial polysaccharides indicated the presence of a
high-molecular-mass (
150-kDa) structure exhibiting reactivity
with O-Ag capsule-specific antiserum. This region of capsular-
antibody reactivity was absent in bacterial strains lacking the com-
plete O-Ag gene cluster (�yshA-yihW), as well as those lacking
only yihO. Previous work by Gibson et al. (17) demonstrated that
O-Ag capsule was absent on the surfaces of �yihO mutants of S.
Enteritidis but could be detected in whole-cell lysates. The authors
thus hypothesized that YihO was involved in translocation of the
completed capsule to the surface of the bacterial cell (17). How-
ever, in the work presented here, O-Ag capsule was not detectible
on whole cells or in lysates of a �yihO mutant of S. Typhimurium,
possibly indicating that S. Typhimurium relies on YihO for cap-
sular assembly, as well as translocation. It is also possible that
differing adsorption of the O-Ag capsular antibody in these two
studies resulted in altered reactivity. In the Gibson et al. study, the
antiserum was adsorbed against a �galE mutant, while in this
study, it was adsorbed against the �yshA-yihW strain. Adsorption
against the �galE mutant may have resulted in residual or altered
reactivity to noncapsular surface polysaccharides or O-Ag capsule
precursors, leading to the differences in capsule detection between
the two studies.

The O-Ag capsule could be clearly visualized in association
with the bacterial cell surface via confocal and electron micros-
copy and, while evident in wild-type S. Typhimurium, was absent
from the surfaces of �yihO and �yshA-yihW mutants. Comple-
mentation in trans of yihO on the high-copy-number plasmid
pJM1 was sufficient to restore O-Ag capsular production in a
�yihO mutant. The O-Ag capsule was undetectable in all tested
LPSO-Ag

� strains (JSG1221�galE, JSG1676�rfaD, and JSG880
LPSRe), implying that production of the O-Ag capsule required
functional LPS biosynthesis. This association appeared to be uni-
directional, as production of LPS was not disrupted in O-Ag cap-
sule mutants, implying that synthesis of O-Ag capsule occurs
downstream of, and is dependent upon, LPS biosynthesis. The
O-Ag capsule was observed to be heterogeneously expressed on
wild-type cells under all tested conditions, and although the ma-
jority of cells in a culture population exhibited reactivity with
antisera directed at the LPSO-Ag, confocal microscopy demon-
strated that cells reacting with O-Ag capsule-specific antibodies
failed to react with antibodies directed at the LPSO-Ag. Although
shielding of LPS is a well-documented function of capsular poly-
saccharides, the phenomenon has not previously been reported in

nontyphoidal Salmonella. Invasive infections with NTS are be-
coming increasingly recognized as an important cause of mortal-
ity in immunocompromised individuals. The presence of a sub-
population of cells expressing a unique surface polysaccharide
that is not recognized by LPSO-Ag antibodies could potentially
facilitate immune escape in the context of invasive infection.

In S. Typhi, the Vi-Ag capsule is thought to facilitate bacterial
survival and extracellular dissemination through the bloodstream
by reducing complement deposition on the bacterial surface and
facilitating evasion of innate immune detection and bacteriolysis
(49, 50). Therefore, we hypothesized that the O-Ag capsule may
similarly function to increase bacterial resistance to complement-
mediated killing, critical to host control of iNTS (51). Determina-
tion of bacterial viability following incubation in normal human
serum revealed that O-Ag capsule-producing strains exhibited an
increase of 
104 CFU ml�1 while �yihO and �yshA-yihW mu-
tants lacking the O-Ag capsule decreased by 
103 CFU ml�1,
indicating that the O-Ag capsule affords additional resistance to
serum killing. Microscopic visualization indicated increased C3
deposition on the surfaces of O-Ag capsule-deficient mutants fol-
lowing incubation in human sera. Although the ability to survive
incubation in human sera was increased in the presence of the
O-Ag capsule, bacterial strains deficient in both LPSO-Ag and O-Ag
capsule were more completely and rapidly susceptible to serum
bactericidal activity than those lacking the O-Ag capsule alone,
indicating that the majority of bacterial serum resistance under
laboratory culture conditions is likely attributable to LPSO-Ag pro-
duction. The observation that O-Ag capsule-producing strains ex-
hibited a significant but modest increase in overall serum resis-
tance is consistent with the observed heterogeneous expression of
O-Ag capsule, which indicated that only a portion of the culture
population would be afforded the increased serum resistance as-
sociated with capsular production. The current study was limited
by the lack of identifiable mutations resulting in loss of LPSO-Ag

alone without also disrupting the O-Ag capsule, which would have
enabled better estimation of the precise effects of the O-Ag capsule
without the effects of the LPSO-Ag.

The data presented here suggest a link between O-Ag capsule
and flagellar phase variation in S. Typhimurium, as has previously
been reported with other polysaccharides in Pseudomonas and S.
Typhi (52, 53). Transcriptional regulation of S. Typhimurium fla-
gellar phase variation is controlled through inversion of the H-
segment promoter region located 1 kb upstream of fljB. Inversion
of the promoter into the fljB-fljA-ON orientation results in pro-
duction of the phase 2 flagellin monomer FljB, as well as FljA,
which binds to and degrades fliC mRNA, resulting in phenotypi-
cally FljB-expressing cells (54). In the absence of promoter inver-
sion (the fljB-fljA-OFF orientation), FljB is not produced and FljA
repression of FliC translation does not occur, resulting in pheno-
typically FliC-expressing cells. Laboratory cultures of S. Typhimu-
rium consist of a mixed population of FliC- and FljB-expressing
cells.

Determination of the flagellin monomeric composition in
O-Ag capsule-deficient mutants versus wild-type S. Typhimu-
rium revealed a clear difference in the levels of FliC and FljB flagel-
lins. Wild-type and complemented strains exhibited both FliC and
FljB flagellins, with stationary-phase cultures producing primarily
FljB, consistent with previous reports indicating that S. Typhimu-
rium 14028S is capable of phase variation and expresses both FliC
and FljB in laboratory culture but tends to express more FljB in

Marshall and Gunn

3956 iai.asm.org October 2015 Volume 83 Number 10Infection and Immunity

http://iai.asm.org


stationary phase (44). O-Ag capsule-deficient mutants exhibited
an increase in cell-associated and secreted FliC and produced no
detectible FljB. Complementation of the �yihO strain resulted in
restoration of wild-type FljB production. The flagellar phenotype
was similarly observed in all tested mutations in the O-Ag operon
gene cluster (�yihO, �yshA-yihW, and yihU::cam) and thus was
not attributable to the inactivation of any single gene in the O-Ag
operon. This phenotype was not observed in LPSO-Ag

� strains and
has not previously been reported to be associated with LPS or EPS
mutations. Thus, the observed flagellar alteration appears to indi-
cate a link between O-Ag capsule biosynthesis and a switch to
expression of phase II flagellin but is not a pleiotropic effect asso-
ciated with alterations in EPS production.

Mutations in the O-Ag operon resulted in reduced swarming
motility but no reduction in swimming motility, indicating a pos-
sible loss of surface wetting in the absence of the O-Ag capsule (55)
but no loss of flagellar functionality. The presence of flagellin-
specific antibodies can inhibit flagellar functionality; however,
these effects may be overcome through flagellar phase variation,
resulting in expression of antigenically distinct flagella. Incuba-
tion of the biphasic wild-type S. Typhimurium in motility agar
containing FliC-specific antibody resulted in no loss of swimming
motility, while the motility of a FliC-ON mutant was fully inhib-
ited. The swimming motility of �yihO and �yshA-yihW strains
was reduced and was similar to that of the FliC-ON mutant, indi-
cating that these strains may be unable to undergo phase variation.
Analysis of the Hin-invertible promoter region (H segment) dem-
onstrated that wild-type and O-Ag capsule-deficient strains had
both fljB-fljA-ON and fljB-fljA-OFF promoter orientations, sug-
gesting that observed alterations in flagellar monomer composi-
tion occur subsequent to transcription.

Over 50 genes are involved in flagellar synthesis and regulation,
and S. Typhimurium 14028S, like most NTS, is biphasic. Al-
though phase variation is thought to facilitate immune evasion,
monophasic variants of nontyphoidal Salmonella are a frequently
reported cause of invasive disease (4). FliC is known to be a critical
target of protective immunity against S. Typhimurium (43, 56,
57), and yet 90% of monophasic isolates have retained fliC and
lost fljB (58), and modeling of invasive disease has identified loss
of FljB expression as a pathoadaptive mutation in S. Typhimu-
rium (59).

S. Typhi is monophasic and exclusively expresses FliC. In S.
Typhi, both flagellin and Vi-Ag capsule are important for full
pathogenesis; however, their production at the level of individual
cells is inversely regulated through TviA-mediated repression of
the master flagellar regulator, flhD-flhC. Although flagella are im-
portant for motility and invasion (60), bacterial flagellin is a highly
immunostimulatory PAMP (61). It has been proposed that in vivo
infections involve heterogeneous bacterial populations exhibiting
variable invasive and inflammatory properties (62, 63) and that up
to 40% of the invading bacterial population in the gut lumen
express no flagellin at all (56). Thus, appropriate coordination of
capsular production and repression of flagellar expression could
facilitate innate immune evasion while interfering with the gener-
ation of a protective adaptive immune response (64).

It was observed that the loss of the O-Ag capsule resulted in
increased lethality in a murine model of invasive disease, though it
failed to reach statistical significance. This suggests an effect of
O-antigen capsule in the systemic phase of disease. Based on the
affect of the O-Ag capsule on complement resistance, it might

have been predicted that the mutants would demonstrate reduced
virulence. The lack of observation of an avirulent phenotype may
be explained in part by the reduced classical and alternative bac-
tericidal activities of the complement pathway in mice (65). Ad-
ditionally, increased numbers of cell-associated phase I flagella on
the O-Ag capsule-deficient mutants may result in enhanced inva-
siveness or intestinal necrosis of these strains. Additional studies
employing various models of infection, inoculation methods, or
background strains would enable further understanding of possi-
ble roles of the O-Ag capsule during infection.

During In vivo infection with S. Typhimurium, O-Ag capsule
operon genes are maximally expressed in the small intestine, liver,
and spleen (28). The data presented here indicate that increased
expression of the O-Ag capsule operon genes would result in re-
duced production of phase I flagellin and production of the O-Ag
capsule. In biphasic isolates, this results in a shift to phase II flagel-
lin. The effects of O-Ag capsular production in monophasic iso-
lates may result in an absence of surface-associated flagella and
should be investigated further in subsequent work. It is possible
that bistable capsular expression and/or rapid transition between
distinct phenotypic variants permits population diversity. Expres-
sion of the O-Ag capsule at such locations key to systemic dissem-
ination may be clinically relevant, as cells expressing the O-Ag
capsule would be afforded additional serum resistance in concert
with reduced exposure of two major targets of host immunity, LPS
and FliC flagellin. This may prove advantageous at key steps of
infection—particularly in monophasic NTS isolates, where a vir-
ulence phenotype associated with the O-Ag capsule may be more
clearly discernible— by affording efficient motility and invasion
during initial stages of colonization, as well as increased mem-
brane resistance to innate immune mediators should host condi-
tions provide an opportunity for systemic dissemination. Further
studies will be required to determine the clinical relevance of the
O-Ag capsule, particularly in the context of monophasic isolates
of nontyphoidal Salmonella.
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