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Invasive Salmonella infections for which improved or new vaccines are being developed include enteric fever caused by Salmo-
nella enterica serovars Typhi, Paratyphi A, and Paratyphi B and sepsis and meningitis in young children in sub-Saharan Africa
caused by nontyphoidal Salmonella (NTS) serovars, particularly S. enterica serovars Typhimurium and Enteritidis. Assays are
needed to measure functional antibodies elicited by the new vaccines to assess their immunogenicities and potential protective
capacities. We developed in vitro assays to quantify serum bactericidal antibody (SBA) activity induced by S. Typhi, S. Paratyphi
A, S. Typhimurium, and S. Enteritidis vaccines in preclinical studies. Complement from various sources was tested in assays de-
signed to measure antibody-dependent complement-mediated killing. Serum from rabbits 3 to 4 weeks of age provided the best
complement source compared to serum from pigs, goats, horses, bovine calves, or rabbits 8 to 12 weeks of age. For S. Enteritidis,
S. Typhimurium, and S. Typhi SBA assays to be effective, bacteria had to be harvested at log phase. In contrast, S. Paratyphi A
was equally susceptible to killing whether it was grown to the stationary or log phase. The typhoidal serovars were more suscep-
tible to complement-mediated killing than were the nontyphoidal serovars. Lastly, the SBA endpoint titers correlated with se-
rum IgG anti-lipopolysaccharide (LPS) titers in mice immunized with mucosally administered S. Typhimurium, S. Enteritidis,
and S. Paratyphi A but not S. Typhi live attenuated vaccines. The SBA assay described here is a useful tool for measuring func-
tional antibodies elicited by Salmonella vaccine candidates.

Salmonella enterica serovars Typhi, Paratyphi A, and Paratyphi
B, which cause enteric fever, remain a public health concern in

many developing countries (1–3), and in sub-Saharan Africa,
nontyphoidal Salmonella (NTS) serovars Typhimurium and
Enteritidis (including some emerging genetically distinct strains)
are important agents of invasive disease (sepsis and meningitis) in
young children and in adults with AIDS (4, 5). The increasing
antibiotic resistance of Salmonella pathogens and high case fatality
of NTS disease are stimulating the quest to find effective vaccines
to assist in disease control (6–8).

There are currently two licensed commercially available S.
Typhi vaccines: parenteral Vi polysaccharide and live attenuated
oral strain Ty21a. More immunogenic live attenuated strains and
Vi conjugate vaccines presently under development are expected
to overcome the limitations of the current licensed typhoid vac-
cines (9–13). Not surprisingly, analogous strategies are being pur-
sued to develop live oral and conjugate paratyphoid A and NTS
vaccines (14–18).

As new Salmonella vaccines progress through clinical trials in
humans, it is important to have standardized assays to evaluate
their immunogenic capacity (19, 20). While the measurement of
serum antibodies through antigen-binding assays (i.e., enzyme-
linked immunosorbent assay [ELISA]) offers the most practical
tool for monitoring the immunogenicity of different formulations
and immunization schedules, regulatory agencies have urged that
the functional capacities of antibodies should also be docu-
mented, in addition to their antigen recognition capacities.

For the licensure of bacterial vaccines, precedent has been set
for two functional properties of serum antibodies: opsonophago-
cytic activity (OPA) and bactericidal activity. With pneumococcal
conjugate vaccines, opsonophagocytic antibodies are accepted as
correlates of protection, and for meningococcal purified polysac-
charide and polysaccharide-protein conjugate vaccines, the corre-

late is serum bactericidal antibody (SBA). Opsonophagocytic an-
tibodies bind to bacterial antigens and facilitate microbial uptake
and killing by phagocytic cells. Bactericidal antibodies mediate
direct bacterial killing in the presence of complement (21, 22).

The establishment of successful functional antibody assays re-
quires a careful evaluation and selection of optimal parameters,
such as bacterial growth conditions, the external source(s) of
complement, the proportion of reagents in the reaction mixture,
and incubation conditions. The source of the complement reagent
has proven to be critical for SBA killing. We previously measured
antibody-dependent complement-mediated SBAs in the serum
samples of mice immunized with a live attenuated S. Paratyphi A
vaccine using an adaptation of the Vibrio cholerae serum vibrio-
cidal assay that employs guinea pig complement (GPC) (14).
Other groups have successfully used 3- to 4-week-old baby rabbit
complement (BRC) in SBA assays to evaluate S. Typhi vaccines
(23, 24). Similarly, BRC was employed in an S. Typhimurium SBA
assay, although very high concentrations (75%) of complement
were required to mediate killing by the antibody (25). While these
assays have allowed the demonstration of SBA responses against S.
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Typhi, S. Paratyphi A, and S. Typhimurium, no assay has been
reported to determine SBA responses against S. Enteritidis (14,
23–25). Furthermore, none of these assays has been standardized
to measure vaccine-induced endpoint SBA responses against Sal-
monella serovars.

Here, we describe assays that measure complement-mediated
SBA responses induced by typhoidal (S. Typhi and S. Paratyphi A)
and nontyphoidal (S. Typhimurium and S. Enteritidis) Salmo-
nella vaccines. We document the optimal conditions, including
complement source and concentration, bacterial growth phase,
and target strain, and we describe an assay format to achieve end-
point SBA titers during preclinical vaccine testing.

MATERIALS AND METHODS
Bacterial strains, media, and reagents. The bacterial strains used, de-
scribed in Table 1, were grown at 37°C in Hi-Soy (HS) bacteriological
medium (5 g/liter sodium chloride, 10 g/liter Soytone [Teknova, Hollis-
ter, CA], 5 g/liter Hy-Yest [Sigma-Aldrich, St. Louis, MO]). The medium
was supplemented with 0.001% (wt/vol) guanine for all guaBA mutants
and with 0.0001% (wt/vol) 2,3-dihydroxybenzoate (DHB) for the growth
of S. Typhi strain CVD 909.

Growth kinetics of target strains. S. Typhimurium strain D65, S. En-
teritidis strain R11, S. Typhi strain Ty2, and S. Paratyphi A ATCC 9150
were grown in HS bacteriological medium for 17 to 20 h overnight. The
bacterial suspension was diluted 1:1,000 in 25 ml of fresh HS medium and
incubated at 37°C and 250 rpm. The optical density at 600 nm (OD600)
was measured every hour for 9 h.

Serum samples. The serum samples used were obtained from mice
vaccinated with live attenuated Salmonella vaccines in previous experi-
ments performed at the Center for Vaccine Development (CVD), and the
samples were maintained at �20°C. All animal studies were approved by
the University of Maryland School of Medicine Institutional Animal Care

and Use Committee. Serum samples from mice immunized with attenu-
ated Salmonella were designated immune (I), and serum samples from
negative-control mice that received phosphate-buffered saline (PBS) were
designated nonimmune (NI). The immune sera were pools that contained
equal volumes of serum samples from 10 mice immunized with S. Para-
typhi A or 12 mice immunized with S. Typhi, S. Typhimurium, or S.
Enteritidis vaccine strains, unless otherwise indicated.

(i) NTS vaccines. BALB/c mice were orally immunized with 109 CFU
of strains CVD 1921 (S. Typhimurium I77 �guaBA �clpP), CVD 1931 (S.
Typhimurium D65 �guaBA �clpX), CVD 1941 (S. Enteritidis R11
�guaBA �clpP), or CVD 1944 (S. Enteritidis R11 �guaBA �clpX), or with
PBS on days 0, 28, and 56, as previously described (15). The serum sam-
ples used in this study for the SBA assays were obtained at day 70 postvac-
cination and had anti-LPS IgG geometric mean titers (GMT) of 8,363
ELISA units (EU)/ml, 10,433 EU/ml, 6,912 EU/ml, and 2,891 EU/ml for
mouse groups immunized with CVD 1921, CVD 1931, CVD 1941, and
CVD 1944, respectively. The anti-LPS IgM or IgA titers were not deter-
mined.

(ii) Typhoid vaccine. BALB/c mice were immunized intranasally (i.n.)
with 108 CFU of strain CVD 910 (S. Typhi �guaBA �htrA) or PBS on days
0 and 27, as described previously (26). The serum samples collected on day
49 (anti-LPS IgG GMT titer, 2,375 EU/ml) were used for the SBA assays.

(iii) Paratyphoid A vaccine. BALB/c mice were immunized i.n. with
109 CFU of strain CVD 1902 (S. Paratyphi A �guaBA �clpX) or PBS on
days 0, 14, and 28 (14). The serum samples collected at day 42 (anti-LPS
IgG GMT titer, 14,217 EU/ml) were used for the SBA assays.

Complement resistance. To determine the serum resistance of the
target strains, we tested the survival of S. Typhimurium D65, S. Enteritidis
R11, S. Typhi Ty2, and S. Paratyphi A ATCC 9150 in the presence of
complement alone. Log-phase cultures were prepared by diluting an over-
night culture 1:1,000 in HS medium and incubating at 37°C and 250 rpm
until an OD600 of 0.4 was attained. The bacteria were then diluted in PBS
to a concentration of �1 � 104 CFU/ml. Guinea pig complement (Cedar-

TABLE 1 Bacterial strains used in this study

Serovar or species Strain Isolation location or characteristics Reference(s) or source

Salmonella Typhimurium D65 Clinical isolate from blood culture, Mali 43, 44
D23580 Clinical isolate from blood culture, Malawi 18, 45
CVD 1921 I77 �guaBA �clpP 15
CVD 1931 D65 �guaBA �clpX S. M. Tennant, P. Schmidlein, J. E.

Galen, and M. M. Levine,
unpublished data

Salmonella Enteritidis R11 Clinical isolate from blood culture, Mali 43, 44
S01 Clinical isolate from blood culture, Mali 43, 44
S15 Clinical isolate from blood culture, Mali 43, 44
Q38 Clinical isolate from blood culture, Mali 43, 44
CVD 1941 R11 �guaBA �clpP 15
CVD 1944 R11 �guaBA �clpX 15

Salmonella Typhi Ty2 Wild-type 46
CVD 909 Ty2 �aroC �aroD �htrA Ptac-tviA 11
CVD 910 Ty2 �guaBA �htrA 26
CVD 915 Ty2 �guaBA 47
Ty21a Ty2 �galE �ilvD �viaB (Vi�) H2S� 48

Salmonella Paratyphi A ATCC 9150 Wild-type American Type Culture Collection,
Manassas, VA

CVD 1901 ATCC 9150 �guaBA 14
CVD 1902 ATCC 9150 �guaBA �clpX 14

Escherichia coli Bort O18:K1:H7, clinical isolate from blood culture,
Walter Reed Army Medical Center
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lane Laboratories, Burlington, NC) or 3- to 4-week-old rabbit comple-
ment (baby rabbit complement [BRC]) (Pel-Freez Biologicals, Rogers,
AZ) was diluted in PBS and incubated with 10 �l of bacterial suspension at
37°C in a 96-well round-bottom plate with shaking at 115 rpm for 1 h.
Viable counts of the inoculum and the bacteria postexposure were per-
formed. The samples were tested in duplicate. The complement-resistant
Escherichia coli Bort strain was grown to log phase and used as a control
strain to confirm a lack of complement killing (25% BRC) in the absence
of serum.

Serum bactericidal activity assay to measure antibody-dependent
complement-mediated killing. (i) Optimization. Stationary-phase Sal-
monella cultures were prepared by incubating bacteria in HS medium at
37°C and 250 rpm for 16 to 20 h. Log-phase cultures were prepared by
diluting an overnight culture 1:1,000 in fresh HS medium and incubating
at 37°C and 250 rpm until an OD600 of 0.4 or 0.8 was attained. Both log-
and stationary-phase cultures were then diluted in PBS to a concentration
of �1 � 104 CFU/ml or 1010 CFU/ml in early experiments. A master mix
composed of 50% GPC or BRC in PBS was serially diluted 2-fold in PBS,
and 80-�l aliquots of each dilution were added to duplicate wells of a
round-bottom 96-well plate. Next, 10 �l of heat-inactivated (56°C for 20
min) pooled immune or nonimmune serum and 10 �l of bacterial sus-
pension were added to each well and incubated at 37°C with shaking at
115 rpm for 1 h. Viable CFU counts were determined manually after
exposure of the bacteria to complement.

(ii) Optimized SBA assay. Log-phase cultures (bacteria grown to an
OD600 of 0.4) of S. Typhimurium D65, S. Enteritidis S15, and S. Typhi Ty2
were prepared as described above. For S. Paratyphi A ATCC 9150, station-
ary-phase cultures were prepared. Pooled immune and nonimmune sera
were heat inactivated at 56°C for 20 min, and 2-fold serial dilutions in
normal saline were performed in a 96-well plate. Serum samples from S.
Typhimurium-vaccinated mice were serially diluted as follows: 1:2,000 to
1:128,000 for postvaccination sera and 1:20 to 1:2,560 for nonimmune
sera (control mice that received PBS). Serum samples from mice immu-
nized with S. Enteritidis, S. Typhi, or S. Paratyphi A vaccines were serially
diluted from 1:200 to 1:25,600. For the nontyphoidal strains, optimal SBA
results were obtained by combining 25 �l of BRC (25% final concentra-
tion), 15 �l of saline, and 50 �l of diluted mouse serum; these were then
incubated with 10 �l of diluted bacteria (100 to 350 CFU) at 37°C with
shaking at 115 rpm for 1 h. A volume of 50 �l serum per 100-�l reaction
mixture was chosen based on the format of a successful vibriocidal assay
used in multiple V. cholerae clinical studies (27). For S. Typhi Ty2 and S.
Paratyphi A ATCC 9150, the optimal SBA results were obtained by com-
bining 12.5 �l of BRC (12.5% final concentration) with 27.5 �l of normal
saline, 50 �l of diluted mouse serum, and 10 �l of diluted bacteria (100 to
350 CFU); these were incubated for 1 h under the same conditions, and
viable CFU counts were determined. The negative control contained bac-
teria and complement only. The serum bactericidal antibody titer was
defined as the reciprocal of the highest serum dilution that produced
�50% killing in relation to the killing observed for the control wells con-
taining bacteria and complement only (i.e., no serum) (23, 24). The titers
were determined from the mean bacterial count from triplicate wells.

SBA assays with complement from other animal sources. Optimiza-
tion assays were performed using as the source of complement sera from
goats (nonhemolyzed, donor herd), horses (nonhemolyzed donor herd),
bovine calves (trace hemolyzed), pigs (trace hemolyzed), 3- to 4-week-old
rabbits, and 8- to 12-week-old rabbits (trace-hemolyzed young rabbit
serum), all purchased from Pel-Freez Biologicals. Fifty microliters of
complement (50% final concentration), 30 �l of saline, and 10 �l of di-
luted mouse serum (from S. Typhimurium CVD 1921- or PBS-immu-
nized mice) were combined with 10 �l of diluted S. Typhimurium D65
(100 to 350 CFU) grown to log phase (OD600, 0.4), and these were incu-
bated for 1 h at 37°C, with shaking, as described above. The negative
control contained bacteria and complement only.

LPS analysis. Bacteria were grown to an OD600 of 0.4, 0.8, and 4.0 and
adjusted to an OD600 of 2.0. LPS was isolated from S. Typhimurium D65,

S. Enteritidis R11, S. Typhi Ty2, and S. Paratyphi A ATCC 9150 by pellet-
ing 1 ml of culture, removing the supernatant, and boiling the bacterial
pellet in 100 �l Laemmli lysis buffer (Bio-Rad Laboratories, Hercules, CA)
for 5 min, and then adding 1/20 (vol/vol) proteinase K (20 mg/ml) to a
final concentration of 1 mg/ml and incubating at 60°C for 1 h. LPS analysis
was performed by Tris-glycine SDS-PAGE using 12% resolving gels. LPS
silver staining was performed as described previously (28). Densitometry
was performed using Quantity One software (Bio-Rad Laboratories).
Briefly, the amounts of short-, medium-, and long-chain LPS were nor-
malized to the amount of core produced for each culture.

PCR. The presence of the rck gene was determined by PCR. Boiled
lysates of Salmonella were prepared by suspending 2 to 3 colonies in 100 �l
of nuclease-free water, heating at 95°C for 10 min, and then centrifuging
to pellet the cell debris. PCR amplifications were performed with 2.5 U
Taq DNA polymerase (Denville Scientific, Metuchen, NJ, or GenScript,
Piscataway, NJ), 1� PCR buffer containing 1.5 mM MgCl2, 200 �M each
deoxynucleoside triphosphate (dNTP), and with 1 �M forward primer
rckF (5=-TCGTTCTGTCCTCACTGC-3=) and 1 �M reverse primer
rckR2 (5=-TCATAGCCCAGGATCGATG-3=). The PCR reagents were
combined with boiled bacterial extract and thermocycled in a reaction
volume of 20 to 50 �l, as follows: 95°C for 2 min, followed by 25 cycles
at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with a final extension
of 72°C for 5 min. The primers described above yielded an amplicon
size of 474 bp.

Statistical analysis. All statistical analyses were performed using
GraphPad Prism version 5.04 (GraphPad Software, San Diego, CA). A
Mann-Whitney test was used to compare the percent inoculum in differ-
ent serum sources and SBA titers for mice immunized with live attenuated
typhoidal and nontyphoidal Salmonella vaccines versus the PBS control
group. An analysis of variance (ANOVA) with Bonferroni’s test for mul-
tiple comparisons was used when three or more groups were compared.
Spearman’s correlation coefficient was utilized to describe the correlation
between the SBA and LPS IgG titers. The remaining data were analyzed
using Student’s t test. Two-tailed P values of �0.05 were considered sta-
tistically significant.

RESULTS
Killing of Salmonella spp. by guinea pig or baby rabbit comple-
ment alone. To select the best source of complement for measur-
ing SBA responses against typhoidal and nontyphoidal Salmonella
vaccines, we first compared the ability of GPC, which is routinely
used in vibriocidal assays (29), and of BRC, which was used in a
previously reported S. Typhi SBA assay, to mediate killing of Sal-
monella serovars (14, 23, 24). S. Typhi Ty2, S. Paratyphi A ATCC
9150, S. Typhimurium D65, and S. Enteritidis R11 killing in-
creased concomitantly with the amount of GPC in the assay reac-
tion mixture when the organisms were grown to an OD600 of 0.4
(see growth curves in Fig. S1 in the supplemental material). Com-
plement sensitivity differed among the serovars, and the order of
susceptibility to killing observed at 10% GPC (middle of the range
tested) was S. Typhi Ty2 being approximately equal to S. Paraty-
phi A 9150, followed by S. Typhimurium D65, and finally S.
Enteritidis R11 (i.e., R11 was the most resistant strain) (Fig. 1A).
In contrast to GPC, BRC was unable to kill S. Enteritidis, S. Ty-
phimurium, and S. Paratyphi A in the absence of immune serum
(Fig. 1B); only S. Typhi Ty2 was killed, as �100% of the inoculum
survived at �5% BRC.

In an early experiment using bacteria grown to an OD600 of 0.8,
we noticed that after incubation at 37°C for 1 h, 30% BRC en-
hanced the growth of S. Typhimurium D65 (mean 	 standard
deviation [SD], 179% 	 73% survival) and S. Enteritidis R11
(138% 	 25%) but not of S. Typhi Ty2 (42% 	 14%) or S. Para-
typhi A ATCC 9150 (64% 	 17%) compared to bacteria sus-
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pended in PBS (for S. Typhimurium D65, mean 	 SD, 46% 	
21%, P 
 0.029 [Student’s t test, two-tailed]; for S. Enteritidis R11,
49% 	 28%, P 
 0.014; for S. Typhi Ty2, 57% 	 57%, P 
 0.678;
and for S. Paratyphi A ATCC 9150, 59% 	 37%, P 
 0.841). We
confirmed that the complement-resistant strain E. coli Bort was
not killed by BRC (data not shown).

Killing of Salmonella spp. by BRC in the presence of anti-
body. When SBA assays were performed with GPC, there was no
difference in the killing of Salmonella in the presence or absence of
immune serum (data not shown). Therefore, use of GPC in SBA
assays was abandoned, and subsequent assays were performed us-
ing BRC. Baby rabbit complement titration with pooled serum
samples from mice immunized with live attenuated Salmonella
vaccines (immune) or mice that received PBS (nonimmune)
showed various degrees of complement-mediated killing. There
was significantly more complement-mediated killing of S. Typhi-
murium at 50% and 25% BRC for immune (CVD 1921-immu-
nized mice) versus nonimmune serum (Fig. 2A). Likewise, for S.
Enteritidis and S. Paratyphi A, BRC at 50%, 25%, and 12.5%
showed significantly more complement-mediated killing in the
presence of immune (CVD 1941- and CVD 1902-immunized
mice) versus nonimmune serum (Fig. 2B and D). For S. Typhi
CVD 910-immunized mice, significant differences were observed
at 25%, 12.5%, and 6.25% BRC (Fig. 2C). However, for NTS and
S. Typhi, the difference in complement-mediated killing was ob-
served only when the target strain was grown to an OD600 of 0.4
but not when grown to an OD600 of 0.8, 4.0, or overnight, whereas
S. Paratyphi A succumbed to complement-mediated SBA activity
when grown at an OD600 of 0.4, 0.8, or 4.0, as well as overnight
(results not shown). Of note, the individual serum samples in-
cluded in the immune serum pool that exhibited SBA activity

FIG 1 Survival of Salmonella spp. in the presence of complement alone. Sur-
vival of S. Typhimurium D65, S. Enteritidis R11, S. Typhi Ty2, and S. Paratyphi
A ATCC 9150 in the presence of guinea pig complement (GPC) (A) and baby
rabbit complement (BRC) (B) in the absence of immune sera. The results are
the mean 	 standard deviation values from at least two independent experi-
ments. The dashed line represents 100% of inoculum as a visual reference.

FIG 2 Complement titrations. Shown is the survival of S. Typhimurium D65 (A), S. Enteritidis R11 (B), S. Typhi Ty2 (C), all grown to log phase (OD600, 0.4),
and S. Paratyphi A ATCC 9150 (D) grown to stationary phase with BRC in the presence of immune (I) compared to nonimmune (NI) sera and decreasing
complement concentrations. The results are shown as the mean 	 standard deviation values from more than three independent experiments. *, P � 0.05, and
**, P � 0.01, by Student’s t test (two-tailed). The dashed lines represent 100% of inoculum as a visual reference.
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contained LPS-specific IgG antibody titers that ranged between
2,375 EU/ml and 14,217 EU/ml, while the nonimmune serum
samples from PBS-inoculated mice lacked LPS antibodies.

In the presence of nonimmune serum and BRC, NTS not only
survived killing but grew markedly (i.e., �100% of the original inoc-
ulum was measured), whereas the survival of S. Typhi and S. Paraty-
phi A in the presence of nonimmune sera and complement remained
at �100% of the inoculum. Additionally, in the presence of BRC and
immune serum, there was increased survival of all the Salmonella
serovars with decreasing concentrations of complement down to
6.25%. These data indicate that antibody alone is unable to kill
Salmonella. As seen in Fig. 2, at 3.1% BRC (the smallest amount
tested), immune serum was unable to kill S. Typhimurium
(mean 	 standard deviation, 100% 	 59.2% survival), S. Enteri-
tidis (83.75% 	 26.96% survival), S. Typhi (82.25% 	 19.64%
survival), or S. Paratyphi A (72.5% 	 23.1% survival).

Killing by complement from other animal sources. In search-
ing for less expensive and more readily available sources of comple-
ment as a possible alternative to BRC in the SBA assays, we investi-
gated the potential use of sera from goats, horses, bovine calves, pigs,
and 8- to 12-week-old rabbits. Frustratingly, only BRC from 3- to
4-week-old rabbits efficiently and consistently killed S. Typhimurium
(i.e., resulted in �100% of inoculum) in the presence of immune
serum (CVD 1921-immunized mice) (Fig. 3). We observed a statis-
tically significant difference between the survival of S. Typhimurium
D65 in the presence of immune serum versus serum from PBS-
treated animals when using 50% BRC.

O-Antigen length of Salmonella serovars. We postulated that
the antibody-dependent complement-mediated killing of S.
Typhimurium, S. Enteritidis, and S. Typhi observed at log phase
but not at stationary phase might be accounted for by O-antigen
length. At stationary phase, S. Typhimurium D65, S. Enteritidis
R11, and S. Typhi Ty2 had �30 O-antigen repeats, whereas S.
Paratyphi A ATCC 9150 had only �15 O-antigen repeats (Fig.
4A). The bacteria were grown to an OD600 of 0.4 or 0.8 or an OD600

of 4.0 or overnight, and we determined the amount of short, me-
dium, and long LPS species (see Fig. S1 in the supplemental ma-
terial). An example of a gel image used for the densitometry anal-

FIG 4 LPS produced by Salmonella serovar. (A) LPS profiles of S. Typhimu-
rium D65 (lane 1), S. Enteritidis R11 (lane 2), S. Typhi Ty2 (lane 3), and S.
Paratyphi A ATCC 9150 (lane 4) after overnight culture. Ratio of long or
medium O antigen (O-Ag) at OD600 of 0.4, 0.8, and 4.0 to overnight culture for
S. Typhimurium D65 (B), S. Enteritidis R11 (C), S. Typhi Ty2 (D), and S.
Paratyphi A ATCC 9150 (E). The results are the mean 	 standard deviation
values from more than three independent experiments. *, P � 0.05, **, P �
0.01, and ***, P � 0.001, by ANOVA, with Bonferroni’s test for multiple
comparison.

FIG 3 Survival of S. Typhimurium in the presence of complement from var-
ious animals and antibody. Shown is the survival of S. Typhimurium D65 in
the presence of immune (I) antibody compared to nonimmune (NI) antibody
with indicated complement sources. The results are the mean 	 standard
deviation values from more than three independent experiments. BRC is from
3- to 4-week-old rabbits. **, P � 0.01 by the Mann-Whitney test. The dashed
line represents 100% of inoculum as a visual reference.
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ysis can be seen in Fig. S2 in the supplemental material. S.
Enteritidis, S. Typhimurium, and S. Typhi produced significantly
more long O antigen at stationary phase (OD600, 4) than at log
phase (OD600, 0.4 or 0.8) (Fig. 4B to D). Since the LPS profile
suggests that S. Paratyphi A ATCC 9150 produces very little long
O antigen even at stationary phase (Fig. 4A), we examined the
quantity of medium-length LPS produced by this serovar at the
log and stationary phases. S. Paratyphi A produced significantly
more medium-length LPS at stationary phase than at log phase
(OD600, 0.4 or 0.8) (Fig. 4E). In the early SBA experiments, we
observed a positive correlation (Pearson’s r 
 0.8092, P 
 0.0511)
between bacterial survival and LPS length using 50% baby rabbit
complement, 108 CFU of Salmonella (S. Typhi, S. Typhimurium,
and S. Enteritidis), and immune serum (individual data not
shown). S. Paratyphi A was susceptible to killing at both the log
and stationary phases, presumably due to the shorter LPS length,
and was therefore omitted from the correlation.

SBA activities of S. Enteritidis strains that possess or lack rck.
We noticed that the antibody-dependent complement-mediated
killing of S. Enteritidis R11 was highly varied and did not produce
consistent endpoint titers. Therefore, we hypothesized that the
increased complement resistance of S. Enteritidis R11 may be due
to the presence of the resistance to complement killing gene, rck.
We screened 52 invasive S. Enteritidis clinical isolates from Mali
by PCR for the presence of rck and found that 15% were rck pos-
itive (including R11) and 85% were rck negative. When we tested
a group of rck-positive and rck-negative strains with pooled sera
from mice immunized with S. Enteritidis CVD 1944, no signifi-
cant differences in SBA titers were observed between the rck-pos-
itive and rck-negative strains (Fig. 5; P 
 0.455, Student’s t test,
two-tailed). Interestingly, the highest SBA titer was measured
when using strain S. Enteritidis S01 as the target, which was rck
positive by PCR. The rck-negative strain S. Enteritidis S15 also
yielded consistent SBA endpoint titers and therefore was chosen as
the target for the optimized S. Enteritidis SBA assay.

Contribution of the Vi polysaccharide capsule to comple-
ment resistance. It is well established that the Vi capsule contrib-
utes to the complement resistance of S. Typhi and is maximally
expressed during the stationary phase (30). We confirmed this in
our optimized SBA system with 12.5% BRC in the absence or
presence of immune serum, using S. Typhi strains that varied in
their expression of Vi. S. Typhi CVD 909, which produces Vi con-
stitutively and at a higher level than does S. Typhi Ty2 (11), exhib-

ited higher complement resistance than S. Typhi Ty2 (the wild-
type strain from which it was derived) when grown to log phase
(Fig. 6). S. Typhi vaccine strain Ty21a was killed in the SBA assay,
as this strain does not produce Vi (not shown).

Determination of SBA endpoint titers induced by various
Salmonella vaccines. We used our optimized SBA assay (Table 2)
to determine the SBA titers in individual serum samples from
mice immunized with live attenuated vaccines. Serum samples
from groups that received CVD 1931 (S. Typhimurium D65
�guaBA �clpX), CVD 1944 (S. Enteritidis R11 �guaBA �clpX),
CVD 910 (S. Typhi Ty2 �guaBA �htrA), or CVD 1902 (S. Paraty-
phi A �guaBA �clpX) were tested against the target strains S.
Typhimurium D65, S. Enteritidis S15, S. Typhi Ty2, and S. Para-
typhi A ATCC 9150, respectively. As expected, significantly higher
SBA titers were recorded in postvaccination serum samples than
those from PBS-treated controls (Fig. 7). Furthermore, a signifi-
cant correlation was seen between SBA titers and anti-LPS serum
IgG titers for S. Enteritidis, S. Typhimurium, and S. Paratyphi A
(Spearman’s correlation coefficients, 0.80, 0.84, and 0.69; P �
0.001, 0.0001, and 0.0043, respectively) but not for S. Typhi
(Spearman’s correlation coefficient, 0.42; P 
 0.16) (Fig. 8).

Use of attenuated or reference target strains in the SBA assay.
Lastly, we investigated whether attenuated or wild-type reference
strains are interchangeable for use as targets in SBA measure-
ments. Hence, we compared antibody-dependent complement-
mediated killing using S. Paratyphi A CVD 1901 (ATCC 9150
�guaBA) versus ATCC 9150 (wild type), S. Typhi CVD 915 (Ty2
�guaBA) versus Ty2 (wild type), and S. Typhimurium D23580

FIG 5 SBA titer and presence of the gene rck. SBA titers in pooled sera from CVD
1941-immunized mice against clinical invasive rck-positive or rck-negative S. En-
teritidis strains. The lines represent the mean titers from at least three independent
experiments. P 
 0.45, Student’s t test, two-tailed. n.s., nonsignificant.

FIG 6 Survival of S. Typhi strains that express various levels of Vi in the
presence of BRC. Shown is the survival of S. Typhi strains Ty2 and CVD 909
grown to an OD600 of 0.4 and incubated with 12.5% BRC in the absence of
immune serum. The results represent the mean 	 standard deviation value
from at least three independent experiments. c, constitutively expressed. *, P �
0.05 and **, P � 0.01, by Student’s t test, two-tailed. The dashed line represents
100% of inoculum as a visual reference.

TABLE 2 Optimized SBA assay conditions for typhoidal and
nontyphoidal Salmonella

Salmonella serovar Growth phase No. of CFU % BRC

Typhimurium Log (OD600 of 0.4) 100–350 25
Enteritidis Log (OD600 of 0.4) 100–350 25
Typhi Log (OD600 of 0.4) 100–350 12.5
Paratyphi A Stationary 100–350 12.5
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versus D65. CVD 1901 and CVD 915 are both attenuated strains
that require exogenous guanine for growth. S. Typhimurium
D23580 is a sequenced multilocus sequence type 313 (ST313) iso-
late and is considered the reference ST313 strain; this genotype is
associated with invasive S. Typhimurium disease in sub-Saharan
Africa (17, 18). Currently, little is known about invasive S. Enter-
itidis strains, and no reference strain exists for this serovar. We
used these strains as targets in SBA assays testing pooled sera from
mice immunized with S. Paratyphi A CVD 1902, S. Typhi CVD
910, or S. Typhimurium CVD 1931. The endpoint SBA titers using
the alternative strains as targets were comparable to those ob-
tained using the original wild-type strains (Fig. 9).

DISCUSSION

We established assays to measure SBA titers against S. Typhimurium,
S. Enteritidis, S. Typhi, and S. Paratyphi A and applied these assays to
measure antibodies in mice immunized with attenuated vaccine
strains, with a view toward future validation for use in preclinical and
clinical vaccine trials. Mice immunized with CVD 1931 (S. Typhimu-

rium D65 �guaBA �clpX) and CVD 1944 (S. Enteritidis R11 �guaBA
�clpX) produced higher SBA titers than mice immunized with CVD
910 (S. Typhi Ty2 �guaBA �htrA) or CVD 1902 (S. Paratyphi A
ATCC 9150 �guaBA �clpX). The differences in immunization regi-
mens likely account for these results. For example, there was a shorter
immunization interval for CVD 1902 and only two immunizations
for CVD 910 (at a 10-fold lower dose of 108 CFU, versus 109 CFU for
other strains), as opposed to three immunizations for the other Sal-
monella vaccines. Differences in the handling of serum samples
may have also played a role, as the functional capacities of anti-
bodies are highly sensitive to preservation and manipulation con-
ditions (31). Unlike SBA titers in mice immunized with CVD 1931
(S. Typhimurium), CVD 1944 (S. Enteritidis), and CVD 1902 (S.
Paratyphi A), the SBA titers of mice that received CVD 910 (S.
Typhi) did not correlate with serum IgG anti-LPS antibodies. The
Salmonella SBA assays described here might be used to compara-
tively assess typhoidal and nontyphoidal Salmonella vaccines. We
also intend to use them to further examine the mechanism of
Salmonella serum bactericidal activity as a potential contributor to

FIG 7 Endpoint SBA titers for mice immunized with live attenuated typhoidal and nontyphoidal Salmonella vaccines. (A) Sera from mice immunized with S.
Typhimurium CVD 1931 against the target strain S. Typhimurium D65. (B) Sera from mice immunized with S. Enteritidis CVD 1944 against the target strain S.
Enteritidis S15. (C) Sera from mice immunized with S. Typhi CVD 910 against the target strain S. Typhi Ty2. (D) Sera from mice immunized with S. Paratyphi
A CVD 1902 against the target strain S. Paratyphi A ATCC 9150. The solid lines indicate mean titers. The dashed lines indicate the detection limit of the assay.
**, P � 0.01, and ****, P � 0.0001, by the Mann-Whitney test.

FIG 8 Correlation of SBA titer with anti-LPS serum IgG titer. SBA and anti-LPS serum titers produced by mice immunized with S. Typhimurium CVD 1931 (A),
S. Enteritidis CVD 1944 (B), S. Typhi CVD 910 (C), and S. Paratyphi A CVD 1902 (D). The data were analyzed using Spearman’s correlation coefficient.
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protection in vivo. With appropriate validation, these assays might
provide an important tool for evaluating the immunogenicity of
Salmonella vaccines in preclinical studies and clinical trials.

Although complement-dependent SBA activity was previously
described in response to S. Typhi oral vaccines or wild-type infec-
tion, we report here the first SBA assays against S. Typhimurium
and S. Enteritidis. Furthermore, we describe for the first time an
assay format that allows one to determine the endpoint titers in-
duced by vaccination. One lesson learned is that the component
steps of the SBA assay must be tailored for different serovars. For
NTS strains, the SBA assay requires bacteria grown to log phase
(OD600, 0.4) and 25% BRC; for S. Typhi, bacteria are grown to log
phase (OD600, 0.4) and 12.5% BRC is used; and for S. Paratyphi A,
stationary-phase bacterial cultures and 12.5% BRC are optimal. In
the final assay configuration, we chose the lowest concentrations
of BRC that allowed us to detect killing in positive samples while
limiting nonspecific killing in the absence of immune antibodies.
The smallest amount of BRC possible was also sought for practical
reasons (e.g., to reduce costs of testing a large number of speci-
mens). We selected 25% BRC for the NTS SBA assays, as this was
the lowest concentration that showed a significant bactericidal
difference between NTS immune and nonimmune sera (Fig. 2A
and B). For typhoidal Salmonella SBA assays, we chose 12.5%
BRC, as this was the smallest amount that showed a significant
difference in S. Typhi and S. Paratyphi A killing between immune
and nonimmune sera (Fig. 2C and D).

S. Paratyphi A yielded a positive SBA result at stationary phase,
because under our growth conditions, it does not produce long O
antigen. In contrast, S. Typhimurium, S. Enteritidis, and S. Typhi

grown to stationary phase were resistant to antibody-dependent
complement-mediated killing, apparently due to the production
of long O antigen or Vi (for S. Typhi only).

In our hands, BRC enhanced the growth of S. Typhimurium
and S. Enteritidis but not of S. Typhi or S. Paratyphi A. S. Typhi
and S. Paratyphi A either do not replicate during the assay or they
replicate but then are killed by the complement, resulting in no
change in the percent survival rate. In contrast, S. Typhimurium
and S. Enteritidis grow significantly more in the presence of 30%
BRC than in PBS. The enhanced growth might also be due to a
capacity for faster growth of these serovars than for typhoidal
serovars (see Fig. S1 in the supplemental material) and/or differ-
ences in nutrient utilization. NTS are well known to possess com-
plement resistance mechanisms, and therefore, once these bacte-
ria have grown, they are not killed by the complement.

We initially hypothesized that the combination of long O an-
tigen and the presence of rck in S. Enteritidis strain R11 was re-
sponsible for its highly complement-resistant nature even in the
presence of immune antibodies. In support of this hypothesis,
conditions that resulted in long O antigen (e.g., NTS growth to
stationary phase) hindered the detection of SBA, whereas SBA
activity was recorded under conditions in which long O antigen
was absent (log phase for NTS). Similarly, Bravo et al. (32) re-
ported that the O-antigen length of Salmonella serovars is depen-
dent on growth phase and influences complement resistance.
Complement killing can be impeded by expression of the 17-kDa
outer membrane protein encoded by the resistance to comple-
ment killing (rck) gene present in some NTS strains, which inter-
feres with the formation of the membrane attack complex. Para-
doxically, the most complement-susceptible S. Enteritidis strain,
S01, is rck positive. This indicates that rck alone does not fully
determine complement resistance. For example, rck-positive
complement-susceptible NTS strains may not express functional
Rck protein, and S. Enteritidis strain R11 likely has other non-rck
complement resistance mechanisms.

Species-specific differences in complement activity have long
been recognized and attributed to differences in terminal comple-
ment proteins (33–36). Our results are in agreement with these
findings. While guinea pig complement readily killed Salmonella
in an antibody-independent fashion, in contrast, BRC killed Sal-
monella in the absence of specific antibodies only at very high
concentrations of complement. The precise reason for the consis-
tency of BRC-based SBA assays is unknown, although we specu-
late that it might be attributed to species-specific differences in the
capacity of C3b to be activated by the alternative complement
pathway. With the aim of developing SBA assays that can be stan-
dardized and ultimately applied in high-throughput testing, we
avoided using human complement because of the potential diffi-
culty of finding human serum completely devoid of anti-Salmo-
nella antibodies, based on recent reports (37). It is both time-
consuming and expensive to screen for healthy donors until
sufficient numbers of individuals lacking Salmonella antibodies
are found. Even when these obstacles are overcome, there remains
the added complication of obtaining enough complement for use
in multiple studies and across laboratories. We did not attempt to
use mouse complement because Siggins et al. (38) showed that
mouse complement is unable to kill S. Typhimurium in the pres-
ence of human anti-Salmonella antibodies.

It is unclear from our data whether anti-Vi antibodies play a
role in measured serum bactericidal activities. S. Typhi CVD 909,

FIG 9 SBA titers using attenuated or reference Salmonella strains. Shown in
black are the SBA titers produced by mice immunized with S. Typhimurium
CVD 1931 (n 
 12, pooled) using S. Typhimurium strains D65 and D23580 as
target strains; in gray are the SBA titers produced by mice immunized with S.
Paratyphi A CVD 1902 (n 
 10, pooled) using S. Paratyphi A strains ATCC
9150 and CVD 1901 as target strains; in white are the SBA titers produced by
mice immunized with S. Typhi CVD 910 (n 
 12, pooled) using S. Typhi
strains Ty2 and CVD 915 as target strains. The results are the mean 	 standard
deviation values from at least two independent experiments.
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which expresses Vi constitutively and at a higher level than S.
Typhi Ty2, was more resistant to killing than S. Typhi Ty2 in the
presence or absence of immune serum. These data support previ-
ous reports that Vi contributes to serum resistance (39, 40). How-
ever, Pulickal et al. (23) found no correlation between bactericidal
and anti-Vi titers in healthy Nepalese subjects, which suggests that
antibodies to other components (e.g., LPS and outer membrane
proteins) are responsible for SBA activity. Our data showed a pos-
itive but marginally significant correlation between anti-LPS IgG
and SBA titers, suggesting the involvement of other antibodies in
the observed bactericidal activity. More detailed studies will be
needed to understand the mechanism of SBA activity elicited by S.
Typhi vaccines and to determine the contribution of antibodies to
the Vi polysaccharide, the O antigen, and outer membrane pro-
teins to killing.

While SBA assays to assess the functionality of vaccine-induced
antibodies elicited by Neisseria meningitidis capsular polysaccha-
ride and conjugate vaccines are well established (41), these assays
have been used only sporadically to assess the functional capacities
of antibodies induced by Salmonella vaccines. Considering that
multiple conjugate vaccines are being developed against S. Para-
typhi A, S. Typhimurium, and S. Enteritidis, as well as Vi conju-
gates against S. Typhi, assays to monitor SBA activity will provide
an invaluable tool to assist clinical vaccine development (42).
Whereas the highly complement-resistant nature of serovars, like
S. Typhimurium and S. Enteritidis, has been a problem, the SBA
assay conditions reported here offer hope that these SBA assays
will allow the immunogenicity of vaccine candidates to be moni-
tored in a more comprehensive way, with a readout potentially
related to protection. In order for the proposed SBA assay to be
widely implemented in human clinical trials, safer or reference
target strains will need to be used, several of which we have iden-
tified in our study. The SBA assay results that we have generated
encourage further studies in order to fully standardize these assays
and their application in evaluating new Salmonella vaccine candi-
dates under clinical development, searching for functional anti-
body correlates of protection.
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