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Extensive population-level genetic variability at the Salmonella rfb
locus, which encodes enzymes responsible for synthesis of the
O-antigen polysaccharide, is thought to have arisen through fre-
quency-dependent selection (FDS) by means of exposure of this
pathogen to host immune systems. The FDS hypothesis works well
for pathogens such as Haemophilus influenzae and Neisseria men-
ingitis, which alter the composition of their O-antigens during the
course of bloodborne infections. In contrast, Salmonella remains
resident in epithelial cells or macrophages during infection and
does not have phase variability in its O-antigen. More importantly,
Salmonella shows host–serovar specificity, whereby strains bear-
ing certain O-antigens cause disease primarily in specific hosts; this
behavior is inconsistent with FDS providing selection for the origin
or maintenance of extensive polymorphism at the rfb locus. Alter-
natively, selective pressure may originate from the host intestinal
environment itself, wherein diversifying selection mediated by
protozoan predation allows for the continued existence of Salmo-
nella able to avoid consumption by host-specific protozoa. This
selective pressure would result in high population-level diversity at
the Salmonella rfb locus without phase variation. We show here
that intestinal protozoa recognize antigenically diverse Salmonella
with different efficiencies and demonstrate that differences solely
in the O-antigen are sufficient to allow for prey discrimination.
Combined with observations of the differential distributions of
both serotypes of bacterial species and their protozoan predators
among environments, our data provides a framework for the
evolution of high genetic diversity at the rfb locus and host-specific
pathogenicity in Salmonella.

The enteric pathogen Salmonella enterica presents at least 70
different O-antigens [the outermost structure of the Gram-

negative lipopolysaccharide (LPS)] to mammalian immune sys-
tems (1); this polysaccharide decorates the outer surface of the
cell. Historically, extensive genetic diversity at the rfb locus,
which encodes enzymes directing O-antigen synthesis (2–6), has
been attributed to frequency-dependent selection (FDS) (7, 8)
imposed by the host immune system (5, 9, 10). Novel rfb loci
would have an advantage because their cognate O-antigens
would be unrecognized by immune systems (Fig. 1A); strains
carrying rare loci would have higher fitness and would avoid
rapid stochastic loss, rising to higher frequency. Yet selective
advantages decrease with abundance; as a result, strains with
common rfb loci cannot dominate the population or elicit a
selective sweep (7) because their fitnesses become lower as they
become more abundant. In concert, FDS prevents the loss of
rare alleles or the dominance of common alleles, thus maintain-
ing diversity (8).

According to the FDS model, expression of different LPS
molecules through gene regulation allows invading bacteria to
escape host immunity, survive, and proceed throughout its life
cycle; this hypothesis explains O-antigen variation very well for
some bacteria. For example, Haemophilus influenza and Neisseria
meningitidis are commensal bacteria of the upper respiratory
tract that can cause life-threatening diseases once they invade
their host (11–16). Upon host entry, H. influenza and N. men-
ingitidis replicate in the blood stream, resulting in a steadily
increasing bacteremia within hours after infection (12, 17–19).

Bacterial survival within the host’s blood stream depends on the
ability to escape the innate and adaptive immune systems, and H.
influenza and N. meningitidis both have multiple genes under
control of phase variation that result in antigenic variants arising
every generation, allowing for immune evasion (20–28). One
important example is LPS phase variation by means of contin-
gency loci that allows these bacteria to express different LPS
molecules after every generation, enhancing their ability to
survive and escape host immune cell recognition (23, 24, 27).
Thus, strong selective pressure from the immune system during
bacterial invasion is believed to be the driving force of LPS
variation among these bacteria.

Unlike H. influenza and N. meningitidis, Salmonella is a
commensal bacterium of the intestine and does not invade the
blood stream when entering the host. Instead, Salmonella resides
within intestinal epithelial cells or resident macrophages, typi-
cally not in the bloodstream, and escapes immense attack from
the immune system (29–31). Although Salmonella is exposed to
the host immune system while in the intestine through mucosal
surveillance, including potential sampling by dendritic cells
resulting in IgA release into the intestinal lumen (32), it is not
bombarded by the strong host immune pressure experienced by
H. influenza and N. meningitidis during an infection. One could
infer that selective pressure driving O-antigen variation among
Salmonella serovars is not mediated by exposure to the immune
system to the degree it may be with Haemophilus or Neisseria.
Thus, it is not surprising that LPS phase variation is absent in
Salmonella because commensurately strong selective pressure
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Fig. 1. Models used to explain extensive genetic diversity. (A) Under FDS,
organismal fitness is highest when alleles are rare (at left). Counterselection of
common alleles precludes selective sweeps, maintaining variability at poly-
morphic loci. (B) Under diversifying selection, fitness depends on the environ-
ment in which an organism resides. Here, strains 1, 2, and 3 have different
fitnesses in environments A, B, and C.
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from the immune system is also absent during invasion. How-
ever, population-level LPS variability is still observed Salmonella
serovars, which display �70 different O-antigens (1).

To this end, we believe local FDS fails to explain extensive
polymorphism at the Salmonella rfb locus, wherein strains
present the same O-antigen during infection. Other observations
add to our skepticism. First, nonpathogenic bacteria show ex-
tensive diversity at their rfb loci (33, 34), abrogating extensive,
direct exposure to the immune system as a necessity for extreme
variability; in addition, loci not encoding surface antigens show
high diversity (e.g., the hsd locus; see refs. 5 and 35). Indeed,
pathogenic strains of Escherichia coli are limited to few antigenic
types, like the enterohaemorrhagic serovar O157:H7, rather than
sharing the breadth of variability at the rfb locus seen among
natural isolates of E. coli. Second, and perhaps more salient,
Salmonella exhibits host–serovar specificity, i.e., certain sero-
types infect and cause disease in specific hosts (36, 37), which is
entirely incompatible with and contradictory to the FDS model.

Alternatively, excess polymorphism can be maintained by
diversifying selection, whereby organismal fitness depends on
the environment (Fig. 1B). When different alleles confer varying
fitness values in dissimilar contexts, selective sweeps are also
precluded, resulting in high genetic diversity; this model has been
invoked to explain diversity in Plasmodium antigens (38) and E.
coli f lagellar antigens (39). Before Salmonella can invade their
host, they must pass through the harsh environments of stomach
acid and bile salts and colonize the intestinal epithelium in
competition with more abundant bacterial species. In addition,
they must evade generalist predators such as protozoa, which
also inhabit intestinal environments (40–42). Bacterial popula-
tions are constrained by the action of protozoan predation,
including Yersinia in river water (43), Rhizobium in groundwater
and soil (44, 45), Xanthomonas in soil (46), Archaea in the rumen
(47), and numerous bacterial species resident in the water
column (46, 48, 49) or in soil (50). Because amoebae are
abundant predators in vertebrate intestinal tracts (40–42), they
likely act in similar manners to control populations of enteric
species.

If protozoan predators from separate environments recognize
O-antigens with different efficiencies, i.e., their receptors have
different affinities for the different O-antigen epitopes, they may
provide a mechanism by which diversifying selection maintains
diversity at the rfb locus. Hence, O-antigen variability among
Salmonella may allow differential serovar persistence in different
host intestinal environments by abating predation in a niche-
specific manner. If serovar–host specificity began as an ability to
evade host-specific protozoa, the diversifying selection model
would provide a new and testable explanation for this pattern of
Salmonella pathogenicity and provide a framework for niche
differentiation and potential lineage diversification.

Materials and Methods
Line Tests and Prey Fitness Calculations. Strains were streaked on
NM solid media (15.5 mM KxPO4, pH 7.5�0.2% peptone�0.2%
glucose�2.0% agar) from the center of the plate outward and
incubated overnight at 37°C; four replicates of two strains were
streaked on each plate, interleaved as depicted in Fig. 2A. All 36
pairwise comparisons between nine SARB strains (strains 1, 2,
3, 8, 20, 30, 36, 52, and 59) were performed. A total of 104

protozoan cysts (numbers determined by direct counting on a
hemocytometer) in 10 �l of 0.9% NaCl was added in the middle
of the plate on a sterile paper disk; plates were incubated at 34°C.
Plates were photographed every 6 h; predation rates were
determined from the distance of predation feeding front relative
to the line’s starting position. Regressions were calculated for
distance consumed versus time (R2 typically � 0.95). The
significance of the difference between the two sets of four slopes
was determined by using a t test. Overall consumption rates were

calculated as mean slopes for each plate, which were then
averaged across the eight independent pairwise competition
plates bearing that strain. Cell density in lines was estimated by
counting cells eluted from six core samples from six replicate
plates spread with lawns of each strain grown to stationary phase.
Cell densities were calculated both by final OD600 in liquid NM
media with soluble agar components or by eluting cells from
solid media. Comparable results were obtained for both meth-
ods. Overall prey fitness values were calculated by multiplying
the overall rate of consumption (mm2�h) by the normalized cell
density (cells per mm2), normalizing fitness (cells per h) to the
value of the least-preferred strain.

Near-Isogenic Strain Construction. A strain of S. enterica serovar
Typhimurium was constructed (LD869) that contained
hisD9953::MudJ and rfbI::Tn10dCm mutations. This strain was
transduced to histidine prototrophy by using either P22 or ES18
bacteriophage lysates (depending on host sensitivity). Transduc-
tants were screened for chloramphenicol sensitivity to isolate a
strain that mobilized the rfb operon. Agglutination tests with
antibodies against the four- and seven-O-antigen epitopes ver-
ified that transductants had altered their O-antigen epitope
profile. We estimate that �30 kb of DNA was introduced into the
LT2 strain background to create the near-isogenic strains; the
his–rfb intergenic region does not contain genes for flagella,
fimbrae, outer membrane proteins, or other potential epitopes
but does include the wzz genes for O-antigen chain-length
determination.

Isolation of Protozoa. Amphibians and insects (see legend for Fig.
3) were collected from a pond, and their intestinal contents were
removed by means of sterile dissection into 0.9% NaCl. Protozoa
were separated from bacteriophage and carnivorous bacteria by
five rounds of low-speed centrifugation. Cells in pellet were
diluted and plated on NM media spread with 108 Salmonella
cells; protozoan cysts were collected from cleared plaques,
diluted, and reisolated to ensure purity.

Fig. 2. Predation rates and Salmonella fitness. (A) Pairwise line test between
SARB8 (O-antigen 6,7) and SARB36 (O-antigen 6,8) against N. gruberi; black
and white lines delineate the feeding fronts for SARB36 and SARB8, respec-
tively. (B) Results of test in A. Two of four lines are shown for simplicity. (C)
Results of all line tests against N. gruberi. Strain numbers are indicated along
x and y axes; identities of the more slowly consumed strains for each experi-
ment are indicated above the diagonal, with P values noted below. ns, not
significant. (D) Average rate of consumption of nine SARB strains averaged
across all eight pairwise comparisons.
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Identification of Protozoa. The 18S rDNA locus was amplified by
the PCR with universal primers; a 1.4-kb band was routinely
produced, and the sequences of both strands were determined by
using an ABI-310 sequencer. Strains were given genus designa-
tions (Fig. 3) by virtue of their close relationship with previously
identified protozoa.

Bacterial Survival in the Presence of Amoebae. An aliquot of 100 �l
containing 104 colony-forming units of each of two strains of
bacteria were plated on at least 16 NM plates. Half of the plates
were inoculated with 104 cysts of an amoeboid predator at one
end of the plate. At the start of the experiment, half of the plates
(an equal number with or without predator addition) were
immediately eluted with 2 ml of 0.9% NaCl, diluted, and plated
on appropriate media, either MacConkey agar with 1.0% xylose
(where SARB2 appeared white; other strains appeared red) or
Kligler Iron Agar (strains bearing a phs-208::Tn10dGn mutation
appeared white; other strains appeared black). Indicator plates
were incubated overnight at 37°C, and the numbers of each strain
were determined by their colorometric differences. Experimen-
tal plates were incubated at 34°C until the front of moving
amoeboid predators had transversed the plate, ensuring a uni-
form feeding efficiency for each replicate. The remaining bac-
terial cells were eluted and counted as above. Significant dif-
ferences between the proportions of each cell type were
compared directly by using a t test if 0.3 � P � 0.7; otherwise,
data were normalized by standard arcsine(�p) transformation
before analysis. The addition of Tween 80 (used in ciliate

competition experiments) to the plates did not alter the results
of competition experiments (data not shown).

Bacterial Survival in the Presence of Ciliates. Tetrahymena pyriformis
was propagated axenically in 2% peptone�0.1% yeast extract�
0.2% glucose�20 �g/ml kanamycin (to prevent bacterial growth).
An aliquot of 100 �l containing 104 colony-forming units of each
of two bacterial strains was added to 5 ml of TH liquid media
(0.5% peptone�0.5% tryptone�8 mM K2HPO4) with 0.02%
Tween 80 (to prevent cell clumping) in a 25-ml flask at 30°C and
grown with agitation; four of eight replicates received 103 T.
pyriformis predators. Aliquots were removed after 0, 6, and 24 h
and diluted in 0.9% NaCl. The numbers of each strain and
significant differences in their proportions were determined as
above.

Results
Naegleria gruberi Can Distinguish Among Natural Isolates of Salmo-
nella. We examined the abilities of nine Salmonella SARB strains
(51) to avoid six different amoeboid predators, including one
laboratory isolate (N. gruberi) and five amoebas isolated from
intestinal environments. The rate of predation was measured on
solid media by sets of pairwise comparisons (Fig. 2 A). Results
showed that a single predator consumes Salmonella serovars at
different rates (Fig. 2B). All pairwise tests were performed (Fig.
2C), and the data were consistent with a single hierarchical
ranking of prey preference for each amoeboid predator (Fig.
2D). Rates were corrected for bacterial density (strains with
lower growth yields resulted in lines exhibiting faster rates of
consumption, R2 � 0.32; see Fig. 3A), although the difference in
cell density was small relative to the difference in the rate of line
disappearance, suggesting its impact would be low. Neither the
width of the bacterial streaks nor the efficiency of prey con-
sumption was found to differ between strains; relative fitnesses
were assigned by normalizing corrected consumption rates to
that of the least-preferred strain (Fig. 3 B and C). Correction for
variation in cell density only slightly influenced the hierarchy of
relative fitness values (r2

s � 0.96; see Fig. 3C).

Different Protozoa Show Different Feeding Preferences. Serovar
fitness depends dramatically on the predator they face (Fig. 3C);
e.g., SARB52 exhibits a low fitness when faced with N. gruberi
but higher fitness against Acanthamoeba, consistent with the
diversifying selection model (Fig. 1B). Here, different predators
represent the different environments. Because predators have
different tolerances to temperature, salinity, and pH (data not
shown), we expected to find them (and isolate five of them) from
disparate intestinal environments; as expected, preliminary re-
sults suggest that amoeboid predators isolated from the same
host are more uniform than what one would expect at random
(P � 0.023).

Not only do prey have different fitnesses when faced with
different predators but also the magnitude of the selection
coefficients (s) is quite large, on the order of 10�1 (fitness � 1 �
s). Section coefficients on the order of 10�4 are readily detected
in small-scale chemostat experiments with E. coli over the course
of 20 generations (52). Here, mutation during the course of the
chemostat experiment limits the level of detection. Extrapola-
tion of those results to the effective population size of enteric
bacterial species suggests that selective coefficients of signifi-
cantly lower values would dramatically impact the fate of bac-
terial strains. From this perspective, the two-fold differences in
predator susceptibility we observe are enormous by comparison.

Feeding Differences Reflect Predator Choice. Serovars may excrete
substances that affect protozoan predators differentially. If so,
the putative differential selection coefficients would vanish if a
predator were presented with two prey simultaneously, because

Fig. 3. Calculation of prey fitness from rates of consumption. (A) Rate of
consumption (see Fig. 2) is correlated with cell density (calculated as final
growth density; see Materials and Methods). (B) Comparison of rates of
consumption (see Fig. 2D) and fitness for SARB strains facing N. gruberi as a
predator. (C) Relative fitness values determined from predation rates after
correction for cell density. Predators (source) are 1, N. gruberi (laboratory
strain); 2, Acanthamoeba sp. (Hyla crucifer); 3, Hartmanella sp. (R. catasbiena);
4, Hartmanella sp. (Notophthalmus viridicens); 5, Naegleria sp. (Belastoma);
and 6, Naegleria sp. (pond water). White circles indicate strains used in Fig. 4;
red circles denote SARB2.
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the excreted substance from either strain would impair the
predator. We performed such experiments by using subsets of
the strains shown in Fig. 3. In each case, SARB2 was one of the
strains, because it contained a natural inability to consume
xylose, allowing discrimination of prey on MacConkey indicator
plates. Proportions of prey strains were measured at the onset of
the experiment and after predation (which is not 100% efficient;
�1% of cells remain before amoebas encyst because of paucity
of prey), and results were compared with predator-free controls
(Fig. 4).

Differences in the relative abundance of each strain will
change over the course of the experiment because of differential
growth rates of the two strains. For this reason, the impact of
predators must be assessed by comparing the relative abun-
dances of strains in the presence versus absence of predators, not
merely from the onset versus the conclusion of the experiment.
Although no differences in serovar abundance were observed at
the start of the experiment (Fig. 4, Start), significant differences
were observed after predation (Fig. 4, Finish), demonstrating
that predators can discriminate between prey. More importantly,
these results reflected the same protozoan feeding preferences
shown by the line tests (Fig. 3C, strains marked with circles).
Taken together, these experiments demonstrate that the Salmo-
nella fitness values we measured are a function of the feeding
preferences of the protozoa in their environment and not a
function of excreted toxins.

Predators Can Distinguish Prey Differing Solely at the O-Antigen. For
differential predation to occur, predators must recognize some
bacterial structure to identify their prey (and to avoid self-
predation or engulfment of inorganic matter). The abundance of
the O-antigen makes it a good candidate for a broad-spectrum
ligand recognized by a predator’s cognate receptor. There are
extracellular proteins that could act as ligands, such as the
flagellum or pili, or outer-membrane proteins, like BtuB, LamB,
OmpA, OmpC, OmpF, or PhoE (53–55). Yet these potential
ligands are not all constitutively expressed, present only small
loops as binding epitopes, and most would be hidden by the
lengthy O-antigen polysaccharide. For these reasons, we postu-

late that the O-antigen is likely a major ligand for predator
recognition; this discrimination would mediate diversifying se-
lection at the cognate rfb locus. Other antigens are also likely
used, because SARB strains with identical O-antigens did not
evade predation equally well (Fig. 3C).

To test whether predation is influenced by the O-antigen, we
created strains of S. enterica LT2 that vary only in the rfb region;
strains were tested by antibody agglutination to verify their
O-antigen structures. Near isogenic strains were created that
encode the rfb regions from SARB3, SARB4, or SARB44,
designated r03, r04, or r44, respectively. Strains r03 and r44 have
similar O-antigens (epitopes 1,4,12 and 1,4,[5],12, respectively),
whereas strain r04 bears a substantially different O-antigen
(epitope 6,7). Experiments with wild-type strains or their re-
spective near-isogenic derivatives show that one strain is strongly
preferred by the predator when O-antigens differ, but no pref-
erence is seen when O-antigens are identical (Fig. 5). Moreover,
protozoan discrimination of near-isogenic strains mirrors the
discrimination of cognate wild-type parents. These data indicate
not only that the O-antigen influences protozoan predation but
that it may be a primary recognition epitope.

Predators That Do Not Use Cell–Cell Interaction Cannot Discriminate
Among Prey. Unlike amoeboid predators of the viscous enteric
environment, ciliates filter prey by size; there is no prey recog-
nition through cell–cell contact. We believe serovar recognition
by cell–cell contact drives diversifying selection because preda-
tors do not demonstrate differential feeding efficiencies (i.e.,
digestive differences), which would have been detected by the
line tests. As expected, we could not detect any feeding prefer-
ences in the ciliate T. pyriformis by using strains that have
different O-antigen structures that could be distinguished by
both amoeboid predators tested (sample data shown in Fig. 5).
Here, the ciliates grazed on mixed cultures of Salmonella with
differing O-antigens, and, although the numbers of cells de-
creased 100-fold over the course of the experiment (the same
decrease following amoeboid predator grazing), no measurable
preference for one strain over another could be detected.

Discussion
Diversifying Selection Is a Viable Model for Maintaining Diversity at
the Salmonella rfb Locus. As with models used to explain extensive
diversity at the hsd and fliC (5, 39) loci, we believe diversifying
selection provides the best framework in which natural selection
can act to maintain numerous variant alleles of a gene within a
population without rapid alternation among haplotypes. Our
data provide an explanation for how and why extensive genetic
diversity arose at the rfb locus and clarify previous unexplained
observations, i.e., nonpathogenic enteric bacteria have different
O-antigens to evade protozoan predators, not the immune
system; as a result, we would expect host–serovar specificity.

Although avoiding predation may be critical for survival of
Salmonella, recognition of Salmonella is likely of little impor-
tance to the predator, because Salmonella is not a major
constituent of the intestinal f lora (�0.1% of cells). Rather, strict
anaerobes comprises 95–99% of the microbial intestinal f lora
(56). Abundant Bacteroides expresses numerous different poly-
saccharides through phase variation (33), perhaps preventing
predators from adapting to its O-antigen. In addition, sampling
by dendritic cells [resulting in IgA excretion into the intestinal
lumen (32)] would have little impact on Salmonella population
because, as a minor constituent, it would not be sampled as often
as strains of Bacteroides. Also, preliminary experiments suggest
that neither Naegleria nor Acanthamoeba change feeding pref-
erences, even after 100 generations of consuming nonpreferred
strains (data not shown). Collectively, these data imply that
predators would not change preferences in response to Salmo-
nella availability, which could prevent diversifying selection from

Fig. 4. Predator choice among natural isolates of S. enterica. The strain
noted was grown with strain SARB2, which fails to use xylose. At least four
replicates were examined. Bars represent the percentage of SARB2 present in
the population; error bars represent one standard deviation. Open bars report
experiments in the presence of predator, and filled bars report experiments in
the absence of the predator noted. P values compare the mean percentage of
SARB2 between sets of plates with and without predators. Data are plotted
along a transformed arcsine (�p) axis, as was used for statistical tests (see
Materials and Methods). ns, P � 0.05; *, P � 0.001; **, P � 0.0005; ***, P �
0.0001. O-antigen designations are as follows: SARB2 � 3,10; SARB20 � 8,20;
SARB36 � 6,8; and SARB59 � 1,3,19.
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maintaining rfb variability; however, further experimentation is
required to determine whether predator preferences are indeed
stable.

We believe protozoan predators mediate this selection rather
than bacteriophage predators, because phages are highly specific
in the strains they can infect. Moreover, most bacteria acquire
resistance to additional phages by means of their coimmune
prophages. Therefore, phages are unlikely to represent a class of
niche-specific predators. In contrast, perhaps all of the proto-
zoan predators encountered by a bacterial cell are capable of
ingesting it; we have not isolated any amoeba that will not eat any
strain of Salmonella or E. coli as prey. As a result, protozoan
predators are likely to represent the more imminent, niche-
specific threats to bacterial survival in intestinal environments
than do bacteriophages, although differential distribution of
bacteriophages in intestinal environments is largely unexplored.

Differential Distributions. For diversifying selection to provide an
explanation for serovar–host specificity, both bacterial prey and
their protozoan predators must be stably and differentially distrib-
uted between host species. Differential distribution of bacteria
among hosts, i.e., the nonuniform abundance of different genotypes
among different environments, has been convincingly demon-
strated for Salmonella (36, 57), E. coli (58–60), Enterococcus (61,
62), and Bacteroides (62). Our preliminary data suggest similar
results for protozoa, i.e., Naegleria polyphaga was found preferen-
tially in carnivorous metamorphosing Rana catasbiena, whereas
Hartmanella was found in herbivorous tadpoles (randomization
test, P � 0.023). We would predict that predators isolated from the
same hosts would show similar feeding preferences.

In addition, differential distribution of protozoa has been
described for pathogenic Entamoeba, where Entamoeba invadens

causes disease in reptiles (63), including ball pythons (64) and
Entamoeba histolytica causes disease in humans (65, 66). Enta-
moeba suis and Entamoeba chattoni infect nonhuman mammals,
yet a related but distinct species preferentially infects ostriches
(67). The amoeba Vannella platypodia was found to infect
multiple fishes (68), whereas members of the genus Neopar-
amoeba preferentially colonize gills (69). The Microsporidian
Encephalitozoon cuniculi is a pathogen of domesticated rabbits
and dogs, whereas Encephalitozoon intestinalis, Encephalitozoon
hellem, and Encephalitozoon bieneusi are opportunistic patho-
gens of humans (70). Commensal protozoa also show differential
distribution among hosts. For example, the nonpathogenic
amoeba Paravahlkampfia ustiana was isolated multiple times
from the intestines of skinks (71). These and other studies
suggest that protozoa, like bacteria, are not distributed uniformly
across all environments.

A Road to Host–Serovar Specificity. Ultimately, this paradigm offers
insight into the origins of serovar–host specificity. If different
protozoa reside in different intestinal environments (see above),
the fitness of Salmonella serovars would be host-specific. As a
result, serovar Dublin may cause disease in cattle because,
perhaps historically, it could better escape predators within
cattle, increasing the likelihood of invasion. If this serovar is
transmitted to swine, fitness diminishes because its O-antigen
would be easily recognized by swine-borne predators, whereas
native serovar Choleraesuis avoids these predators. Thus, diver-
sifying selection could lay the groundwork for the acquisition of
additional loci that would confer host-specific pathogenicity
traits. In this manner, diversifying selection at the rfb locus could
act as a reproductive isolation mechanism, precluding admixture
of these diverging population and allowing for niche specializa-

Fig. 5. Predator choice among natural isolates of S. enterica or among near isogenic strains that varied only in the region containing the rfb locus (see Materials
and Methods). The strains of predator (Tpy, Tetrahymena) and prey used are noted, and the underlined strains were marked with a phs::Tn10dGn insertion.
Strains prefixed with ‘‘r’’ denote near-isogenic strains bearing the rfb region from the SARB strain noted. Experiments with reciprocally marked strains yielded
comparable results, and at least four replicates were examined per comparison. Bars represent the percent of strain 1 present in the population; error bars
represent one standard deviation. Open bars report experiments in the presence of predator, and filled bars report experiments in the absence of the predator
noted. P values compare the mean percentage of strain 1 between sets of plates with and without predators. Data are plotted along a transformed arcsine (�p)
axis, as was used for statistical tests (see Materials and Methods). ns, P � 0.05; *, P � 0.01; **, P � 0.001; ***, P � 0.0001. O-antigen designations are as follows:
SARB3 � 1,4,12; SARB4 � 6,7; and SARB44 � 1,4,[5],12.
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tion to occur (72). In summary, this work potentially refutes the
conventional wisdom regarding how and why diversity at the rfb
virulence locus evolved, provides a selective mechanism for the
maintenance of genetic diversity that may lead to niche differ-
entiation of bacterial populations and subsequent speciation,
and offers a sound ecological basis for the origin and mainte-

nance of extensive genetic variation at an important pathoge-
nicity locus.
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