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Extensive genetic variability at particular loci is observed among many bacteria because alleles 

confer higher fitness advantages under certain situations. Extensive diversity is observed at the 

Salmonella rfb locus, encoding enzymes responsible for synthesis of the O-antigen 

polysaccharide. Historically, diversity at the rfb locus was thought to be caused by selective 

pressures from the immune system and maintained by frequency dependent selection (FDS). 

This hypothesis works well for pathogens like Haemophilus influenzae and Neisseria meningitis, 

which alter their O-antigens during the course of an infection. In contrast, Salmonella does not 

alter its O-antigen. More importantly, Salmonella shows host-serovar specificity, whereby strains 

bearing certain O-antigens cause disease primarily in specific hosts; this is inconsistent with 

FDS. Alternatively, selective pressure may originate from the host intestinal environment itself, 

wherein diversifying selection (DS) mediated by protozoan predation allows for the continued 

maintenance of rfb diversity and the survival of Salmonella. To test if predation may be a 

selective pressure influencing O-antigen diversity, amoebae were isolated from separate 

intestinal environments and shown that these amoebae recognize antigenically diverse 

Salmonella with different efficiencies. More importantly, it was demonstrated that feeding 

preferences are upheld when Salmonella differ only by their O-antigen. Thus, protozoan 

predation may be the selective pressure influencing O-antigen diversity. For extensive genetic 

diversity to be maintained by DS, a particular O-antigen should confer a higher fitness in a 
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certain environment. To test this hypothesis, amoebae were isolated from the intestines of fish, 

tadpoles, lizards, and turtles and their feeding preferences were determined. As expected, related 

amoeba from the same host share preferences. Strikingly, unrelated amoebae from the same 

intestinal environment also had significantly similar feeding preferences, and related amoebae 

isolated from different environments showed no similarity in prey choice. This demonstrates that 

amoebae from an environment share feeding preferences. In concert, O-antigen variability may 

result from selective pressures of predation and subsequently may be maintained by DS whereby 

a certain O-antigen confers a higher fitness advantage depending on its residing environment. 

This makes sense of the serovar-host specificity and the clonality of O-antigens among 

Salmonella that were not explained by previous hypotheses. 
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1.0  SELECTIVE PRESSURES AND DIVERSITY AMONG BACTERIA  

1.1 THE EVOLUTION OF NATURAL SELECTION 

Charles Darwin was the first to describe the concept of phenotypic traits among individuals and 

the importance of diversity in relation to natural selection. In his lengthy argument entitled “The 

Origin of Species by Means of Natural Selection or the Preservation of Favored Races in the 

Struggle for Life,” he says that phenotypic differences naturally occur among populations. He 

further speculates that that if these observed phenotypes were advantageous and heritable then 

these traits would lead to speciation if acted upon over long enough periods of time (37). 

Through these ideas, Darwin proposed natural selection - the process by which individual 

organisms with favorable traits are more likely to survive and reproduce than those with 

unfavorable traits. For instance, he hypothesized that natural selection acted upon native finches 

of the Galapagos Islands resulting in specific advantageous characteristics like a particular beak 

shape and size due to environmental adaptations. It is these types of advantageous characteristics 

that Darwin thought contributed to finch speciation. Besides differences observed among animals 

in nature, Darwin also speculated that domesticated animals like pigeons differed from wild ones 

due to artificial selection imposed by domestication itself and thus were also on the path to 

speciation. According to this proposed neo-Darwinism concept, phenotypic diversity in a 

population should be low because, first, beneficial traits would be passed on to offspring and 
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every individual would express this trait and, second, disadvantageous traits would be lost thus 

removing diversity which is detrimental. Although neither concepts of speciation nor origin of 

phenotypic diversity were understood, Darwin recognized a critical role of within-species 

variation and laid down the foundation of evolution through natural selection.  

 The discovery of genetics and molecular biology helped mold neo-Darwinism to explain 

speciation and the basis for both between-species and within-species diversity. Speciation arises 

from divergent evolution whereby genes shared among individuals diverge overtime due to 

different selective pressures eventually leading to reproductive isolation. The effects of 

reproductive isolation and different selective pressures acting on separate populations results not 

only in the gain and loss of different genes among species but also effects differences of shared 

genes between species. Thus, high phenotypic and high genotypic diversity between species is 

expected. Because high phenotypic diversity was correlated to high genotypic diversity between 

different species, low within-species phenotypic diversity was thought to reflect low genotypic 

diversity as proposed by Darwin. Because a gene is beneficial, it sweeps throughout a 

population; every individual expresses the gene and no diversity should exist. However, it was 

becoming apparent that differences among proteins and DNA did occur within individuals of a 

species (106, 112); these observations lead to a reshaping and a more comprehensive 

understanding of natural selection and conspecific diversity. 

1.2 THE NEUTRAL THEORY AND WITHIN SPECIES DIVERSITY 

Motoo Kimura proposed the Neutral theory in the late 1960s which further expanded the ideas of 

neo-Darwinism and within-species diversity. Kimura hypothesized that genetic diversity is 
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observed among loci within species due to near-neutral genetic mutations, ones which are not 

advantageous or detrimental (111-113). He admitted that most mutations are lethal and lost from 

the population but suggested that other mutations result in substitutions which are nucleotide 

base changes that occur and may or may not change an encoding amino acid. These substitutions 

are usually either slightly detrimental or beneficial and give rise to slightly different loci, or 

alleles, that persist in the population. Over time, these alleles may increase and sweep the 

population or go extinct due to stochastic events of allelic frequencies. In fact, Kimura 

mathematically demonstrated that alleles randomly increase and decrease in the population over 

time thus giving rise to small variation at most genes within a species (57, 112, 172). The Neutral 

theory together with neo-Darwinism provides explanations for alleles observed in populations 

and furthers our understanding of intra-species diversity.  

Soon after Kimura proposed the neutral theory, studies with Drosophila melanogaster 

suggested the maintenance of large genetic differences among individuals which did not 

completely fit the ideas of natural selection and the Neutral theory (182). Here, one advantageous 

gene did not sweep the population as predicted by natural selection, and genetic differences 

appeared to provide fitness advantages so this did not follow the neutral theory. For instance, 

studies showed that in a population of D. melanogaster, a rare male genotype had a higher fitness 

and thus more likely to mate compared to the common genotype of this species (4, 183, 225). 

Other studies revealed rare male fitness advantage in different Drosophila species suggesting the 

maintenance of genetic diversity occurs among other species and may even happen in different 

populations (3, 4, 179, 225, 244, 245). Therefore, extensive genetic diversity, above that 

predicted by the Neutral theory, was selected for and maintained (183, 184). This did not violate 

the ideas of natural selection because no one genotype was advantageous all the time. Different 
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alleles were selected for because they were beneficial in certain instances. Along with natural 

selection and the Neutral theory, the maintenance of extensive genetic diversity further added to 

the understanding of genetic diversity within a species. 

The phenomenon of maintaining genetic diversity within a species is accepted today and 

observed in many organisms. More recently, diversity among deer mice was observed at the 

albumin locus encoding a major plasma protein providing a higher fitness at certain elevations 

(238). In the prokaryotic bacterium Haemophilus influenza, genetic diversity is observed at many 

loci which encode outer membrane proteins contributing to increase fitness during the course of 

an infection (232). The maintenance of diversity through selection has been observed in 

numerous organisms and is thought to play a pivotal role in the adaptation of an organism to its 

environment (8, 24, 62, 88, 134, 152, 159, 198, 199, 249). Extensive diversity occurs in both 

eukaryotic and prokaryotic organisms with recombination during mitosis giving rise to most 

intra-species diversity of the former. In this body of work I will focus on phenotypic and 

genotypic diversity of prokaryotic organisms. These organisms are haploid and do not undergo 

mitosis. The diversity in bacteria is generated through other mechanisms which will be discussed 

in the following chapters.  

1.3 THE CAUSE AND MAINTENANCE OF BACTERIAL GENETIC DIVERSITY  

Extensive phenotypic diversity among bacteria is usually observed with structures that appear on 

the outer surface of the cell. These structures include but are not limited to outermembrane 

proteins, O-antigens, and flagella [Figure 1 (9, 24, 72, 104)]. Because outermembrane structures 

are the first components to interact with a bacterium’s physical surrounding environment, it is 
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believed that phenotypic diversity with these components provides a means of adaptation to 

fluctuating environmental conditions. In most instances, bacterial phenotypic diversity reflects 

genotypic diversity. If within a species one structure did well all the time, then there would be 

little phenotypic or genotypic differences among individuals as explained by the neutral theory 

and neo-Darwinism. However, because selective pressures arise from within particular 

environments which influence bacterial evolution, there should be a link between ecological 

factors and genetic diversity observed in the genes that encode these products. Tying together 

both genetic diversity with ecological factors will shed light upon how a bacterium interacts 

within its habitat and help identify the forces that influencing its evolution.  
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Figure 1. Outer membrane architecture of a Gram-negative bacterium.  

Phenotypic diversity is usually observed among structures that appear on the outer surface of a 

Gram-negative bacterium such as the O-antigen, outer membrane proteins, of flagellar proteins.  

 

 6 



 

1.3.1 The maintenance of bacteria diversity 

The maintenance of extensive genetic diversity within a bacterial species is not predicted by the 

neutral theory instead diversity can be explained by balancing selection. Two models, frequency 

dependent selection (FDS, Figure 2a) and diversifying selection (DS, Figure 2b), are used to 

describe this hypervariable maintenance. FDS states that rare alleles confer a higher fitness 

advantage but as this once rare allele increases in the population, fitness diminishes (7, 129). For 

example, the immune system has been viewed as the selective pressure causing genetic diversity 

among pathogens [Figure 1 (23, 122, 132, 196)]. Innate and adaptive systems comprise a harsh 

changing environment that bacterial invaders must battle to survive. One strategy by which 

pathogens combat changing environments is by randomly switching outer membrane structures 

through various genetic mechanisms. This diversity may result in rare structures in the bacterial 

population and thus avoid immune recognition (29, 163, 210). However, as these structures 

become more frequent, bacterial fitness diminishes because this once rare structure is now 

identified and targeted as foreign (Figure 2a). Both bacterial phenotypic and genetic diversity is 

retained because it confers a higher fitness advantage while interacting with its environment 

during the time of an infection. 

DS is an alternative model which also explains the maintenance of bacterial genetic 

diversity. With prokaryotes - which are haploid and only contain one copy of a chromosome as 

opposed to diploid organisms – a single allele confers fitness depending on the environment an 

organism resides (Figure 2b) and not at the frequency an allele occurs in the population (Figure 

2a). For example, the maintenance of diversity with the outer surface protein ospC among 
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Bordetella burgdorferi was proposed to be maintained because certain alleles confer a higher 

fitness advantage against different types of host immune systems (24). Since B. burgdorferi 

infects a wide host range during its lifecycle, between species host immune systems represent 

different environments; extensive variability is maintained because no single ospC allele does 

well in all host environments. Both models can explain the maintenance of diversity but the 

difference between the two is the requisites they define. In some cases one model fits while the 

other does not.  
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Figure 2. Models used to explain the maintenance of bacterial diversity. 

A. Under frequency dependent selection, organismal fitness is highest when alleles are rare. 

Counter selection of common alleles precludes selective sweeps, maintaining variability at 

polymorphic loci. B. Under diversifying selection, fitness depends on the environment which an 

organism resides. Here, strains 1, 2, and 3 have different fitnesses in environments A, B, C. 
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1.3.2 Spatial and temporal regimes  

Genetic diversity is influenced by selective pressures that can act either over time or over space. 

Selective temporal pressures act over a relatively short period of time such as during the course 

of an infection and influence genetic diversity by imposing rapidly changing environments. For 

instance, a pathogen must adapt to changing environmental conditions exerted by the immune 

pressures; if not, the probability of survival is low. In this single host environment, the immune 

system recognizes cells bearing antigenic profiles which are targeted and killed. However, 

pathogens like Neisseria meningitidis and Haemophilus influenza (Chapter 1.4.1) quickly adapt 

to changing environments by switching their outer membrane structures resulting in higher 

fitnesses, survival, and bacterial persistence within a single host [Figure 1, (12, 17, 23, 41, 155, 

162, 163, 176, 235, 254)]. This selective pressure is defined on a temporal scale because 

diversity is often generated with every cell division event within one host.  

Alternatively, selective pressures can act between environments on a spatial scale. 

Studies using Pseudomonas fluorescens suggest that different environments play a role in 

generating and maintaining diversity (24, 192, 228). Rainey and Travisano showed that a single 

P. fluorescens strain invaded and adapted to separate environments of standing culture 

suggesting adaptation to different spatial environments (192, 227, 229, 230). As a result, 

bacterial diversity is manifested as long term differences meaning that variability is not rapidly 

generated over a short period of time. When variability does occur by spatial regimes, usually the 

bacterium is else where as opposed to being in the same host like during an infection. Selective 

pressures acting on a spatial scale are defined by diversity that occurs between environments 
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which provides a higher fitness advantage in the new environment. In some cases, such as the 

maintenance of rfb diversity among Salmonella which will be described in Chapters 3 and 4, 

clear distinctions are observed between spatial and temporal modes of pressures which clarify 

the usage of either FDS or DS to describe the maintenance of genetic diversity.  

1.3.3 Predator-prey interactions 

Environmental temporal and spatial selective pressures that influence bacterial diversity take the 

form of predator-prey interactions.  These pressures should be great whether the bacterium is a 

predator or prey. If it is prey, then death usually follows upon capture; if the bacterium is a 

predator, invading a new habitat or host may depend upon survival. Because predator-prey 

relations occur in environments where bacteria thrive such as in the water column, soil, and 

intestines, it is possible that these life threatening interactions have influenced bacterial 

evolution. I will discuss different forms of predator-prey interactions in which studies have 

suggested are important selective forces that influence bacterial phenotypic and genetic diversity. 

(i.) The immune system is a predator which hunts foreign bacterial invaders during infections. 

Because human individuals with compromised immune systems are succumb to numerous 

infections which normal hosts fight off, a healthy host immune system is a prominent force 

protecting individuals from bacterial infections. The generation of extensive outermembrane 

bacterial diversity is thought to increase pathogen survival by avoidance of immune detection. 

Thus, the immune system is believed to be a strong selective force causing bacterial diversity 

(135, 163, 171, 235). (ii) Phages are specialized predators which recognize their bacterial prey 

through very specific contacts involving phage tail fibers and bacterial outermembrane proteins. 

Because of this specific interaction, a single amino acid change in an outermembrane structure 
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can prohibit phage binding and confer bacterial survival. Phages have been shown to play a 

strong role in bacterial mortality in the water column and other environments, so point mutations 

observed among bacterial genes encoding outer membranes may be the result of phage predation 

thus making phages an important selective pressure (18, 85, 105, 239, 260). (iii) Amoebae are 

general predators that prey upon any bacterium which it can identify as a food source. Because 

of this amoebae characteristic, more extensive bacterial diversity may be observed such as 

presenting different outermembrane structures (rather than single nucleotide changes as with the 

specific phage predators). The removal of amoebae and other protists like ciliates from an 

environment results in an increase in bacterial counts suggesting this interaction is important 

force effecting bacterial survival (71, 93, 101, 206, 277).  

 Predator-prey relations are important interactions which effect the survival of many 

organisms. One classic study performed in 1942 by Elton and Nickolson showed population 

cycles of the muskrat and lynx. Fluctuations in either prey or predator numbers was hypothesized 

to depend on the abundance or the other animal (54, 55); the presence of one effected the other. 

Likewise, when bacterial predators are removed from an environment, bacterial counts 

significantly increase suggesting that these interactions are strong forces effecting survival (71, 

169, 190). Because bacterial survival depends on prey avoidance, bacteria have evolved different 

genetic mechanisms in order to survive against predators. I will discuss examples involving the 

immune system, phage, and amoebae and how bacteria may have evolved to escape these 

predators. With all examples, the phenotypic diversity and the mechanisms generating genotypic 

diversity will be discussed along with the spatial or temporal selective regime. By investigating 

the mechanisms generating diversity and how it is maintained, the predator forces should be 

revealed.  
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1.4 SELECTIVE PRESSURES FROM THE IMMUNE SYSTEM 

Microbiologists have traditionally viewed bacterial phenotypic diversity as a result of immune 

selective pressures. Phase variation is a mechanism in which the reversible turning on or off of 

genes by various genetic mechanisms alters membrane structures [Figure 1, (12, 17, 41, 70, 86, 

155, 156, 163, 254, 262)]. These different structures are believed to increase bacterial fitness 

against immune predation. For instance, if epitope recognition occurs against a pathogen’s outer 

membrane structure such as during an immune encounter, this individual may be counter-

selected against. However, there will be a few cells already having generated novel antigenic 

profiles through phase variation which escape recognition and survive due to phase-variable 

profiles. This frequent random change ensures that rare types already exist in the population even 

before environments change (120). It has been proposed that mechanisms such as strand 

slippage, homologous recombination, or site-specific recombination that mediate phase variation 

have evolved as a result of selective pressures from the immune system acting over either time or 

space. These mechanisms allow bacteria to survive the “arms-race” occurring between the 

pathogen and the predatorial immune system. Bacteria evade the host’s immune system by 

adapting through phase variation and the predator is also constantly changing through hyper-

variability of immunoglobulin structures allowing for diverse recognition of foreign epitopes (32, 

33, 38). The battle of survival continues with each entity generating diversity to increase its 

fitness. I will discuss only bacterial diversity generated from this conflict. 
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1.4.1 Strand slippage in Neisseria meningitidis and Haemophilus influenza 

H. influenza and N. meningitidis are commensals of the nasal pharyngeal tract that are 

most famous for causing bacterial meningitis (23, 235). Upon infection, few individuals invade 

the blood stream and then are recognized by the host’s predatory immune system. These cells 

will certainly not survive if they retain clonality and express the same outermembrane proteins 

after each generation. However, bacteria such as H. influenza and N. meningitidis do adapt and 

persist during an infection through antigenic variation suggesting immune avoidance (41, 70, 

162, 208, 209, 254). 

 A common mechanism by which H. influenza and N. meningitidis undergo random 

reversible on/off epitope switching is through strand slippage which confers a high fitness 

advantage in a rapidly changing environment (Figure 3). Loci under the control of strand 

slippage exhibit 1-8 nucleotide repeats in either the promoter or open reading frame (12, 39, 70, 

83, 99, 156, 200, 262). During replication, random strand slippage of DNA polymerase leads to 

the addition or removal of one or more nucleotides in the promoter region (Figure 3a and b) or 

open reading frame (Figure 3a and c) resulting in either the phase-on or phase-off state 

depending on the nature of the switch. Promoter slips lead to a gradient response in transcription 

depending on the ability of polymerase binding efficiency to the changed promoter site. 

Nucleotide slips in the open reading frame effects translation through frame shifts resulting in a 

now-in-frame early stop codon. With both promoter and open reading frame slippage, gene 

expression may be re-established during the next division event when polymerase binding is 

restored or translation shifts back in frame. Random phase variation allows these organisms to 

survive within one host during temporal changing environmental conditions especially when the 

environment cannot be predicted (120).  
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 Strand slippage is observed with many genes found in the genomes of H. influenza and N. 

meningitidis. In H. influenza, this mechanism controls the expression of hifB (252) and lic1A and 

lic3A (86, 88, 102, 147, 261) which encode the protein found in fimbriae and the enzymes 

responsible for modification of lippopolysaccharide (LPS), respectively (Table 1). With these 

genes, nucleotide repeats are located in the open reading frame causing frame shifts and 

truncation in translation as depicted in Figure 3c. N. meningitidis also has numerous genes 

controlled by this slippage mechanism that show antigenic variation. For instance,  porA (9) and 

opa (145, 236) that encode outer membrane proteins, hpuAB and hmbR which produce 

hemoglobin receptors (131), and  lgtA, lgtC, and lgtD that encode glycosyltransferases for LPS 

modification by the addition of different sugars (80, 221, 275) are all mediated by strand 

slippage (Table 1). Numerous other genes in H. influenza and N. meningitidis are also under this 

type of phase variation that promotes antigenic variation (12, 83, 131, 236). It is the frequency of 

this slippage that controls the expression of many genes in which these bacteria assemble 

different structures allowing the offspring to be different from its parent. Indeed, in vivo studies 

have shown populations of both pathogens – here a population consists of only bacterial cells 

within one infectious host – undergo phase variation and adapt during an infection (23, 155, 209, 

235). Since variability is generated over a short amount of time within one host, phase variation 

is operating over time to evade the adaptive immune system.  

Genetic diversity resulting in epitope switching is maintained because no one structure 

confers highest fitness during an infectious cycle. This genetic variability is not explained by the 

neutral theory because diversity is being selected for, it is not neutral. Here, fitness depends on 

novel structures that go undetected by immune surveillance - the control of lgtA with N. 

meningitidis may produce a rare O-antigen conferring a higher fitness compared to other 
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individuals in the host being attacked by the immune system. Because rare structures are 

advantageous, the mechanism maintaining diversity is frequency dependent selection (Figure 2a 

and Table 1). Mechanisms like this show that selection is responding to environmental variation 

on a temporal scale and organisms that have such mechanisms, be they slippage sites or any 

other rapid diversity generating mechanisms is similarly responding. The absence of such 

mechanisms indicates that environmental variability is encountered on a broader scale (which I 

define as spatial, since the cell need not be in the same location). 
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Figure 3.  Phase variation controlled by strand slippage. 

A. Regions in a gene where strand slippage occurs (thick black lines). B and C refer to respective 

figures below showing a close up of the specific region. B. Strand slippage located between -10 

and -35 promoter region. The incorporation of two C residues allows promoter binding and 

results in the gene on state. Poly-C tracts involving slippage are boxed. C. Strand slippage in the 

open reading frame. An additional CAAT repeat in the bottom sequence leads to a frame shift 

and truncates translation at a now-in-frame stop codon. CAAT repeats have a line above them. 

The boxed region contains the Shine-Dalgaro sequence and the start codon is underlined. 
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Table 1. Polymorphic traits observed among bacteria and phage. 

Organism 
 

Gene Function Selective 
pressure

 

Temporal 
or Spatial 
Pressures 

Diversity  
Generating 
Mechanism 

Maintenance 
of Diversity 

Neisseria 
meningitidis 
and  
gonorrhoeae 

lgtA, 
lgtC, 
and 
lgtD 

modify O-antigen 
by addition of 
sugars  

immune 
system 

temporal contingency 
loci  

FDS 

 pilS 
and  
pilE 

type IV pilin 
expression 

niche 
expansion 

spatial cassette 
switching  

DS 

 opa outer membrane  
expression 

immune 
system 

temporal contingency 
loci 

FDS 

Neisseria 
meningitidis 

hpuAB 
and  
hmbR 

hemoglobin 
receptor expression 

immune 
system 

temporal contingency 
loci 

FDS 

Haemophilus 
influenza 

lic1A modify LPS by  
addition of choline  

immune 
system 

temporal contingency 
loci 

FDS 

 lic2A modify LPS by  
addition of Neu5Ac 

immune 
system 

temporal contingency 
loci 

FDS 

 hifA 
and  
hifB 

fimbriae expression immune 
system 

temporal contingency 
loci 

FDS 

Escherichia 
coli 

fim  
operon 

fimbriae expression immune 
system 

temporal site specific 
recombination 

FDS 

 ompA 
and 
ompC 

outer membrane 
proteins 

phage temporal point 
mutations 

FDS 

Borrelia 
burgdorferi 

ompC modify outer  
membrane protein 

niche 
expansion 

spatial point 
mutations 

DS 

Phage Mu   gin tail fiber expression niche  
expansion 

temporal site specific 
recombination 

FDS 

Phage P1 cin tail fiber expression niche  
expansion 

temporal site specific 
recombination 

FDS 

Bordetella 
Phage 

mtd tail fiber expression niche 
expansion 

temporal reverse 
transcriptase 

FDS 

Salmonella 
enterica  

fliC 
and 
fljB 

flagella expression immune 
system 

temporal site specific 
recombination 

FDS 
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 hsd DNA restriction  
modification 

phage 
protection  

spatial lateral transfer FDS 

 gnd glycolytic enzyme - - - - 

 rfb O-antigen diversity niche  
survival 

spatial lateral transfer DS 
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1.4.2 Other phase variation mechanisms  

Other phase variation mechanisms such as homologous or site specific recombination have also 

evolved in bacteria allowing adaptation of these organisms to changing predatorial environments. 

Since bacterial diversity is generated within one host during the course of an infection, the 

immune system is the selective pressure. Frequency dependent selection (FDS) maintains 

diversity because it is important to be rare and go unnoticed by the predator in order to survive.  

As described with strand slippage, the phase variation mechanisms described here in Chapter 

1.4.2 generate diversity over short periods of time in which FDS is acting on a temporal scale. If 

these phase variable mechanisms are not present, then a broader scale of selection is present. 

Genetic variability is observed with type I pili among E. coli serotypes. These pili, also 

referred to as fimbriae, are protein structures extending away from the surface of a bacterium 

which physically interact with the surrounding environment. These structures are usually 

recognized as foreign by the immune systems during an infection because they are on the 

outermembrane of the cell and interact with the environment. E. coli may survive an infectious 

cycle because they have the ability to change their fimbriae structures that assist in immune 

escape. 

E. coli exhibits phase variation at its fimA locus controlling the expression of type I 

fimbriae. Here, the mechanism involving variation differs from that observed with loci using 

strand slippage (Figure 3). The fimA locus undergoes phase variation through site specific 

recombination (Figure 4). A DNA segment consisting of 296 base pairs and flanked by two 9 

base pair inverted repeats includes the promoter for fimA (115). Random flipping of this segment 

turns “on” fimA when the promoter is in the correct orientation and “off” when in the other. DNA 
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inversion depends on factors including integrases such as FimB and FimE that act separately on 

inverted repeats (115, 151). In addition, other host factors being also affect the frequency of fimA 

inversion (45). Thus, the switching of fimA provides a means of diversity among other 

individuals trying to survive within one host during an infectious cycle.  

 S. enterica also have evolved site specific recombination but with flagella. Flagella are 

long proteinacious structures that protrude from the cell surface and play roles in attachment and 

motility. The flagella filament of Salmonella consists of one of two proteins FliC or FljB; phase 

variation controlling the expression of these genes dictates which one will compose the filament 

(20). Site specific recombination mediated by Hin recombinase acts on two 26 base pair inverted 

repeats resulting in flipping of a 966 base pair DNA segment (the H segment) that includes the 

promoter for fljBA and fliC transcription [Figure 5 (90)]. When the promoter controls expression 

of the fljBA operon, the FljB flagellar filament protein is expressed along with the FljA repressor 

that inhibits fliC transcription (20, 90, 121). Reverse switching ceases fljB transcription and lifts 

fliC repression which is then expressed. As with other structures undergoing phase variation, 

random switching confers a higher fitness in a rapidly changing environment. 

FDS is the model used to explain the maintenance of genetic diversity when rare alleles 

provide a higher fitness to an individual. In the above examples, loci encoding outer membrane 

structures provide the ability of switching to rare epitopes during an infection thus giving a 

bacterium the ability to escape immune surveillance. FDS traditionally has been viewed as the 

model explaining diversity and only recently has diversifying selection (DS) been viewed as 

another plausible mechanism explaining diversity among bacteria. 
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Figure 4.  Site specific recombination of fimA in E. coli.  

Site specific recombination occurs with the DNA segment containing the hin recombinase and 

the fimA promoter. FimA is turned on if the orientation of the fimA promoter drives FimA 

expression. Recombinases FimB, FimE, and the expression of host factors affect DNA inversion. 

Triangles represent inverted repeats (IR) on which the recombinases act. 
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Figure 5. Site specific recombination of fljB and fliC in S. enterica. 

The expression of the fliC or fljB gene depends on the orientation of the H segment which 

contains a promoter and hin recombinase. Orientation of the segment is controlled by host 

factors which act on hix sites. In one orientation, the promoter drives the expression of flagellar 

protein FljB along with FljA. FljA is the fliC repressor which prevents fliC transcription. In the 

other orientation, FljA is not expressed releasing fliC repression and the promoter drives FliC 

expression.   
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1.4.3 The maintenance of diversity by DS  

Diversifying selection is another model that is used to explain the maintenance of genetic 

diversity. Although FDS is used to explain most bacterial diversity, it does not explain all cases. 

For instance, immune pressures can act over space as in the case of ospC with B. burgdorferi in 

which each individual host represents a different environment. Here, fitness depends on the host 

a bacterium resides in, and diversity is not generated to confer survival within one host but 

instead to allow survival within different host environments (Table 1).  

Borrelia burgdorferi is a Gram negative bacterium that causes Lyme disease in humans. 

This pathogen exhibits extensive genetic diversity among genes that encode its outer membrane 

protein ospC. Here, diversity does not occur through phase variation where variability is 

generated on a short time scale like within one host during an infection. Instead, diversity is 

thought to have originated from many point mutations which accumulated over long periods of 

time (77, 240). As a result, the OspC protein is relatively stable compared to structures 

undergoing antigenic variation that switch often (Figures 3-5). Because this organism does 

persist in many hosts during its lifecycle including ticks, mice, deer, and humans, stable alleles 

are thought to confer a higher fitness advantage in different hosts through spatial selective 

regimes, DS may a plausible model used to explain the maintenance of diversity. 

Another example of bacterial diversity being maintained by DS is the type IV pili with 

Neisseria meningitidis and Neisseria gonorrheae. Similar to fimbriae produced by fimA in E. coli 

(Figure 4 Table 1), this structure is used in attachment. However, diversity with type IV pilin are 

controlled through Rec-A dependent homologous recombination (72) and not site specific 
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recombination as with fimA. N. gonorrhoeae and N. meningitidis can express up to six different 

pilin whose genes encoding these products are located at silent sites throughout the genome 

denoted pilS (217). Expression of pilS takes place when recombination occurs at the pilE 

expression site (217, 219); this mechanism is referred to as cassette switching. Cassette 

switching with pilE can also be controlled by the on/off mechanism of phase variation; if 

recombination is faulty, a frame shift may occur effecting translation and gene expression will be 

terminated (103, 216, 226).  

Homologous recombination involving pilE among Neisseria may be maintained due to 

selective pressures acting over spatial scales. Here, increased fitness occurs through re-infection 

of a non-naïve host via different PilE structures - ones which the immune system was not 

exposed to during previous infections. Diversity is not generated within one host to increase 

fitness of the bacterium during the time of an infection; instead, diversity is generated between 

infectious cycles to increase bacterial fitness through re-infection. Thus, immune pressures act 

over space. DS is the model used to explain variability because the ability to enter and survive an 

environment depends on a pilE allele and not the frequency it occurs in the population. 

1.4.4 The immune system is a selective pressure causing bacterial diversity 

Chapters 1.3-1.4 discuss how bacterial diversity is caused through predator-prey selective 

pressure which is mediated by the immune system. An “arms-race” describes the interaction 

between these two entities; both are changing to counter the other. Bacteria are the prey both 

during a short term infection and when re-infecting a non-naïve host in which immune selective 

pressures act over time or space, respectively. While responding to temporal immune pressure, 

bacteria rapidly change. In other instances as with B. burgdorferi, different hosts resemble 
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separate environments and selective pressures act spatially – diversity is generated allowing 

survival between hosts. Because outermembrane diversity is observed with most pathogens, the 

immune system is believed to be the main selective pressure influencing bacterial diversity. 

Although FDS has mostly been used to explain the maintenance of bacterial diversity among 

pathogens, DS has recently been used as an alternative model (Table 1). Besides the immune 

system, other forces have thought to play an important role in the evolutional of bacterial 

diversity. These other selective pressures are found in almost all environments where bacteria 

persist. 

Phase variable mechanisms have evolved to allow bacteria to adapt to changing 

environments, but we can only speculate on the selective pressures causing bacterial diversity. If 

these rapidly changing environments are where a bacterium spends most of its lifecycle, then it is 

reasonable to assume selective pressures causing diversity originate from those habitats. 

However, the lifestyle of organisms like E. coli and S. enterica is not the life of a professional 

pathogen which is constantly attacked by the host immune system; instead, these organisms 

usually reside in the intestines of hosts (65, 67, 76, 173). It is probable that selective pressures 

which strongly influence diversity originate from a bacterium’s ecological niche.  

 

1.5 SELECTIVE PRESSURES FROM PHAGE PREDATION 

Phages are another important force believed to influence bacterial diversity (47, 79, 108, 118, 

161). These entities are found in most environments where bacteria usually reside (260). In the 
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water column where both organisms are in close contact, phages have been estimated to be 

108/ml water (260), and studies have shown that removing bacteriophages results in increased 

bacterial counts (18, 178). Phage predators must infect a bacterium and use its cell machinery in 

order to replicate and produce more phage particles.  To infect a bacterial cell, both lytic and 

lysogenic phages must first recognize its host through specific attachment sites involving the 

phage tail fibers and the bacterial outermembrane structure(s). After a series of events involving 

phage attachment, entry, DNA amplification, and assembly of new virus particles, the phages are 

released giving rise to numerous ones that infect the same bacterial species. Because encounters 

with phages are often lethal to bacteria and present a possible strong selective pressure, bacteria 

may have evolved mechanisms to resist phage infection. As with the immune system, interaction 

between the phage predator and its bacterial prey can be viewed as a constant “arms-race” in 

which both entities are battling each other; the phage tries to infect while the bacterium tries to 

escape. 

1.5.1 Preventing phage attachment  

Phages identify bacterium through highly specific contacts involving phage tail fibers and 

bacterial outer membrane structures. These binding interactions ensure the phage is infecting the 

proper bacterium whose cell machinery will be used to propagate more virus particles. If phage 

relied on non-specific binding, infectivity would probably occur in bacteria not supporting phage 

growth resulting in a dead end to the phage’s life cycle. Thus, specific attachment is one way to 

identify the proper prey to infect.  

Phage attachment has been investigated using the well characterized bacterium E. coli. 

Because attachment involves recognition through outermembrane structures, extensive genetic 
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diversity in genes encoding outer membrane proteins is thought to be due to phage predation. 

Studies have shown that point mutations in outer cytoplasmic loops of membrane or transporter 

proteins prevent specific phage binding suggesting increased fitness of prey through diversity 

(110, 118, 161, 214, 248). For instance, the outermembrane proteins OmpA and OmpC of E. coli 

have been shown to be attachment sites for phage [Table 1, (118, 161, 248)]. Studies introducing 

singles amino acid changes inhibit phage infectivity. This suggests selective pressures act to 

avoid phage attachment which results extensive genetic diversity among genes encoding outer 

membrane loops of these structures - bacteria increase their fitness by preventing phage 

attachment. While the outer cytoplasmic loops exhibit diversity due to selective pressures from 

phage predation, the inner protein loops found within the cell are much less diverse presumably 

due to lack predation (19).  

The maintenance of this diversity is explainable by FDS. Mutations in genes encoding 

outer membrane proteins give rise to different amino acid sequences at phage binding sites 

preventing attachment and entry. This results in increased bacterial fitness. Selective pressures 

act over time because bacteria and phage are found in the same environments thus selecting for 

frequent bacterial change due to their interactions. Other outermembrane structures which phage 

may contact such as the O-antigen also show diversity, but this diversity may not be caused from 

phage predation. Here, single amino acid changes do not contribute to the majority of phenotypic 

diversity observed in O-antigens. Instead, phase variation gives rise to very different structures 

as observed with H. influenza and N. meningitidis due to selective pressure form the immune 

system (Chapter 1.4.1 and Table 1). Other O-antigen diversity like that observed at the rfb locus 

among Salmonella is also not proposed to be caused by phages. Diversity at the rfb region is the 

result of horizontal gene transfer which occurs very infrequently and between different 
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environments (Chapters 2 and 3). This extensive variability is caused by selective pressure acting 

over space (which I define as diversity that occurs between environments which provides a 

higher fitness advantage in the new environment). Thus, phages are not the selective force 

driving O-antigen diversity among bacteria because this diversity is not due to frequent change 

by temporal selective pressures.  

1.5.2 Preventing phage infection 

Because phages are a main bacterial predator and found in all environments, bacteria have 

devised other ways to combat phage in addition point mutations. If a phage can attach and enter a 

bacterium, the phage can be attacked internally after bacterial invasion. The genes that encode 

products of DNA restriction modification (RM) activities are intracellular proteins that protect 

the cell from phage invasion and also exhibit extensive diversity  (8, 35, 134). RM systems 

protect its own DNA by recognizing unmethylated foreign DNA and cleaving it before being 

expressed and translated or incorporated into their DNA. Among Salmonella, type I RM systems 

are encoded by the hsd locus which consists of three genes, hsdR, hsdM, and hsdS. The S subunit 

alone is responsible for sequence specificity (61), the S and M subunits methylate certain 

residues (164-166), and R subunit is responsible for restriction endonuclease activity (164, 165). 

Because the S subunit dictates sequence specificity for both restriction and modification 

activities it can evolve and retain activity of the other two subunits (164, 165). However, all three 

genes show a high degree of genetic diversity, and studies have shown that allelic diversity 

mediated by lateral transfer (not phase variation) has contributed to this polymorphic site (35, 

134, 136, 164). 
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Investing mechanisms that generate diversity and the structures involved should reveal 

the selective regime. It is interesting to note that the mechanisms generating diversity from phage 

pressure are very different from the mechanisms that evolved from immune pressure (point 

mutations compared to phase variation, respectively). Phage selective pressures acting on the hsd 

locus and other loci encoding outer membrane proteins which show point mutations are believed 

to work over temporal scales from constantly being prey upon by phages (164). Diversity is 

maintained at both the hsd locus and with genes encoding outermembrane proteins because 

different structures confer a higher fitness when they are rare (Figure 2a) - fitness depends on the 

frequency of an allele. Novel point mutations and restriction modification systems would be the 

best arsenal in preventing phage attachment and infection. Thus, bacteria have adapted to 

different selective pressures which is evident by the mechanisms used to increase their fitness. 

1.5.3 Phage are active predators 

Thousands of phage progeny produced during a lytic cycle expresses identical tail fibers. 

Because phage binding is specific, bacterial susceptibility will be problematic when phage infect 

all hosts or when the bacteria undergo point mutations. As a result, phage fitness will decrease 

due to superinfection and host availability. In response to this, phages have evolved mechanisms 

to increase their survival. As described above in Chapter 1.4 with bacteria and the immune 

system, bacteria and phage interactions can be depicted as an “arms race” in which both are 

evolving against each other. Phages have evolved strategies to infect bacteria by switching their 

tail fibers so they could bind to another receptor. Thus, both entities are changing in response to 

one another.  
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1.5.3.1 Phages Mu and P1 

Phages P1 and Mu both have evolved similar mechanisms to presumably increase host binding 

range (94, 97). The G and C segments in phage Mu and P1 are recombinant regions of DNA that 

are mediated by either min or cin recombinase, respectively, and host factors (94, 96, 109, 187). 

Both recombinases invert a 3-4 kilobase DNA segment which contains two sets of tail fibers 

conferring different receptor specificities (79, 97, 212). With P1, one orientation expresses s and 

u genes encoding tail fibers for E. coli K12 attachment. The other orientation which expresses s’ 

and u’ genes and different tail fibers allows specificity to a different E. coli strain [Figure 6, (94-

96, 108, 213)]. This same general mechanism is observed with phage Mu. 

Random inversion of either the G or C segment is thought to have originated from 

temporal selective pressures (Table 1). Phage and bacteria inhabit the same environments and are 

in constant contact with one another, so predator-prey selective pressure is ongoing. If phage 

infect a small colony of a bacterial strain, thousands of phage particles are produced and chances 

are that these phage will deplete the host. The ability to change tail fibers through random 

inversion events increases phage fitness by broadening its host bacterial range. If infected 

bacteria are surrounded by other similar strains (possibly with slightly different outer membrane 

loop structures), then phage with different tail fibers can infect these hosts and continue to 

reproduce. This phage tail fiber diversity is likely maintained through FDS because fitness 

depends on the ability to be rare and bind to a different host.  
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Figure 6. The C segment of bacteriophage P1 generates tail fiber diversity. 

Tail fiber diversity allows for phage P1 binding to different strains of E. coli. The C segment 

contains tail fiber genes S and U or S’ and U’ which encode dissimilar tail fibers. Expression of 

either set of genes depends on C segment orientation. C segment inversion events are controlled 

by pin recombinase which act on the inverted repeat elements (triangles) flanking the C segment.  
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1.5.3.2 Bordetella phage, a more active predator 

The Bordetella phage is a more active predator compared to other phages like Mu and P1. 

Bordetella phage hunts its prey (the Bordetella bacterium) by generating extensive genetic 

diversity with a locus that encodes its tail fibers enabling it to recognize diverse outermembrane 

bacterial structures (89, 152, 187, 212). With every cell burst, Bordetella phage produce phage 

that have different tail fibers. The variability generated by this predator can produce 1013 

different sequences which allow the phage to attach to its bacterial host through totally different 

receptors (152).  

 The Bordetella phage infects its host even when the bacterium changes outermembrane 

structures. Bordetella bacterial species do express different outer membrane structures depending 

on environmental signals relayed by its two component system (246, 247). However, Bordetella 

phage seems to have adapted to this membrane switching by generating and maintaining 

extensive genetic diversity of their own that allows for the production of different tail fibers, thus 

the attachment to its host no matter what receptors are present (46, 47, 140). The mechanism 

creating this extensive genetic and phenotypic diversity within this phage is much different from 

mechanisms generating bacterial phase variation or phage DNA inversion events (Figure 6). 

Here, different tail fibers are generated through a template-dependent, reverse transcriptase-

mediated process that introduces nucleotide substitutions at defined adenine locations within a 

particular gene called the major tropism determinant (140). This cassette-based mechanism is 

capable of providing a vast repertoire of potential tail fiber interactions (152). 

 Selective pressures causing Bordetella and other phage diversity may have originated do 

to predator-prey interactions. Phage diversity may have evolved so phage progeny infect cells 
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which are not super infected, have changed outer membrane structures through mutation (as with 

point mutations with E. coli), or due to differential gene expressions (as with Bordetella). With 

these bacterial-phage interactions, the selective pressure acts over time because these interactions 

are likely always occurring. Since it is beneficial to have a rare tail fiber so a phage can infect a 

different hosts, diversity is maintained by FDS (Table 1). These interactions are another example 

of the continuing “arms-race” where predator and prey try to survive against each others fitness 

strategy. 

1.6 SELECTIVE PRESSURES FROM PROTOZOAN PREDATION 

Protozoa are single-celled eukaryotic organisms which are found in almost every environment 

and like phage pose predatorial threats to bacteria (73, 205, 206). Protozoa are most abundant in 

the water column, soil, and intestinal environments, all places where bacteria survive (205, 266). 

Studies have shown that protozoan predators significantly affect the size of a bacterial 

population; if the predators are removed, bacterial population counts increase (36, 73, 85, 93). 

Some of predators have specific diets and eat certain organisms while others are general 

scavengers and eat any bacteria. Because protozoan predation is a threat to bacterial survival, 

selective pressures from these eukaryotic organisms may impact bacterial evolution resulting in 

the phenotypic and genotypic diversity.  

 Interactions between protozoa and bacteria exemplify the typical predator-prey 

interaction involving contact, prey capture, and ingestion. For prey to survive, it must escape 

either capture or ingestion of the predator. Indeed, studies suggest that bacteria have adapted 

strategies to survive protozoan predation by both pre- and post-ingestional events. For instance, 

 34 



bacteria such as Comamonas acidovorans and Ochromonas sp. form long filaments when subject 

to increased predation. This increase in size prevents prey ingestion simply because the bacteria 

are too big (74, 75). Other mechanisms like motility (149) and biofilm formation (73) have also 

been suggested to have evolved in response to escape protozoan predation while toxin 

production has been proposed to increase prey fitness after ingestion (148). Thus, bacteria have 

the ability to escape protozoan predation through different mechanisms. These mechanisms are 

different from phase variation or point mutations generated from other non-protozoan selective 

pressures (Chapter 1.4 and 1.5). I have investigated the genetic variability at the rfb locus among 

Salmonella; this extensive diversity may be maintained because it allows for predator escape. 

The lifestyle of Salmonella  1.6.1 

Salmonella are considered pathogens because they infect humans and animals, both invertebrate 

and invertebrate, and  cause disease (135). Usually infections occur after ingesting contaminated 

food or water. Infectious cases result in Salmonellosis characterized by diarrhea, fever, and 

abdominal cramps 6 to 72 hours after ingestion. If untreated, most individuals will recover 

between 4 to 7 days. Although most cases of Salmonellosis go unreported, it has been estimated 

that S. enterica is one of the major causes of food borne illnesses in the U.S., causing more than 

1.4 million illnesses per year (153). Salmonella is viewed as a pathogen because of its ability to 

cause disease, and it is sometimes difficult to perceive Salmonella any other way. 

Salmonella is an Gram-negative enteric bacterium which spends most its lifecycle in the 

intestines of hosts (28, 65, 76). Because Salmonella is an intestinal bacterium, it is likely that 

selective pressures influencing it may originate from ecological forces acting within the gut 

instead of the pressures from the immune system or from phage (Table 1). However, since 
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Salmonella is a leading cause for food borne illnesses, the immune system has historically been 

viewed as the selective pressure causing phenotypic and genotypic diversity. This may be true 

for loci such as such as fljB/fliC which are controlled by phase variation enabling random 

switching during changing environmental states. Interestingly, the Salmonella rfb locus (whose 

products assemble the O-antigen) and the gnd gene (which encodes 6-phosphogluconate 

dehydrogenase) also show extensive genetic diversity but are not under the control of strand 

slippage or any other phase variable mechanism (Table 1). Thus, it is conceivable that 

Salmonella O-antigen diversity has evolved other selective pressures.  

Extensive genetic diversity at the gnd locus 1.6.2 

Extensive genetic diversity observed with gnd and its adjacent locus rfb are both different from 

other examples of diversity discussed so far. The gnd locus encodes 6-phosphogluconate 

dehydrogenase of the pentose phosphate pathway  which is a central route for carbohydrate 

metabolism among enteric bacteria (231). Because gnd is an important metabolic enzyme and 

does not contribute to outer membrane structures, it is expected that periodic selective sweeps 

would purge diversity at this locus. Other metabolic genes like malate dehydrogenase (mdh) (21) 

and the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (gapA) (168) reflect this 

and show little diversity (21). Most metabolic enzymes do not exhibit extensive genetic diversity 

because different alleles do not contribute to a higher fitness.  

The Salmonella gnd locus is different from other metabolic enzymes because it exhibits 

extensive genetic diversity (14, 167, 218). Diversity observed at the gnd locus may be due to its 

tight linkage to the rfb locus (158).  First, gnd diversity is thought to be maintained due to 
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hitchhiking during a rfb lateral transfer events (48, 167, 168). Increased lateral transfer selecting 

for diversity at the rfb operon has resulted in higher frequencies of recombination within the gnd 

locus adding diversity to this gene. Second, selective sweeps are precluded at the gnd locus 

because of the proximity to rfb allowing for natural variants to persist. Thus, diversity at the gnd 

locus is thought to be maintained as a result of its tight linkage to rfb and not because different 

alleles are maintained because certain ones provide a higher fitness advantage in particular 

situations. 

Recombination within the gnd gene could result in extensive genetic diversity. 

Dykhuizen and Green compared gene phylogenies of the tryptophan (trp) operon, the gene 

encoding alkaline phosphatase (phoA), and the gnd locus [Figure 7 and (48)]. If bacterial strains 

encoding these genes were truly clonal then no differences would be observed among gene 

phylogenies. However, gene phylogenies and branch lengths differ when using these genes from 

different strains suggesting intragenic recombination has occurred (Figure 7). Moreover, 

diversity resulting from recombination is much greater at gnd than trp or phoA. While gene trees 

between phoA and trp showed that most strains had a recent common ancestor at a distance of 

0.011 nucleotide changes per site, the gnd locus does not (Figure 7). Instead, the gnd locus shows 

greater diversity.  

The variability at gnd is likely due to its linkage to rfb. However, there is a possibility 

that gnd diversity is due to balancing selection in which different alleles provide a higher fitness 

advantage. Since diversity also occurs at genes close to gnd, all enzymes would be under 

balancing selection because either they are all in the same place or because of their linkage to 

rfb. It is more probable that gnd extensive genetic diversity is maintained as stable alleles from 

the result of intragenic recombination due to close proximity to the rfb region. The galF gene 
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which flanks the opposite side of rfb also exhibits diversity presumably due to its tight linkage to 

the rfb locus. Counter selection of sweeps at the rfb locus results in high genetic diversity at 

adjacent loci such as the gnd gene. It is the selective pressure acting on the rfb locus and 

maintaining diversity at this locus which is influences gnd diversity. 
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Figure 7. Gene trees of trp, phoA, and gnd loci of E. coli and Salmonella strains. 

Gene trees showing relationships of the trp gene among E. coli strains and Salmonella (A.), the 

phoA gene among E. coli (B.), and the gnd gene (C.) among E. coli strains and Salmonella 

(LT2). Different gene trees suggest recombination has occurred in these organisms. The pink line 

represents the distance of 0.011 nucleotide changes per site. This figure was modified from 

reference 48 with permission. 
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Extensive genetic diversity at the rfb diversity 1.6.3 

The rfb locus, which is proposed to influence the variability at its flanking gnd and galF genes, 

also shows extensive genetic diversity among Salmonella [Figures 8, 9, (158, 270)]. However, 

the diversity observed at the rfb locus is different from the neighboring genes. Diversity at rfb is 

defined by different genes at this locus instead of alleles. This diversity observed at the rfb 

region gives rise to the more than 70 different O-antigens among Salmonella [Figure 1 and 

(188)]. Because numerous H- and O-antigens (Figures 5 and 9) can be expressed, there are 

>2000 different Salmonella serotypes. A different serovar name is assigned to each type 

depending on the H- and O-antigen combination. Figure 8 shows the rfb region of S. enterica 

serovar Typhimurium along with the individual O-antigen its products construct. The rfb locus is 

20 kilobases in length and contains 16 genes encoding either sugar synthetase or transferase 

enzymes (137, 138). 

 The rfb locus among Salmonella serovars encodes numerous genes. Some genes encode 

very different sugar synthesis or transferase products which account for the genetic diversity and 

the dissimilar O-antigens that are produced among serovars (Figures 8 and 9). This genetic 

diversity is the result of lateral transfer from other bacteria (26, 139, 270, 271), and not the result 

of phase variation mechanisms turning these genes on or off. Strand slippage, site specific 

recombination, or DNA methylation have never been discovered in the rfb region thus 

abrogating any antigenic variation due to these mechanisms. Different genes at the rfb locus 

produce the extensive genetic diversity and not phase variable mechanisms. As a result, different  

O-antigens are expressed which are stable and do not frequently change. 

 The hypothesis that selective pressure from the immune system influencing O-antigen 

(rfb) variability among serovars and its maintenance by FDS fails with Salmonella. First, 
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Salmonella serovars do not randomly undergo phase variation to produce different O-antigen 

structures. Second, serovar-host specificity is observed among Salmonella meaning that a host is 

usually infected a particular serovar that expresses a certain O-antigen: humans are infected by 

serovar Typhimurium expressing the epitope 1,4,[5],12, chickens are infected by serovar 

Pollarum expressing the epitope 1,9,12, pigs are infected by the serovar Cholereasuis expressing 

the epitope 6,7, and horses are infected by the serovar Abortusequis expressing the epitope 4,12 

[Figure 10 and (188)].  This is inconsistent with FDS which states that being rare is beneficial 

(both of these points will be discussed in further detail in Chapters 2 and 3). Because Salmonella 

is a native resident of the gut, it is possible that selective pressures may originate here, in an 

environment possibly more stable than when infecting a host and facing the immune system. 

Stable environments would not require phase variation or the necessity to differ from your 

parent.  

 In this thesis, I propose that rfb diversity is ecologically influenced by protozoan 

predators whereby a certain O-antigen confers higher fitness in a particular intestinal 

environment, and because no one allele does well in all environments, diversity is maintained by 

DS. The experiments performed in Chapters 2 and 3 test my hypothesis. Results may shed light 

upon the evolution rfb diversity among Salmonella and offer an alternative hypothesis explaining 

outermembrane diversity with bacteria. 
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Figure 8.  The rfb region of S. enterica serovar Typhimurium. 

A. Genes spanning the rfb locus encode sugar synthesis or transfer enzymes responsible for 

making up the O-antigen. The flanking galF and gnd (Chapter 1.6.2) genes also exhibit diversity 

due to tight linkage to rfb. B. The structure an individual O-antigen sugar unit that makes up the 

O-antigen of serovar Typhimurium. The left arrow represents the connection to the LPS core and 

the right arrow represents the placement of addition of repeating sugar units. 
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Figure 9. Different rfb regions of S. enterica serovars. 

The rfb regions observed among Salmonella serovars dramatically differ due to the number and 

type of genes encoded in this region. This extensive diversity arose by lateral transfer and rfb 

genes are stability maintained at the population level among serovars. Colored boxes represent 

genes encoding sugar synthetase or transferase genes. Different colors represent different genes 

involved in O-antigen construction and assembly. Black boxes represents galF and gnd that flank 

the rfb locus. 
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Figure 10.  Serovar-host specificity among Salmonella. 

 Salmonella serovars expressing a certain O-antigen usually infect and cause disease among 

particular hosts (191). The percent of total Salmonella serovars isolated from swine, cattle, 

chickens, and horses through 1934-1983 from different region of the world. Nonrandom 

distribution of serovar found in certain hosts falsifies the hypothesis that rfb diversity is 

maintained through FDS. This figure was modified from reference 191 with permission. 
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2.0  PREDATION AND RFB DIVERITY AMONG SALMONELLA 

I propose rfb diversity among Salmonella originated from protozoan predation and is maintained 

by DS. Experiments presented here, in Chapter 2, were aimed at falsifying the hypothesis that 

selective pressures may be due to protozoan predation. For this to be true, amoebae predators 

must recognize separate O-antigens with different efficiencies. 

2.1 O-ANTIGEN DIVERSITY AMONG SALMONELLA 

Among all S. enterica there are at least 70 different O-antigens that are expressed and presented 

to immune systems (188). The O-antigen is the outermost leaflet of LPS (Figure 1) and decorates 

the entire outer surface of the cell; it is anchored to the outer membrane-bound lipid A of LPS 

via the highly conserved core oligosaccharide (5, 63, 78, 82). An O-antigen consists of repeats of 

two to six linked sugars, and the identity of the monosaccharides in these repeating units varies 

between different O-antigens. The enzymes responsible for O-antigen synthesis in Salmonella 

and other enteric bacteria are encoded by the rfb operon, which exhibits extensive genetic 

diversity (26, 27, 126, 127, 137-139, 211, 233, 237, 255, 256, 270, 271). Different alleles of rfb 

arose via lateral transfer, whereby genes encoding diverse sugar synthetases and transferases 

were introduced into the rfb operon and directed the synthesis of novel sugars and linkages (137, 

138, 211, 256). High genetic diversity at the rfb locus is maintained because no one allele, or O-
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antigen, confers the highest fitness among serovars; therefore, no allele initiates a selective 

sweep (7, 129).  

Historically, extensive genetic diversity at the rfb locus has been attributed to frequency 

dependent selection (7, 129) imposed by the host immune system (114, 157, 195). Novel rfb loci 

would have an advantage since their cognate O-antigens would be unrecognized by immune 

systems (Figure 2a); 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 

(129), since their fitnesses becomes lower as they become more abundant. In concert, frequency-

dependent selection prevents the loss of rare alleles, or the dominance of common alleles, thus 

maintaining diversity (7). 

According to the frequency-dependent selection 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. As discussed above, H. influenza and N. meningitidis are commensal bacteria of 

the upper respiratory tract that can cause life threatening diseases once they invade their host (23, 

25, 162, 176, 250, 274). Upon host entry, H. influenza and N. meningitidis replicate in the blood 

stream, resulting in a steadily increasing bacteremia within hours after infection (208, 209, 235, 

250). Bacterial survival within the host’s blood stream is dependent upon 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 which result in antigenic variants arising every generation, 

allowing for immune evasion (12, 17, 56, 86, 99, 197, 200, 204, 224). One important example is 

LPS phase variation via contingency loci which allows these bacteria to express different LPS 

 46 



molecules after every generation enhancing their ability to survive and escape host immune cell 

recognition (12, 86, 99). 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 (chapter 1.4.1), 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 – typically not in the 

bloodstream – and escapes immense attack from the immune system (87, 133, 171). 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 (144, 170), 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 since commensurately strong selective pressure 

from the immune system is also absent during invasion. However, population-level LPS 

variability is still observed among Salmonella serovars, which display more than 70 different O-

antigens (188). 

 To this end, we believe local frequency-dependent selection 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, non-pathogenic bacteria show 

extensive diversity at their rfb loci (8, 81), 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 Chapter 1.6.2 and (8, 157)]. Indeed, pathogenic 
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strains of E. 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 

– that is, certain serotypes infect and cause disease in specific hosts (11, 191) – which is entirely 

incompatible with, and contradictory to, the FDS model. 

Alternatively, excess polymorphism can be maintained by DS, whereby organismal 

fitness depends upon the environment (Figure 2b). 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 (10) and 

E. coli flagellar antigens (257). 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, 59, 220). Bacterial 

populations are constrained by the action of protozoan predation, including Yersinia in river 

water (31), Rhizobium in groundwater and soil (36, 101), Xanthomonas in soil (71), Archaea in 

the rumen (169), and numerous bacterial species resident in the water column (85, 107, 189, 205, 

222, 267, 277) or in soil (6, 71, 101, 205, 206). Since amoebae are abundant predators in 

vertebrate intestinal tracts (40, 59, 117, 185, 215, 220, 258), they likely act in similar manners to 

control populations of enteric species. 

If protozoan predators from separate environments recognize O-antigens with different 

efficiencies that is, 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 
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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.  

2.2 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 

then incubated overnight at 37˚C; four replicates of two strains were streaked on each plate, 

interleaved as depicted in Figure 11a. 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 via direct counting on a hemocytometer) in 10 μl 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 six hours; predation rates were determined from the distance of predation 

feeding front relative to the line’s starting position. Regressions were calculated for distance 

consumed vs. time (R2 typically > 0.95). The significance of the difference between the two sets 

of four slopes was determined using a t-test. Overall consumption rates were calculated as mean 

slopes for each plate, which were then averaged across the eight independent pair-wise 

competition plates bearing that strain. Cell density in lines was estimated by counting cells eluted 

from 6 cores samples from 6 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 
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components, or by eluting cells from solid media; comparable results were obtains for both 

methods. Overall prey fitness values were calculated by multiplying the overall rate of 

consumption (mm2/hr) by the normalized cell density (cells/mm2), normalizing fitness (cells/hr) 

to the value of the least-preferred strain.  

Near-isogenic strain construction. A strain of Salmonella enterica serovar 

Typhimurium was constructed (LD869) containing hisD9953::MudJ and rfbI::Tn10dCm 

mutations. This strain was transduced to histidine prototrophy using either P22 or ES18 

bacteriophage lysates (depending on host sensitivity). Transductants were screened for 

chloramphenicol sensitivity to isolate a strain that mobilized the rfb operon. Agglutination tests 

using antibodies against the 4 and 7 O-antigen epitopes verified 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 Figure 14) were collected 

from a pond and their intestinal contents were removed via 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.  

Identification of protozoa. The 18S rDNA locus was amplified by the PCR using 

universal primers; a 1.4 kb band was routinely produced and the sequences of both strands were 

determined using an ABI-310 sequencer. Strains were given genus designations (14) by virtue of 
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their close relationship with previously identified protozoa. Sequences have been deposited in 

GenBank, accession numbers AY576362 – AY576367. 

Bacterial survival in the presence of amoebae. An aliquot of 100 µl containing 104 

cfu’s 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 via their colorimetric differences. Experimental plates were incubated at 

34˚C until the front of moving amoeboid predators had transversed the plate, ensuring a uniform 

feeding efficiency for each replicate; the remaining bacterial cells were eluted and counted as 

above. Significant differences between the proportions of each cell type were compared directly 

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, and 20 μg/ml kanamycin (to 

prevent bacterial growth). An aliquot of 100 µl containing 104 cfu’s of each of two bacterial 

strains was added to 5 ml 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, 
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and 24 hours, diluted in 0.9% NaCl; the numbers of each strain and significant differences in 

their proportions were determined as above. 

 

2.3 PREDATORS DISCRIMINATE PREY BASED ON THE O-ANTIGEN 

N. gruberi can distinguish among natural isolates of Salmonella. 2.3.1 

I examined the abilities of nine Salmonella SARB strains (22) to avoid six different amoeboid 

predators, including 1 laboratory isolate (Naegleria gruberi) and five amoebas isolated from 

intestinal environments. The rate of predation was measured on solid media via sets of pairwise 

comparisons (Figure 11a). Results showed that a single predator consumes Salmonella serovars 

at different rates (Figure 11b). All pair-wise tests were performed (Table 2) and the data were 

consistent with a single hierarchical ranking of prey preference for each amoeboid predator 

(Figure 12 and Table 2). 

Rates were corrected for bacterial density (strains with lower growth yields resulted in 

lines exhibiting faster rates of consumption, R2=0.32, Figure 13a), 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 

consumption was found to differ between strains; relative fitnesses were assigned by normalizing 

corrected consumption rates to that of the least-preferred strain (Figures 12 and  13); correction 

for variation in cell density only slightly influenced relative fitness values (r2
s = 0.96; Figure 13).  
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Figure 11. Determining the rates of amoeboid predation by line tests.  

A. Pairwise line test between SARB8 (O-antigen 6,7) and SARB36 (O-antigen 6,8) against 

Naegleria gruberi; green and purple lines delineate the feeding fronts for SARB 36 and 8, 

respectively. B. Results of test in panel A; two of four lines are shown for simplicity. 

 

Table 2. Pairwise results of SARB hierarchies. 

*Identities of the more slowly consumed strains for each experiment are indicated above the 

diagonal, with P values noted below; ns : not significant. 
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Figure 12. Naegleria gruberi rates of predation determined by line tests. 

Average rate of consumption of nine SARB strains averaged across all 8-pair-wise comparisons. 

Figure 12 depicts line tests showing rate of predation with SARB8 and SARB36. 
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Figure 13. Determining SARB fitness values. 
 
A. Rate of consumption (see Figure 12 and Table 2) is correlated with cell density (calculated as 

final growth density; see methods). B. Comparison of rates of consumption (Figure 14 and Table 

2) and fitness for SARB strains facing N. gruberi as a predator. 
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2.3.2 Different protozoa show different feeding preferences. 

Serovar fitness depends dramatically upon the predator they face [Figure 14 and (45)]; e.g., 

SARB52 exhibits a low fitness when faced with Naegleria gruberi but higher fitness against 

Acanthamoeba, consistent with the diversifying selection model (Figure 2b). Here, different 

predators represent the different environments. Since predators have different tolerances to 

temperature, salinity and pH (data not shown), we expect to find them (and isolated five of them) 

from disparate intestinal environments; as expected, preliminary results suggest that amoeboid 

predators isolated from the same host are more uniform than what would expect at random (P < 

0.023).  

 Not only do prey have different fitnesses when faced with different predators, the 

magnitude of the selection coefficients (s) are 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 Escherichia coli over the course of 20 generations (142); here, mutation during 

the course of the chemostat experiment limits the level of detection. Extrapolation of those 

results to the effective population size of enteric bacterial species suggests that selective 

coefficients of significantly lower values would have dramatic impacts on the fate of bacterial 

strains. From this perspective, the two-fold differences in predator susceptibility are enormous by 

comparison. 
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Figure 14. Fitness values determined from predation rates after correction for cell density. 

SARB fitness values against different amoeboid predators. Predators (source) are 1, Naegleria 

gruberi (laboratory strain); 2, Acanthamoeba sp. (Hyla crucifer); 3, Hartmanella sp. (Rana 

catasbiena); 4, Hartmanella sp. (Notophthalmus viridicens); 5, Naegleria sp. (Belastoma); and 6, 

Naegleria sp. (pond water). Circles indicate strains used in Figure 11; red circles denote SARB2. 

 57 



 

2.3.3 Feeding differences reflect predator choice.  

Serovars may excrete substances which affect protozoan predators differentially. If so, the 

putative differential selection coefficients would vanish if a predator were presented with two 

prey simultaneously, since the excreted substance from either strain would impair the predator. 

We performed such experiments using subsets of the strains shown in Figure 12. In each case, 

SARB2 was one of the strains, since 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 following predation (which is not 100% efficient; 

about 1% of cells remain before amoebas encyst due to paucity of prey), and results were 

compared with predator-free controls (Figure 15).  

Differences in the relative abundance of each strain will change over the course of the 

experiment due to differential growth rates of the two strains. For this reason, the impact of 

predator must be assessed by comparing the relative abundances of strains in the presence vs. 

absence of predator, not merely from the onset vs. the conclusion of the experiment. While no 

differences in serovar abundance were observed at the start of the experiment (Figure 15, Start), 

significant differences were observed after predation (Figure 15, Finish), demonstrating that 

predators can discriminate between prey. More importantly, these results reflected the same 

protozoan feeding preferences shown by the line tests (strains marked with circles in Figure 14). 

Taken together, these experiments demonstrate that Salmonella fitness values we measured are a 

function of the feeding preferences of the protozoa in their environment, and not a function of 

excreted toxins. 
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Figure 15. Predator choice among natural isolates of S. enterica.  

The strain noted was grown with strain SARB2, which fails to utilize xylose; at least 4 replicates 

were examined. Bars represent the percent of SARB2 present in the population; error bars 

represent one standard deviation. Open bars report experiments in the presence of predator, 

whereas 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 METHODS). ns denotes 

P > 0.05; * denotes P < 0.001; ** denotes P < 0.0005; *** denotes P < 0.0001. O-antigen 

designations are as follows: SARB2=3,10; SARB20=8,20; SARB36=6,8; SARB59=1,3,19. 
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2.3.4 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, engulfment of inorganic matter, etc). 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 outer membrane proteins that could act as ligands, such as the 

flagellum or pili, or outer membrane proteins like BtuB, LamB, OmpA, OmpC, OmpF or PhoE 

(16, 142, 143). 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 postulate that the O-antigen is likely a major ligand for predator 

recognition; this discrimination would mediate diversifying selection at the cognate rfb locus. 

Other antigens are also likely used, since SARB strains with identical O-antigens did not evade 

predation equally well (Figure 14). 

To test if predation is influenced by the O-antigen, we created strains of Salmonella 

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) while strain r04 bears a 

substantially different O-antigen (epitopes 6,7). Experiments with wildtype strains or their 

respective near isogenic derivatives show that one strain is strongly preferred by the predator 

when O-antigens differ, but no preference is seen when O-antigens are identical (Figure 16). 

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. 
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Figure 16. Predator choice among natural isolates of S. enterica and isogenic strains.  

The strain noted was grown with strain SARB2, which fails to utilize xylose; at least 4 replicates 

were examined. Bars represent the percent of SARB2 present in the population; error bars 

represent one standard deviation. Open bars report experiments in the presence of predator, 

whereas 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 METHODS). ns denotes 

P > 0.05; * denotes P < 0.001; ** denotes P < 0.0005; *** denotes P < 0.0001. O-antigen 

designations are as follows: SARB2=3,10; SARB20=8,20; SARB36=6,8; SARB59=1,3,19. 
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2.3.5 

2.4.1 

Predators that do not utilize cell-cell interaction cannot discriminate among prey.  

Unlike amoeboid predators of the viscous enteric environment, ciliates filter prey by size; there 

is no prey recognition through cell-cell contact. We believe serovar recognition by cell-cell 

contact drives diversifying selection since predators 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 preferences in the ciliate Tetrahymena pyriformis 

using strains that have different O-antigen structures which could be distinguished by both 

amoeboid predators tested (sample data shown in Figure 16). Here, the ciliates grazed upon 

mixed cultures of Salmonella with differing O-antigens, and while the numbers of cells 

decreased 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.  

2.4 DIVERSIFYING SELECTION AND RFB DIVERSITY 

DS is a viable model for maintaining diversity at the Salmonella rfb locus. 

Like models used to explain extensive diversity at the hsd and ospC 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, 
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and clarify previous unexplained observations: that is, non-pathogenic enteric bacteria have 

different O-antigens to evade protozoan predators, not the immune system; as a result, we would 

expect host-serovar specificity.  

While avoiding predation may be critical for survival of Salmonella, recognition of 

Salmonella is likely of little importance to the predator, since Salmonella is not a major 

constituent of the intestinal flora (~0.1% of cells). Rather, strict anaerobes comprises 95-99% of 

the microbial intestinal flora (50, 84, 132, 174, 276). Abundant Bacteroides expresses numerous 

different polysaccharides through phase variation (29, 119, 122, 177, 259), perhaps preventing 

predators from adapting to its O-antigen. In addition, sampling by dendritic cells [resulting in 

IgA excretion into the intestinal lumen (144, 170, 243)], would have little impact on Salmonella 

population since, 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 preferences, even after 100 generations of consuming non-preferred strains (data 

not shown). Collectively, these data imply that predators would not change preferences in 

response to Salmonella availability, which could prevent diversifying selection from maintaining 

rfb variability; however, further experimentation is required to determine if predator preferences 

are indeed stable (Chapter 3). 

I believe protozoan predators mediate this selection rather than bacteriophages predators 

since phages are highly specific in the strains they can infect; moreover, most bacteria acquire 

resistance to additional phages via their co-immune prophages. Therefore, phages are unlikely to 

represent a class of niche-specific predators. In contrast, perhaps all of the protozoan 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 
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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.  

2.4.2 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 distributed between host 

species. Differential distribution of bacteria among hosts – that is, the nonuniform abundance of 

different genotypes among different environments – has been convincingly demonstrated for 

Salmonella (30, 191, 251), E. coli (30, 64-66, 68), Enterococcus (34, 264) and Bacteroides (34). 

Our preliminary data suggest similar results for protozoa (that is, Naegleria polyphaga was 

found preferentially in carnivorous metamorphosing Rana catasbiena, whereas Hartmanella was 

found in herbivorous tadpoles (P < 0.023; randomization test). We would predict that predators 

isolated from the same hosts would show similar feeding preferences (see chapter 3). 

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

Entamoeba, where E. invadens causes disease in reptiles (44, 117), including ball pythons (117), 

whereas E. histolytica causes disease in humans (13, 125, 193). E. suis and E. chattoni infect 

non-human mammals, yet a related but distinct species preferentially infects ostriches (146). The 

amoeba Vannella platypodia was found to infect multiple fishes (49), while members of the 

genus Neoparamoeba preferentially colonize gills (58). The Microsporidian Encephalitozoon 

cuniculi is a pathogen of domesticated rabbits and dogs, whereas E. intestinalis, E. hellem, and 

E. bieneusi are opportunistic pathogens of humans (258). Commensal protozoa also show 

differential distribution among hosts (Chapter 3 and Table 2). For example, the non-pathogenic 
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amoeba Paravahlkampfia ustiana was isolated multiple times from the intestines of skinks (215). 

These and other studies suggest that protozoa, like bacteria, are not distributed uniformly across 

all environments. 

2.4.3 A road to host-serovar specificity. 

Ultimately, this paradigm offers insight into the origins of serovar-host specificity. If amoebae 

predators that reside in different intestinal environments collectively prefer one serovar over 

another (Chapter 3), 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. For this to occur, We 

would predict amoebae from an environment collectively prefer one serovar over another - a 

serovar is found in an intestinal environment because it can escape native predators (Chapter 3). 

Thus diversifying 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 specialization to occur. In summary, this work 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 

differentiation of bacterial populations and subsequent speciation, and offers a sound ecological 

basis for the origin and maintenance of extensive genetic variation at an important pathogenicity 

locus.  
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3.0  AMOEBOID PREDATION MAY MAINTAIN SALMONELLA RFB DIVERSITY  

In Chapter 2, I showed that amoeboid predation may be a strong selective pressure influencing 

O-antigen diversity. In Chapter 3, I try to falsify the hypothesis that rfb diversity is maintained 

among Salmonella through DS. For DS to be upheld, predators in an environment must 

collectively prefer one serovar over another. If this is true, then selective pressure could act over 

a spatial scale between intestinal environments.  

3.1 PREDATION IS A STRONG SELECTIVE FORCE 

Given the enormous numbers of rapidly reproducing bacteria in nearly every ecosystem, the 

control of their population sizes and growth rates ranks as one of the most powerful regulators of 

biomass on the planet. The numbers of viable bacteria – residing in the water column, soil, and 

subsurface sediments – have been estimated to be 4-6x1030 cells, with turnover times measured 

in days (266); this constant replacement of bacteria by cell division suggests that bacterial 

mortality occurs at a high rate. The ~1.2x1029 bacteria in all aquatic habitats (266) coexist with 

~108 bacteriophage/ml (239); these specialized predators recognize their prey primarily through 

specific motifs on outer membrane proteins or carbohydrates, thus ensuring that phage 

replication occurs in a compatible host. Similar amounts of bacteria – 2.6x1029 (266) – are found 

in soils, where protozoa are believed to be dominant predators. Unlike phage, which infect 
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subsets of strains within particular species of bacteria, amoeboid predators are generalist 

scavengers which prey upon bacteria relatively indiscriminately.  

Both amoebae and phage are effective in controlling bacterial populations, whose cell 

counts increase significantly in the absence of either predator (6, 36, 42, 60, 69, 93, 100, 101, 

178, 181, 190, 206, 260, 263, 272, 277). Similar “top-down” predation models govern the 

dynamics of many eukaryotic populations, e.g., shrimp increase in abundance in the absence of 

predatory cod (269), barnacles will out-compete mussels only in the absence of starfish predators 

(154), and populations of terrestrial plants decrease with increasing abundance of arthropods 

(160, 207). Alternative, “bottom-up” ecological models are appropriate when the abundance of 

prey controls predator abundance – for example, abundance of the wood mining insect Phytobia 

is dependent upon its host trees (273), and marine phytoplankton blooms are triggered by 

nutrient load and not low abundance of zooplankton predators (92) – but these models do not 

appear to apply to most bacteria. Because bacteria increase in numbers in the absence of 

predators, we infer that predation plays a role in controlling bacterial populations. Therefore, 

understanding predator-prey dynamics will provide insight into the distribution and abundance of 

bacteria. Here, we focus on the impact of predator choice on distribution of potential prey among 

enteric environments. 

Bacterial abundance in intestinal environments has been estimated at 1011-1012 cells/ml in 

humans, cattle, sheep and pigs (266). Dominant species of bacteria include members of the 

Gram-positive taxa Bacteriodes, Clostridium, and Lactobacillus, whereas minor constituents are 

Gram-negative enteric bacteria such as Escherichia coli, Salmonella enterica, and Citrobacter 

freundii (50, 132, 174, 276). As minor constituents of the intestinal flora, changes in the Gram-

negative members of this community would be unlikely to affect the behavior of the predators, 
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which feed primarily on Gram-positive bacteria. As such, we can more directly assess how 

changes in predator behavior may alter the distribution and abundance of Gram-negative prey, 

decoupling changes in prey populations with changes in predator populations. 

Being the most abundant molecule on the surface of bacterial cell, LPS and its outermost 

structure the O-antigen is a likely structure used by predators to recognize their prey (150, 268); 

for example, it is the recognition of LPS that elicits an immune response upon infection. As 

mentioned in Chapter 2, Salmonella have more than 70 different O-antigens each which express 

O-antigens with specific epitopes; for example, serovar Typhimurium expresses the 1,4,[5],12 

O-antigen (188). Escherichia coli and Citrobacter freundii also show great diversity in O-antigen 

types, and  display at least 170 (265) and 45 (116) different O-antigens, respectively.  

I hypothesized in Chapter 2 that predation from intestinal amoebae provides selective 

pressure for maintaining rfb genetic diversity among Salmonella; that is, a serovar may better 

escape predators in a particular environment by virtue of the O-antigen it possesses, and different 

serovars flourish in separate environments with different predators. Supporting this DS model, 

we showed that intestinal amoebae consumed Salmonella serovars at different rates which 

expressed dissimilar O-antigens (Figure 14). Furthermore, the O-antigen itself is sufficient to 

elicit a predation feeding preference; predators could discriminate among Salmonella that 

differed solely at their O-antigen (Figure 16). 

In chapter 2, I mentioned that serovar-host specificity may be the result of protozoan 

predation. Serovar-host specificity is the clinical observation in which a serovar expressing a 

certain O-antigen usually infects and causes disease in a host. For example, when cattle succumb 

to a Salmonella infection it usually carries serovar Dublin, while swine are typically infected by 

serovar Choleraesuis, horses by Abortusequis, sheep by Abortusovis, chickens by Gallinarum 
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and Pullorum, and humans by host-restricted serovar Typhi and serovars Typhimurium and 

Enteriditis [Figure 10 (191)]. Outside of the clinical domain, other studies have suggested that 

certain Salmonella serovars are natural inhabitants of particular hosts (30). In addition, different 

subgroups of E. coli are differentially distributed among the vertebrate hosts (65-68). In Chapter 

2 I explained why FDS is not a plausible model used to explain the maintenance of O-antigen 

(and rfb) diversity. FDS is entirely incompatible with the well-established phenomenon of  

serovar-host specificity (268), whereas our diversifying selection model cleanly explains this 

otherwise puzzling aspect of bacterial natural history. Because O-antigens are recognized by 

predators, then rfb diversity may be maintained by DS because a single O-antigen does not allow 

a bacterium to escape predation (that is, confer high fitness) in different intestinal environments 

inhabited by diverse predators.  

A prediction of the DS model is that predators in a particular environment will 

collectively prefer one serovar over another based on the identity of the prey’s O-antigen. This 

may occur if (a) co-resident amoebae are related and simply share ancestral feeding preferences, 

or (b) unrelated predators share feeding preferences because the environment influences this 

phenotype. Alternatively, if amoebae in a particular environment have different feeding profiles, 

then no single serovar would have an advantage in escaping all predators and rfb genetic 

diversity could not be maintained by this DS model. To discriminate among these alternatives, I 

isolated numerous amoebae from different environments, identified them based on their 18S 

rDNA, and tested their feeding preferences to determine if bacterial serovars could escape 

communities of predators. If so, then rfb diversity in these bacteria may have evolved due to 

selective pressures of amoeboid predation which are maintained through diversifying selection.   
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3.2 MATERIALS AND METHODS 

Media and growth conditions. 

The bacterial isolates described below, or strains from the SARB collection (22) – 

SARB1, 2, 3, 8, 20, 30, 36, 52, 59 – were grown on solid LB medium overnight at 37˚C for 

routine propagation. NM medium was prepared as 15.5 mM KxPO4 pH 7.5, 0.2% peptone, 0.2% 

glucose, 2.0% agar for propagation of amoebae; amoebae and bacteria were incubated at 34˚C 

during predation experiments. NM-LG (low glucose) medium was prepared as NM, except with 

0.02% glucose and 1.5% agar. SBG sulfa enrichment media, XLT4 media and MacConkey-

lactose media were purchased from Difco. LB was prepared using 10 g of tryptone, 5 g yeast 

extract, 5 g of NaCl, and 12 g agar. 

Isolation and identification of intestinal amoebae. 

Bullfrog tadpoles (Rana catesbeiana) were collected from Geneva Pond #1 in Crawford 

county Pennsylvania; goldfish (Carassius auratus auratus) were purchased from a local pet 

store, and turtles (Trachemys scripta) were purchased from Ward’s Scientific Supply House. 

Lower intestinal contents were removed via sterile dissection into sterile water. Amoeboid cysts 

were separated from bacteriophage by differential centrifugation. Aliquots of 10-100 µl of the 

intestinal sample were spread on NM media seeded with 108 Salmonella enterica serovar 

Typhimurium LT2 cells as food. Protozoan cysts were collected from cleared plaques, diluted 

and reisolated to ensure purity. Bearded dragons (Pogona barbata) were pets of a colleague; 

amoeba isolation was performed as above using freshly-collected fecal samples as starting 

material. Chromosomal DNA was isolated from amoebae using the DNeasy kit from Qiagen. An 

internal fragment of the 18S rDNA gene was amplified using primers U509F 

(5’ACTCGAGTGCCAGCAGCCGCGGTAA) and E1789R (5’TCCGCAGGTTCACCTACGGA), and the 
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nucleotide sequences of both strands of the resulting product were determined using ABI-310 

and ABI-3100 sequencers. Strains obtained are listed in Table 1. 

Isolation and identification of intestinal bacteria. 

Aliquots of 10-200 µl of intestinal samples from turtles, bearded dragons, and goldfish 

were placed in SBG sulfa enrichment media and incubated overnight at 37˚C. Cultures were then 

diluted and plated on XLT4 or MacConkey-lactose media. Black or pink colonies, respectively, 

were picked and streaked for singles on LB. Bacteria from bearded dragons (Pogona vitticeps) of 

a house pet and a screeching owl (Otus asio), a resident of the National aviary in Pittsburgh, 

were isolated from freshly-collected fecal samples. An internal fragment of the bacterial 16S 

rDNA was amplified using primers rp1 (5’CCCGGGATCCAAGCTTACGGTTACCTTGTTACGACTT) and 

fd2 (5’CCGAATTCGTCGACAACAGAGTTTGATCATGGCTCAG). A 1.4 kb band was routinely produced 

and the sequences of both strands were determined using ABI-310 and ABI-3100 sequencers. 

The strains obtained are listed in Table 1. 

Line Tests and fitness calculations. 

Procedure for line tests were modified from the protocol of Wildschutte et al. (268). Eight 

strains were streaked on NM or NM-LG medium from the center of the plate outward; four 

replicates of two strains were struck on each plate. Plates were incubated overnight at 37˚C until 

lines were fully grown. A total of 104 protozoan cysts (numbers were determined via direct 

counting on a hemocytometer) in 10 µl of 0.9% NaCl was added in the middle of the plate on a 

sterile paper disk and plates were incubated at 34˚C. Plates were photographed every six hours; 

predation rates were determined from the distance of predation feeding front relative to the line’s 

starting position. Regressions were calculated for distance consumed vs. time (typically, R2 > 

0.95). The significance of the difference between the two sets of four slopes was determined 
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using a t-test. To assay fitness differences, all 36 (9 strains) or 10 (5 strains) pair-wise 

comparison plates were examined. Overall consumption rates were calculated as mean slopes for 

the four replicates on each plate, which were then averaged across the independent pair-wise 

competition plates bearing that strain. Cell density in bacterial lines was estimated as described 

(268). Overall fitness values were calculated by multiplying the overall rate of consumption 

(mm2/hr) by the normalized cell density (cells/mm2), normalizing corrected consumption rates 

(cells/hr) to the value of the least-preferred strain to obtain fitness. In addition, the robustness of 

the fitness hierarchy was validated by consistency of the overall relationships with the results of 

individual pair-wise competition plates; that is, an overall hierarchy of A>B>C was validated by 

individual competition plates having yielded A>B, B>C and A>C. 

Feeding preference comparisons. 

The Pearson correlation coefficient (R) was determined for each pairwise comparison of 

feeding preferences. For a collection of more than 2 sets of feeding preferences, an average value 

for R (RAverage) was determined as simple arithmetic means of the individual pairwise values. To 

determine if RAverage were significantly different from zero, rates of predation were randomly 

assigned to prey and RAverage was computed for these randomized data. The significance of 

RAverage for the observed data was computed as the number of randomized sets of comparisons 

with a value of RAverage that met or exceeded this value. P-values were determined from 

1,000,000 randomization trials. 
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3.3 AMOEBAE FROM AN ENVIRONMENT SHARE FEEDING PREFERENCES 

3.3.1 Related amoebae have similar feeding preferences. 

Feeding preferences of amoebae represent their “search image” for prey; by definition, amoebae 

eat bacteria matching this search image more quickly than bacteria which do not. These 

preferences may be a variable trait among amoebae populations if different members of the same 

species search for different prey. If feeding preferences change in this way, then otherwise 

genotypically and ecologically similar amoebae inhabiting the same intestinal environment may 

not recognize the same prey. As a result, no single O-antigen would allow a Salmonella serovar 

to escape all predators. Alternatively, generalist amoeboid predators could retain the same 

feeding preferences if altering them provided no benefit to amoeba, regardless of how these 

preferences affect their prey populations. 

To discriminate between these alternatives, I obtained strains of six free living 

Acanthamoeba (FLA), kindly provided by Paul Fuerst. These amoebae were isolated from a 

marine environment and were >99% identical at their 18S rDNA loci. The feeding preferences of 

the FLA1 amoeba were determined using nine serotypically-diverse strains of Salmonella from 

the SARB collection. The predator’s ability to consume prey was measured using line tests as 

described below in the methods section and as employed previously (material and methods 

Chapter 2). Among the nine strains tested, strain SARB52 (serovar Pullorum expressing the 

1,9,12 antigen) was consumed the most slowly and was assigned a fitness value of 1.0 (Figure 

17a). The remaining strains were reproducibly consumed more quickly, indicating that the FLA1 

amoeba can discriminate among Salmonella serovars.  
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Figure 17. FLA feeding preferences. 

A. The feeding preferences of amoeba FLA1 as determined by pairwise line tests. The least 

preferred SARB strain was assigned a fitness of 1.0. B. Feeding references of six FLA amoebae 

determined as above.  
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Five SARB strains were selected to encompass the range of fitness values observed with 

FLA1 and feeding preferences for five other FLA amoebae were determined using these strains 

(Figure 17b). The FLA1 preference was recapitulated, even for close fitness values, showing that 

the results of line tests are robust. As a group, all six amoebae show very similar feeding 

preferences, with strains SARB30 and SARB52 eaten most slowly, therefore being most fit, and 

strains SARB36 eaten most quickly and being least fit. The average Pearson correlation 

coefficient for pairwise comparisons among these profiles showed that the preferences of the six 

FLA Acanthamoeba were quite similar, RAverage = 0.972, R2=0.9447. To determine if this average 

value of R was significantly greater than zero, I devised a randomization test whereby rates of 

predation were randomly assigned among bacterial strains, and fitness values calculated; 

significance was calculated as the number of average values for Pearson’s R for random sets of 

feeding preferences that exceeded the value observed. For this set of 6 predators and 5 prey, the 

observed similarity of feeding preferences is greater than expected at random (Figure 17b; 

P<0.000001). These results establish that closely related, but not identical, amoebae share 

feeding preferences. Therefore, I predict that related amoebae residing in the same environment 

could also share feeding preferences. 

3.3.2 Amoebae within tadpoles have similar feeding preferences. 

A bacterium may escape a collection of predators in an environment only if those amoebae share 

feeding preferences. While the results above show that related amoebae may share preference, 

results in Chapter 2 show that feeding preferences of unrelated amoebae are not shared among all 
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predators (Figure 14). If prey could escape all predators in an environment, then predators in a 

single environment must share feeding preferences. To test this hypothesis, I isolated amoebae 

from the intestinal tracts of three bullfrog tadpoles, Rana catesbeiana, at various stages of 

development. The smallest tadpole was 2.9 cm in length, lacked limbs as was an herbivorous 

algavore; the largest tadpole was 3.4 cm in length and, given front leg development, this animal 

was likely transitioning to a carnivorous diet. A total of five strains of Acanthamoeba and 2 

strains of Hartmannella were cultivated and identified based on the sequences of their 18S rDNA 

genes (Table 3).  

To determine feeding profiles, I used the same strategy as discussed above in section 

3.3.1. Acanthamoeba strain T2-10 was first tested against 9 SARB strains to determine its 

feeding preferences (Figure 18a); to assay additional predators, five SARB strains were chosen 

to represent the range of fitness values obtained. Strikingly, all seven amoebae isolated from 

these three tadpoles shared similar feeding preferences (Figure 18b; R2=0.9119; p<0.0002). 

These results show that related Acanthamoeba from an intestinal environment – here up to 20% 

different at their rRNA loci –collectively prefer one Salmonella serovar over another. More 

importantly, the feeding preferences of the two Hartmannella strains were similar to those of the 

Acanthamoeba isolates, even though these amoebae are distantly related (Figure 19). 

These data contrast strongly with the marked differences in feeding preferences for 

members of these genera isolated from different hosts (Chapter 2 and Figure 14). These data 

again show that related intestinal amoebae share feeding preferences, but also suggest that 

feeding profiles may be similar among all amoebae in a particular environment regardless of 

their relatedness.  
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Table 3. Amoebae and bacterial environmental isolates. 
Environment Amoebae Cultivated Bacteria Cultivated Notes Figure
Marine 6 Acanthamoeba nd - 12 
Tadpole 
T2 
T3 
T5 

 
4 Acanthamoeba 
2 Hartmannella 
1 Acanthamoeba 

 
nd 
nd 
nd 

 
Herbivore 
Omnivore 
Carnivore 

13 

Fish 
F1 
F3 
 
F5 
 
F8 

 
6 Naegleria 
4 Tetramitus 
 
1 Tetramitus 
 
5 Tetramitus 

 
4 Citrobacter 
6 Citrobacter and 1 
Aeromonas 
4 Citrobacter and 4 
Aeromonas 
12 Aeromonas 

 
Reared at 30˚C 
23˚C for 3 days 
 
23˚C for 5 days 
 
23˚C for 8 days 

15 

Bearded Dragon 
BD1 
BD2 

 
3 Tetramitus 
1 Acanthamoeba 

 
7 S. enterica Typhimurium  
4 S. enterica Bahrenfeld and 
8 S. enterica Typhimurium 

 

 
Juvenile, carnivore 
Adult, herbivore 

17 

Turtle 
R1 
R2 

 
1 Acanthamoeba 
2 Acanthamoeba 
- 

 
- 
- 
6 S. enterica Typhimurium 

 
Herbivore 
Herbivore 
Herbivore 

17 

Screeching Owl - 3 S. enterica Montevideo Carnivore - 
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Figure 18. Feeding preferences of amoebae isolated from tadpoles. 

Feeding preferences of intestinal amoebae isolated from bullfrog tadpoles. A. The feeding 

preferences of amoeba T2-10 as determined by pairwise line tests. The least preferred SARB 

strain was assigned a fitness of 1.0. B. Feeding references of 7 amoebae isolated from 3 tadpoles. 

Amoebae are labeled according to the tadpole from which it was isolated (T2, T3, or T5) 

followed by a strain number; A=Acanthamoeba, H=Hartmannella.  
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Figure 19. Neighbor-joining tree of amoebae isolated from environments.   

Individuals of Acanthamoeba, Naegleria, Hartmannella, and Tetramitus isolated from different 

environments all grouped to their respective clades. Amoebae isolates with the same color were 

isolated from the same environment.  
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3.3.3 Amoebae within fish have similar feeding preferences. 

The similarity in feeding preferences among the Acanthamoeba and Hartmannella isolated from 

tadpole intestines may reflect either the influence of factors within host from which they were 

isolated or more general, non-host-specific environmental conditions experienced by pond-

dwelling creatures, such as the pH, the temperature of the water or the composition of the gut 

flora. To distinguish between these alternatives, I isolated amoebae from the intestines of 

goldfish (Carassius auratus auratus) which were reared at two temperatures and tested their 

feeding preferences. Fish F1 was housed at 30˚C; from it I isolated 5 strains of Naegleria that 

were >99% similar at their 18S rDNA loci (Table 3). Three other fish were housed at 23˚C; from 

them I isolated 11 strains of Tetramitus that were >98% similar at their 18S rDNA loci (Table 3). 

Naegleria and Tetramitus are only distantly-related, being only 57% identical at their 18S rDNA 

loci and represent members of different classes (Figure 19). As above, subsets of SARB strains 

were used to assay the feeding preferences of the sixteen amoebae.  

 The 5 Naegleria from fish F1 all had similar feeding preferences (Figure 20; 

R2=0.8770, P<0.000001). Likewise, the 4 Tetramitus from fish F3 had similar feeding 

preferences (R2=0.8732, P<0.000001) as did the 5 Tetramitus from fish F8 (R2=0.9049, 

P<0.000001). These data reinforce the results obtained with tadpole T2: related amoebae from a 

single host animal collectively prefer one serovar over another. More importantly, all amoebae 

isolated from fish – either Naegleria from fish reared at 30˚C or Tetramitus from fish reared at 

23˚C – shared common feeding preferences that are highly significantly similar (R2=0.8596, 

P<0.000001). These data suggest that feeding preferences of intestinal amoebae reflect properties 

of the host, not common environmental conditions. 
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Figure 20. Feeding preferences of amoebae isolated from fish. 

Feeding preferences of 16 amoebae isolated from 4 goldfish. Amoebae are labeled according to 

the fish from which it was isolated (F1, F3, F5 or F8) followed by a strain number.  
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3.3.4 Fish reared at different temperatures have different microbial flora. 

To determine if goldfish reared at different temperatures had dissimilar microbial flora, Isolated 

gram-negative bacteria from their intestinal contents.  Four strains of Citrobacter were isolated 

from fish F1 which was housed at 30˚C (Table 3); Citrobacter are antigenically diverse enteric 

bacteria (116) related to Salmonella and E. coli. In contrast, 12 strains of Aeromonas were 

isolated from fish F8, which was house at 30˚C (Table 3). A total of 10 strains of Citrobacter and 

5 strains of Aeromonas were isolated from fish F2 and F5, which were transitioned from 30˚C to 

23˚C and had been housed at 23˚C for a shorter period of time than had fish F8. These results 

suggested that the bacterial flora in the goldfish were dissimilar among the fish housed at 

different temperatures, just as the amoeboid predators were. In addition, I examined the O-

antigens of the Citrobacter isolates by gel electrophoresis (Figure 21).  

Although the identity of the O-antigen cannot be determined in this way, one may 

distinguish between different carbohydrates based the patterns seen in silver-stained gels. While 

Citrobacter has more than 45 different O-antigens, all strains isolated from goldfish were 

serologically identical or nearly identical (Figure 21). Together, these data show that amoebae 

from an intestinal environment have similar feeding preferences, regardless of their relatedness, 

and suggest that feeding preferences are a function of the host, not the identity of prey bacteria, 

temperature or other environmental factors. 
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Figure 21. Silver stained O-antigens of bacteria isolated from fish. 

A. Gel of 4 Citrobacter isolated from F1. B. Gel of 6 Citrobacter freundii strains isolated from 

the intestines of F3 (lanes 2, 3, 4, 5, 6, and 7) and one Aeromonas hydrophila strain isolated from 

F5 (lane 8). O-antigens are similar, if not identical, in appearance. 
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3.3.5 Amoebae from reptiles have similar feeding preferences. 

Tadpoles and fish have relatively undifferentiated intestinal tracts. Because enteric bacteria also 

reside within hosts with more complex intestinal environments, I tested the hypothesis that 

amoebae from more differentiated intestines also share feeding preferences by isolating amoebae 

from reptiles. Three strains of Acanthamoeba (R1-2, R2-1, and R2-2), 88% similar based at 18S 

rDNA genes, were isolated from 2 red-eared sliders, Trachemys scripta (Table 3). Feeding 

preferences were determined as described above and were again more similar than expected at 

random (Figure 22; R2=0.5096, P<0.038). Three strains of Tetramitus (BD1-1, BD1-4, BD1-5; 

>99% similar at their 18S rDNA loci) were isolated from the feces of a carnivorous, juvenile 

bearded dragon, Pogona barbata (Table 3), and 1 strain of Acanthamoeba (BD2-1) was isolated 

from an herbivorous adult. Line tests were performed as described previously and results show 

these amoebae share feeding preferences (Figure 23; R2=0.4763, P<0.026). Thus, amoebae 

isolated from hosts with differentiated intestines also collectively prefer one Salmonella serovar 

over another; the larger variation in feeding profiles may reflect the greater diversity of habitats 

within more differentiated intestines. 
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Figure 22. Feeding preferences of amoebae isolate from turtles. 

Feeding preferences of 3 amoebae isolated from 2 turtles as determined by pairwise line tests. 

Amoebae are labeled according to the turtle from which it was isolated (R1, R2) followed by a 

strain number.  
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Figure 23. Feeding preferences of amoebae isolated from bearded dragons. 

Feeding preferences of 4 amoebae isolated from the feces of 2 bearded dragons as determined by 

pairwise line tests. Amoebae are labeled according to the lizard from which it was isolated (BD1, 

BD2) followed by a strain number. 
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3.4 AMOEBOID PREDATION MAY EFFECT DIFFERENTIAL DISTRIBUTION OF 

SALMONELLA 

3.4.1 Predators form environment-specific threats to particular prey. 

Traditionally, microbiologists have viewed antigens – the highly variable proteins and 

carbohydrates that decorate the surface of bacterial cells – as being intimately associated with the 

adaptive immune system. These outer-most cellular structures are the most accessible to 

antibodies or white blood cells, so it is not surprising that they are quite variable among bacteria 

that interact with eukaryotes in this way. This need for pathogens to escape immune recognition 

continually selects for new, rare antigenic types; here, frequency-dependent selection (FDS) 

favors the newly-different cells by allowing for prolonged infections or the re-infection of non-

naïve hosts (41, 86, 98, 195, 254, 262). Yet many non-pathogens are antigenically diverse, and 

many pathogens – like Salmonella enterica – have antigenic diversity that is inconsistent with 

FDS (268). For these bacteria, I proposed that intestinal protozoa – rather than bacteriophagic 

white blood cells – were the predators being avoided. Here, a Salmonella serotype may have an 

advantage in escaping all of the predators in a particular environment; because predators are not 

uniformly distributed, different prey serotypes flourish in different environments, a process 

germs diversifying selection (DS). A critical prediction of this model is that predators within 
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particular intestinal environments should share a common set of feeding preferences, thus 

allowing for some prey to escape predation better than others.  

The data collected here uniformly support this position in five different systems: marine-

isolated Acanthamoeba shared similar feeding preferences (Figure 17);  tadpole-born 

Acanthamoeba and Hartmannella also showed significant similarity in prey choice (Figure  18);  

fish-born Naegleria and Tetramitus showed striking similarity in feeding preferences even 

though their hosts were reared at different temperatures (Figure  20); and both Acanthamoeba 

from turtles and Tetramitus and Acanthamoeba from bearded dragons showed similar feeding 

preferences after isolation from the differentiated colons of the reptilian hosts (Figures 22 and 

23, respectively). It is perhaps not surprising that related amoeba – e.g., those from the same 

species – would share similar feeding preferences, since the proteins mediating prey recognition 

would be highly similar. Being closely related, one may expect to find them in the same 

environment. Therefore, one could say that the similar feeding profiles of Acanthamoeba within 

tadpoles (Figure 18) and Tetramitus or Naegleria within fish (Figure 20) are not terribly 

surprising.  

But what is unexpected is that unrelated amoebae share feeding preferences if and only if 

they are found in the same environment (Figure 24).  Unrelated amoebae may be found in a 

single host due to fluctuating conditions. For example, only Hartmannella were isolated from the 

smallest tadpole, which was likely herbivorous, whereas only Acanthamoeba was isolated from 

the largest tadpole whose carnivorous diet would have fostered growth an entirely different 

microflora. Similarly, only Naegleria were found in the fish housed at 30˚C, whereas only 

Tetramitus were isolated from fish housed at lower temperatures. Yet in both these cases, the 

unrelated amoebae from each host shared a common set of feeding preferences, despite other 
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major environmental variables between individuals. I can conclude that there must be other, 

host-specific environmental factors within the intestinal lumen that influence the residents. That 

is, amoebae which do not share these feeding preferences do not persist, selecting for sets of 

unrelated predators with common proclivities in prey choice.  
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Figure 24. Similarity of amoebae feeding preferences as a function of genetic relatedness. 

Data are gathered from Figures 17, 18, 20, 22, 23, and from reference (268). Average Pearson’s 

correlation coefficients are reported for groups of 2, 3 and 4 line tests, plotted against the average 

similarity at the 18S rDNA locus. Comparison of feeding preferences between amoebae isolated 

from different environments are shown in gray, among tadpole-isolated amoebae in blue, among 

goldfish-isolated amoebae in green, among turtle-isolated amoebae in red and among FLA 

amoebae in violet. Triangles represent comparisons with 2 amoebae’s feeding preferences; 

comparisons using 3 sets of preferences are shown as squares and those using 4 sets of 

preferences are shown as circles. Open (transparent) symbols are used when a large density 

would obfuscate the number of data points. 
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3.4.2 Predators discriminating among environmental carbohydrates. 

As the most abundant molecular on the outside of the cell, the O-antigen of bacterial 

lipopolysaccharide is a likely target for amoeboid predators; consistent with this hypothesis, I 

have shown that predators do discriminate among prey based on the identity of the O-antigen 

(268). Yet amoebae encounter other abundant polysaccharides in their intestinal environments, 

notably mucins. Mucins are proteins that are heavily substituted with oligosaccharides that are 

O-linked to serine and threonine sites. Generally, the mucin protein consists of a core made up of 

variable tandem repeats rich in serine, threonine, and proline (201, 202, 253). Attached to the end 

of the oligosaccharides is usually a sialic acid or sulphate group which contributes to the 

negativity of the protein or a blood group epitope (201-203, 253). In humans, six core main 

mucin structures appear throughout the intestinal tract, and modification of these occurs through 

different glycosylations and differential formation of oligosaccharide side chains which results in 

tens of dissimilar structures (123, 201-203). Mucins are either secreted or attached to intestinal 

cells and the primary functions of mucins are thought to be intestinal protection and aiding in gut 

flora binding (2, 13, 43, 51, 223, 234). While O-antigens appear on bacterial prey, mucins 

decorate the intestinal wall; and while bacteria are viable food sources, the intestinal wall is not.  

I propose that amoebae will differentiate between structures that should and should not be 

eaten. Recognition of host-specific mucin polysaccharides would allow the amoebae to use these 

sugars for simple attachment, while avoiding attempts at consuming the intestinal wall. 

Consistent with this hypothesis, the commensal human amoeba Entamoeba histolytica has been 

shown to strongly bind to the abundant mucin sugar N-acetylgalactosamine (GalNAc) (1, 91, 

128, 186, 193). This sugar may be a receptor attachment site of E. histolytica allowing it to 

reside in its adapted niche and avoid rapid expulsion from the colon. It is unlikely that E. 
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histolytica uniformly binds to all mucins since they differ in structure. If amoebae differentially 

bind to mucins, then O-antigens more similar to native intestinal mucins may provide a higher 

fitness to that bacterium via host mimicry. That is, bacteria whose O-antigens resemble the local 

mucins may escape predation more readily because they are recognized as housing, not as food. 

Mucins do not vary between members of a vertebrate host species with different diets or those 

reared at different temperatures, so I would predict that even the unrelated amoeboid predators 

that take up residence under these different environmental conditions would avoid eating bacteria 

that resemble local mucins, thus providing them with similar feeding preferences. And since 

mucins do vary between host species, I would predict that amoebae isolated from separate 

environments would avoid different serovars of Salmonella. As a whole, if feeding preferences 

of intestinal amoebae are influenced by native mucins, then these mucins are important 

influences on feeding phenotypes of amoebae through niche adaptation and (indirectly) shape the 

composition of the bacterial flora.  

3.4.3 Differential distribution of Salmonella may result from predation. 

Salmonella serovar-host specificity has historically been viewed as a product of bacterial 

interaction with host immune systems, whereby a serovar, expressing a specific O-antigen, could 

infect a certain host after immune evasion and then cause disease. Previously, I showed that 

amoeba are a possible selective pressure influencing O-antigen variability (268), and here, I 

show that groups of amoebae within an environment collectively prefer one serovar over another 

(Figures 17, 18, 20, 22, and 23). Furthermore, amoebae between dissimilar environments have 

different feeding preference (Figures 14, 24, and 25). As a result, amoeboid predation may 

influence bacterial survival in environments resulting in the differential distribution of bacteria 

 93 



among hosts: that is, bacteria may be found in an environment because they can survive better 

against native predators. Under this model, Salmonella serovar-host specificity may have 

originated after a serovar had established the ability to escape native predators in certain 

environments. Following adaptation to its specific niche, a serovar can acquire genes allowing it 

to infect that host and cause disease. That is, the specificity for Salmonella in causing disease 

more readily in particular hosts may be intimately associated with that serovar’s ability to avoid 

the predators within that host; Salmonella must avoid predation before it invades intestinal 

epithelium. Consistent with this hypothesis, Salmonella and E. coli have been found to be 

differentially distributed among the intestinal environments of their hosts (65-67, 191). I found 

similar result here where, for example, the serovars of Salmonella within turtles and bearded 

dragons were significantly different from those I isolated form birds (Table 1). Because a single 

O-antigen would not confer high fitness in all environments, O-antigen (and rfb) variability 

would be maintained among Salmonella. Thus protozoan predation may be the selective pressure 

maintaining O-antigen diversity among Salmonella.  
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Figure 25. Amoebae from separate environments have different feeding preferences. 

Data are gathered from Figures 17, 18, 20, 22, 23, and from reference (268). Each amoeba was 

tested against 9 SARB strains. The feeding preferences of amoeba were determined by pairwise 

line tests using 9 SARB strains. The least preferred SARB strain was assigned a fitness of 1.0. 

Amoebae are labeled as previously described in this chapter; NL is a lab strain of Naegleria. 
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4.0  CONCLUDING REMARKS ON RFB DIVERSITY 

O-antigen diversity among Salmonella was originally thought to be maintained by FDS mediated 

by exposure to the immune system (196). This hypothesis was believed to adequately explain O-

antigen diversity among Salmonella. In Chapters 1.6 and 2, I discussed why this hypothesis does 

not work with rfb diversity observed among Salmonella, and I proposed that selective pressures 

from protozoan predation may be influencing rfb diversity among Salmonella which is 

maintained by DS.  In Chapter 2, experiments were performed to falsify my proposal that 

protozoan predation is the selective pressure influencing rfb diversity, and in Chapter 3 I tested if 

rfb diversity could be retained through DS. Now, I will revisit my results and show that my 

hypothesis provides the framework for understanding rfb diversity and it gives insight to the 

previously unexplained observations.  

4.1 THE ORIGIN OF RFB DIVERSITY 

The O-antigen evolved in a way which provides protection to Gram-negative bacterium and 

possibly a fitness advantage under particular ecological conditions. This polysaccharide, which is 

the most abundant outer membrane structure and covers the entire surface of the cell, extends out 

from the bacterial cell surface through its attachment of core and the lipoprotein Lipid A (Figure 

1). With the exception of flagellae and fimbrae, which are not constitutively expressed, the O-
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antigen is the most distal structure from the cell, and therefore will likely be the first – if not the 

only – molecule on the bacterial cell that contacts its environment. The numerous different O-

antigens within a bacterial species suggest that this diversity has evolved in a way by which 

dissimilar structures provide a fitness advantage under particular circumstances. Population level 

variability observed at the rfb locus is certainly not the result of the accumulation of neutral 

variants. While some organisms have maintained mechanisms for active switching of O-antigen 

phenotypes others have evolved novel O-antigens through the process of lateral gene transfer 

(LGT), not the process of random mutation. Because the origin of rfb genetic diversity is 

different between bacteria this suggests that not all of these sugar structures evolved for the same 

reason.  

As discussed in Chapter 1, the numerous serovars of Salmonella enterica are not created 

by genetic reassortment of intragenomic information on temporal scales; rather, stable alleles 

were created through LGT and maintained by selection in different serovars [Figure 9, (139, 194, 

256)]. LGT works through homologous or illegitimate recombination in which a gene or set of 

genes are incorporated into the recipient genome from some source other than its parent. The 

incorporation of a gene or genes into the rfb region through lateral transfer is not a process that 

occurs during the course of an infection such as the changing of an O-antigen through phase 

variation which occurs in Neisseria or Haemophilus (Table 1). Compared to phase variation, 

LGT rarely occurs (124).  

Some infrequent events must occur for lateral transfer to be successfully incorporated 

into a bacterial genome that results in expression of a different O-antigen. First, the DNA must 

be incorporate into the recipient’s cell. DNA encoding genes must be transferred through either 

phage transduction, bacterial conjugation, or by taking up naked DNA. This DNA can encode 
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either a single gene or a large cluster of genes. Second, the foreign DNA must escape 

degradation by the restriction/modification system and then recombine into the genome. Finally, 

the region must be expressed and provide a fitness advantage so the genes can be selected for 

and retained.  All these events happening together rarely occur. Consequently, LGT does not 

contribute to rfb diversity among Salmonella through a process that rapidly generates diversity 

over a short period of time, so selective pressures influencing O-antigen diversity are not 

temporal. Instead, selective pressures likely act spatially and LGT is the mechanism that 

generates O-antigen diversity.  

Extensive genetic diversity is observed at the Salmonella rfb locus because serovars have 

acquired different genes through LGT. These genes, encoding sugar synthesis and transferase 

products, are located in the same chromosomal region among Salmonella but can be completely 

different between serovars thus making dissimilar O-antigens (Figures 8 and 9). Many bacteria 

have these genes grouped in together in operons which are expressed as either one or several 

transcripts. Because most genes that make the O-antigen are located in one region, LGT is a 

mechanism that can produce many different O-antigen by the transfer of either the entire 

functional genetic region which could result in the expression of a new O-antigen or the transfer 

of a few genes which may result in the addition of a sugar to an existing O-antigen. The gain of 

an entirely new O-antigen or the modification of an existing one may give a fitness advantage to 

a serovar in its environment. Although LGT is a rare event, it is a good mechanism to generate 

diversity and give rise to very different O-antigens that may increase fitness. 

The origin of rfb diversity among Salmonella originated from LGT and is maintained by 

selective pressures. Because LGT rarely occurs and results in genetic diversity which produces 

stable O-antigens, compared to other mechanisms like phase variation, selective pressures 
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influencing this locus may be constant in an environment in which rapid generation of diversity 

is not needed for a higher fitness. LGT is the mechanism that generates extensive genetic 

diversity among Salmonella and selective pressures may act spatially thus maintaining O-antigen 

diversity at a population level. 

 

4.2 THE MAINTENANCE OF RFB DIVERSITY 

Amoebae are excellent candidates which may provide the selective pressure maintaining O-

antigen diversity. These single celled eukaryotic organisms are residents of the intestines and 

generally 60 times larger than average length of a bacterium (~1ul) giving this predator the 

ability to engulf tens of bacterial prey through every phagocytic event. In addition, amoebae are 

general scavengers that consume bacterial prey they likely identify through cell-to-cell contact. 

Being general predators, amoebae do not actively search for Salmonella serovars which make up 

less that 1% of the bacterial flora in warm blooded animals; rather, amoebae prey upon all 

intestinal bacteria. These qualities make amoebae predator candidates for maintaining O-antigen 

diversity among Salmonella. Other protozoa such as ciliates or flagellates are less probable 

sources of selective pressure. Ciliates have an oral groove and may not discriminate between 

Salmonella serovars as my results suggest (Figure 16) while flagellates are usually thrive in the 

water column and not in the intestines with undigested food debris. Thus, amoebae predators 

may be important players that strongly influence O-antigen diversity among Salmonella.  

 Amoebae presumably bind to and recognize Salmonella and other bacteria through cell-

to-cell contact. Amoebae isolated from human intestines have been shown to differentially bind 

 99 



to intestinal sugars through a receptor-epitope binding interaction. This method may represent a 

similar mechanism by which amoebae recognize its prey. Since the O-antigen is the most 

abundant molecule on the bacterial cell surface and is made up of sugar molecules, it is an easy 

target for amoebae predators and may be involved in binding. If true, then amoebae may 

differentially recognize different Salmonella serovars based on the O-antigen and prefer one 

serovar over another by way of receptor-epitope interactions. My results suggest that the 

amoebae do differentially prey upon serovars (Figures 14 and 25) and that the O-antigen is 

sufficient to elicit an amoeboid feeding preference (Figure 16). 

 Interactions between an amoeba and its ecological environment may play a critical role in 

shaping prey recognition. My results show that unrelated amoebae from the same environments 

have similar feeding preferences while related amoebae from separate environments have 

different feeding preferences (Figures 18, 20, 22, 23, and 24). This suggests that interactions 

within the environment are important in shaping amoebae feeding hierarchies; if amoebae are 

adapted to a specific intestinal environment, then that habitat may shape its lifestyle. For 

instance, amoebae found in the intestinal tracts of freshwater goldfish may be more adapted to a 

colder fluidic environment with low concentrations of oxygen compared to amoebae found in the 

human intestinal environment which is a differentiated intestine that usually removes water, is 

warmer, and anoxic in regions.  Besides these factors, the intestines also are packed with mucins 

which amoebae seemingly are in constant contact. Amoebae may be adapted to these intestinal 

sugars and recognize them as non-prey objects. If this is true, then amoebae receptors could have 

evolved that recognize certain mucins, and particular amoebae reside in certain environments 

because they are adapted to the mucins as well as other biotic and abiotic factors. 
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  Amoebae that are adapted to an environment may persist there because they strongly 

attach to the intestinal mucin. These intestinal predators may recognize the mucins as their 

environment (not as prey) and strongly bind to these sugar structures through receptor 

interactions preventing expulsion from the gut. This binding may shape amoeboid feeding 

preference if amoebae receptors use these mucin adapted receptors to identify an O-antigen. O-

antigens resembling mucins may camouflage the serovar and provide a fitness advantage through 

predator avoidance. Because different animals express dissimilar mucins, amoebae may be found 

in separate intestines that have different feeding preferences - this is what my results show 

(Figure 14, 24, and 25). Thus, a Salmonella serovar which expresses an O-antigen that resembles 

the intestinal mucin may have a higher fitness in an intestinal niche (as discussed in Chapter 

3.4.2). 

 Mucins may also affect the stability of amoeboid feeding preferences. Although mucins 

have been shown to change between intestinal regions of a host such as between the small and 

large intestine, mucin structure is constant within a particular gut niche. If amoebae reside in a 

particular region within the gut and are adapted to the mucins there, then a prediction would be 

that amoebae from that intestinal region would have stable and similar feeding preferences. My 

results suggest that both these concepts are true. First, independent amoebae isolates from a 

particle intestinal environment share preferences (Figures 18 and 20). If feeding preferences 

rapidly changed, then amoebae isolated from the same environment would show different 

preferences. Instead, amoebae preferences reflect stability which may be the result of constant 

binding to a mucin in a specific intestinal region. Second, amoebae from the same environment 

share feeding preferences. All amoebae isolated from either tadpoles (Figure18) or goldfish 

(Figure20) share preferences which may reflect the undifferentiated intestine of these hosts and 
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little mucin diversity. If amoebae reside in animals with a differentiated intestine and are adapted 

to the mucins in the separate intestinal regions, then a prediction would be that amoebae from 

that gut but from separate regions would have different feeding preferences. My results showing 

the preferences of amoebae isolated from reptiles may hint at this concept (Figures 22 and 23). 

Although feeding preferences are significantly more similar than expected at random, the P-

value was not as strong compared to the feeding preferences of other amoebae isolated from 

nondifferentiated intestines (Figures 17 and 20). This may be due to the small sample size or 

possibly these amoebae are adapted to different intestinal habitats and have slightly different 

preferences. Taken together, intestinal mucins may play important roles in shaping both the 

feeding preferences and the stability of these preferences among amoebae. 

 If amoeboid feeding preferences are indeed shaped by mucins, then a serovar that resides 

in a particular intestinal niche may have a higher fitness advantage due to the O-antigen it 

expresses. Serovars expressing an O-antigen similar to the mucin an amoebae is adapted to 

would have higher fitnesses than serovars with dissimilar O-antigens. As a result, a range of 

amoebae feeding hierarchies would occur which my data suggests (Figures 12, 13 and Table 2). 

Because there are different mucins in separate intestinal environments, amoebae from particular 

habitats would exhibit different feeding preferences as shown in Figures 14 and 25 while 

amoebae from the same habitats would show similar feeding preferences (Figures 17, 18, 19, 22, 

and 23). Moreover, amoebae only exhibit similar feeding preferences if they were isolated from 

the same environment (Figure 24). For the O-antigen diversity to result from amoeboid predation 

then the O-antigen itself would have to influence feeding preferences which my results confirm 

(Figure 16). In concert, O-antigen diversity may be maintained by amoeboid predation. 
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Salmonella serovars may be found in a particular intestinal habitat as a result of 

amoeboid predation. A serovar may spend most of its lifecycle in a particular gut environment 

and become adapted to its niche. Selective pressures from within this environment may be the 

most influential pressures shaping this bacterium resulting in a serovar that is the most fit in its 

niche. This is what may be observed among Salmonella serovars; serovar host specificity 

suggests that certain serovars usually infect particular hosts. For instance, when a pig is infected 

by Salmonella, it is usually serovar Cholereasuis which expresses the O-antigen epitope 6,7. If a 

horse gets Salmonellosis, it is usually serovar Abortusequis expressing the O-antigen epitope 

4,12. Amoeboid selective pressures from spatially separated intestinal environments of different 

hosts may be influencing O-antigen diversity. If a serovar retains a rfb locus because it provides 

a selective advantage in a particular host environment then O-antigen diversity could be 

maintained and certain serovars may have higher fitness values in some environments compared 

to others as observed with serovar host specificity.     

 Diversity maintained through spatial selective pressures, such as predation between 

different intestinal environments, can be explained by diversifying selection which denotes that 

fitness of an individual depends on the environment it resides. This is what my results show - 

Salmonella serovars do well when they are tested against amoebae from separate intestinal 

environments (Figures 14 and 25). This suggests that selective pressures influencing O-antigen 

diversity are acting over space and different rfb regions obtained through LGT provide fitness 

advantages to serovars in other ecological habitats. By knowing the mechanism of diversity and 

the process by which the selective regime acts, the component maintaining variability should be 

revealed. 
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 In conclusion, I tested my hypothesis that protozoan predation may be a selective 

pressure maintaining rfb diversity among Salmonella. The results I presented in Chapter 2 

showed (i) a predator prefers one serovar over another, (ii) not all predators have the same 

feeding preference, and (iii) predation is influenced by the O-antigen itself. All which suggest 

that predation may be an important force influencing the O-antigen of Salmonella. In Chapter 3, 

I showed (i) amoeba feeding preference are stable (ii) groups of amoebae in an environment 

share feeding preferences, and (iii) groups of amoebae between environments have different 

preferences. These results suggest that diversifying selection is a good model used to explain the 

extensive genetic diversity observed at the rfb locus. Thus, protozoan predation may be a strong 

selective pressure maintaining rfb diversity among Salmonella which is explained through 

diversifying selection. 

 

 

4.3 FUTURE DIRECTIONS 

My results established a foundation that O-antigen diversity among Salmonella may be due to 

protozoan predation. I showed that amoebae from intestinal environments prefer certain 

Salmonella serovars over others and that this is mediate by the O-antigen. Amoebae feeding 

preferences must be influenced by binding and recognition of an amoeba to a serovar. This will 

be investigated to help determine why amoebae exhibit feeding preferences and how they effect 

Salmonella survival. To determine if differential distribution of Salmonella among hosts may be 

a result of predation preference, a more comprehensive study of amoebae in differentiated 

 104 



intestines needs to be performed. This will address if different types of amoebae are present in 

particular intestinal segments which Salmonella may encounter. Other in vivo experiments will 

determine if amoeboid predation occurs in the intestines. These studies will shed light upon 

predation in the intestinal environment and help determine if serovar host specificity can be a 

result of predation. Below are three aims extending from my work presented in Chapters 2 and 3 

which further investigate our hypothesis that protozoan predation is the selective pressure 

causing O-antigen diversity which is maintained by DS. 

 

Aim 1. Are amoebae feeding preferences mediated by differential binding to serovars? 

Amoeboid feeding preference may be mediated by differential binding to the O-antigen. We 

have begun testing this hypothesis using a binding assay and preliminary results suggest that 

amoebae bind more strongly to the serovar they prefer to eat. Other strategies like microscopy 

will also be employed to determine if an amoeba binds one Salmonella serovar more than 

another. Together, these studies will shed light upon the feeding preferences of amoebae and 

further characterize the interactions between these organisms.  

Aim 2. What is the diversity of amoebae in differentiated intestinal environments? 

Amoebae isolated from a differentiated intestinal environment may be diverse. Salmonella 

usually resides in complex differentiated intestinal environments such as reptiles. I isolated seven 

amoebae from the intestines of four reptiles (Table 3). My results show that these amoebae do 

prefer one serovar over another. To get a more comprehensive understanding of amoebae and if 

different ones have separate feeding preferences based on their intestinal location, more amoebae 

need to be isolated from specific intestinal locations and tested for their feeing preferences. This 

would help in characterizing amoebae from a particular environment. 
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Aim 3. Does predation influence differential distribution of Salmonella among hosts?  

Differential distribution of Salmonella among hosts may occur if amoebae exhibit feeding 

preferences in the intestinal environment. My in vitro predation results show that amoebae from 

the same environment share feeding preferences but between environments preferences differ 

(Chapter 3). To determine if predation effects Salmonella differential distribution among hosts, 

both amoebae and Salmonella need to be isolated from the same hosts. These isolates would then 

be tested through in vitro and in vivo experiments. in vitro experiments would show if predation 

occurs with natural Salmonella isolates. in vivo experiments would show if predation occurs in 

the intestinal environment. These tests would help address if Salmonella is differentially 

distributed among hosts due to amoeboid predation.  

 

My studies are the first ones which test a hypothesis involving selective pressures that may act 

within an ecological habitat and influence bacterial diversity. I have discussed extensive genetic 

diversity among bacteria and have speculated on the selective regimes causing diversity and its 

maintenance (Chapter 1). In Chapters 2 and 3, I focused on rfb diversity among Salmonella and 

tested if protozoan predation may be a selective pressure causing O-antigen diversity among 

Salmonella which is subsequently maintained by DS. I performed experiments that have shed 

light on these predator-prey interactions. This research answered basic questions about selective 

pressures influencing O-antigen diversity among Salmonella, but more importantly, it opened the 

door for other investigations and new questions to be asked. Intestinal environments are very 

complex habitats consisting of numerous bacteria, protozoa, and elements of the hosts itself (84, 

132, 201, 205). Selective pressures that most strongly influence a bacterium’s genotypic and 

phenotypic structure almost certainly originate from where the bacterium spends most of its 
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lifecycle. Salmonella spends most of its lifecycle in the intestinal environment so it is here where 

selective pressures act to shape this organism. Over 150 years ago, selection was first proposed 

by Charles Darwin who laid down the foundation for understanding species and the diversity 

between them. Now, we try to identify these pressures and how they shape individuals. 
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