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Abstract 

Comparative sequence analysis indicates th at the efTective rate of horizontal 
transfer and recombination in S. enterica is low for most housekeeping and inva
sion (invjspa) genes. Consequently, the species is able to maintain a basically 
clonal population structure under which lineages are difTerentially adapted in 
host-range, di se ase specificity, and virulence and individu al clones may achieve 
long-term global distribution. But for the hypervariabIe flagellin fliC locus and 
the rfb genes th at determine O-antigen structure, genetic exchange among 
strains is a major source of allelic diversity. 

Introduction 

The basic goal ofbacterial population genetics is to elucidate the factors that deter
mine the genetic structure of natural populations and media te evolutionary change. 
In application to pathogenic species, the analysis of genetic variation at the molecu
lar level within and among populations has provided high-resolution methods of 
strain and species discrimination for clinical and epidemiological microbiology, but 
the primary contribution of population genetics has been to introduce an essential 
evolutionary dimension to an understanding of the genetic basis of pathogenesis, 
host -adaptation, and the origin of new pathogenic forms (Selander and Musser, 1990). 

Among the pathogenic bacteria, Salmonella enterica is an unusually diverse 
pathogenic species that presents excellent opportunities for studies of the origin, 
function, and evolutionary elaboration of both structures and processes. This 
chapter reviews the recent findings of research on the genetic diversity, popula
tion structure, and evolutionary relationships of the salmonellae, with emphasis 
on information obtained by the comparative nucleotide sequencing of 
housekeeping, invasion, and flagellin genes. 

Subspecific Relationships 

For the more than 2,300 serovars of S. enterica, seven subspecies are formally 
recognized on the basis of biochemical variation and genomic DNA hybridiza-
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Fig. 1. A. Neighbor-joining tree for 16 strains of the eight subspecies of S. enlerica, based on 
variation in the combined coding sequences of five housekeeping genes, pUlP, gapA , mdh, gnd, and 
aceK. The tree was constructed from a matrix of pairwise genetic distance estimated from the num
ber of substitutions per site (Jukes and Cantor, 1969; Nei and Gojobori, 1986). Subspecies are 
designated by roman numera1s, and the number of serovars assigned to each subspecies (PopofT 
and Le Minor, 1992) is indicated in parentheses. Bootstrap va1ues based on 1,000 computer
generated trees are indicated at the no des. B. Neighbor-joining trees for four invasion genes, based 
on variation in the combined coding sequences. [Adapted from Li el al. (1995).] 

tion (Le Minor et al., 1986; Popoff and Le Minor, 1992). Additionally, an eighth 
subspecies (designated as VII) has recently been distinguished for certain strains 
formerly assigned to subspecies IV (Selander et al., 1991, 1995). 

Estimates of the genetic re1ationships among strains of the eight subspecies, as 
indexed by variation in the combined nucleotide sequences of five housekeeping 
genes, proline permease (putP) (Nelson and Selander, 1992), glyceraldehyde-3-
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phosphate dehydrogenase (gapA) (Nelson et al., 1991a), malate dehydrogenase 
(mdh) (Boyd et al., 1994), 6-phosphogluconate dehydrogenase (gnd) (Nelson 
and Selander, 1994), and isocitrate dehydrogenase kinase/phosphatase (aceK) 
(K. Nelson, unpublished data) are shown in Fig. IA. The topology of the tree 
is consistent with evidence from DNA hybridization and may, therefore, be con
sidered indicative of the actual phylogenetic relationships of the subspecies, 
notwithstanding the occurrence of a low level of horizont al transfer of gene 
segments among them (see beyond). That the subspecies I, 11, IlIb, and VI - the 
serovars of which are exclusively or predominantly diphasic in flagellar expres
sion - cluster apart from the monophasic subspecies lIla, IV, V, and VII 
suggests the following evolutionary scenario. 

Following the divergence of S. enteriea and Eseheriehia eoU from a common 
ancestor 120-160 million years ago, coincident with the origin of the mammals 
(Ochman and Wilson, 1987), E. eoU evolved as a commensal and opportunistic 
pathogen of mammals and birds. Perhaps 80 million years ago, E. eoU produced 
the lineages of the four nominal species of Shigella (Tominaga et al., 1994), 
which, notwithstanding their taxonomic classification, are actually clonal 
lineages of E. eoU (Ochman et al., 1983; Karaolis et al., 1994). Meanwhile, the 
S. enteriea lineage remained associated with reptiles (which are still the primary 
hosts of the monophasic subspecies) and evolved as intracellular pathogens 
through acquisition of the invasion (inv/spa) genes and other loci that mediate 
invasion of host epithelial cells and otherwise distinguish S. enteriea from E. eo/i. 
Subsequently, by providing increased ability to circumvent host immune 
systems, the invention of the mechanism of flagellar antigen ph ase shifting 
(diphasic condition ) in the S. enteriea lineage ancestral to subspecies I, 11, IlIb, 
and VI may have been a critical factor permitting an expansion of ecological 
range to mammals and birds, but as a pathogen rather than a commensal -
a niche already long occupied by E. eoU. Subspecies I became highly spe
cialized for mammals and birds, with some serovars adapting to single host 
species. Secondarily and inexplicably, given the adaptive advantage that phase 
shifting would seem to provide, 10% of the serovars of subspecies land 11 
have reverted to the monophasic condition, usually by loss of expression of 
phase 2 flagella. 

Housekeeping Genes 

In the absence of horizontal genetic exchange among strains, bifurcating 
evolutionary trees based on variation in nucleotide sequences may be interpreted 
as estimated phylogenies. But even wh en recombination has occurred and a 
strict phylogenetic interpretation is, therefore, precluded, tree construction may 
be a useful method of presenting information on degrees of genetic di stance 
among strains. And discordant features of the topologies of trees for different 
loci may provide information on the frequency and extent of genetic exchange, 
which is a major focus of current research in bacterial population gene tics 
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beeause of the important effects of recombination on the genet ie strueture and 
mode of evolution of natura I populations (Maynard Smith et al., 1993; Whit
tam, 1995). 

Levels of Sequence Diversity 

For a sample of 16 strains representing the eight subspecies of S. enterica, infor
mation on sequence variation in five genes encoding housekeeping proteins are 
presented in Fig. 2, together with comparable data for four invasion genes. In 
the figure, ds is the estimated mean number of synonymous substitutions per 
synonymous site ( x 100) th at have occurred between the sequences of pairs of 
strains, and dN is the comparable estimate for nonsynonymous (replacement) 
sites. Among the housekeeping genes, aceK is unusually polymorphic with 
respect to both types of changes. 
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Fig. 2. Sequence variation in nine genes among 16 strains representing all eight subspecies of S. 
enterica. The plotted points indicate mean estimated numbers of substitutions between pairs of 
strains. See text for definitions of ds and dN • 
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Evidence of Recombinalion 

Comparisons of individu al trees based on the nucleotide sequences of pulP, 
gapA, mdh, and gnd (Fig. 3) have revealed several cases in which the order of 
branching of lineages is discordant. Some of these topological difTerences are 
attributable to intragenic recombination events, while others reflect the exchange 
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Fig. 3. Neighbor-joining trees for four genes encoding housekeeping proteins, based on variation 
at synonymous nucleotide sites. Subspecies are indicated by roman numerals;and bootstrap 
values based on 1,000 computer-generated trees are indicated at the nodes. [Adapted from Boyd 
et al. , (1994), Nelson et al. (1991), and Nelson and Selander (1992, 1994).] 
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of entire genes (assortative recombination). The DNA segments involved in 
intragenic recombination, which were identified with the guidance of statistical 
tests for nonrandom clustering of polymorphic sites (Stephens, 1985; Sawyer, 
1989), varied in leng th from 6 to 1,073 base pairs (bp), but several of them are 
in the 200-400 bp range. 

In the putP, mdh, and gnd trees (Fig. 3A, C, and 0), subspecies V clusters 
with the other seven subspecies; but in the gapA tree (Fig. 3B), it forms a branch 
apart from both the other salmonellae and E. coli as a consequence of the 
presence of a segment of the gene that is almost identical in sequence to that of 
Klebsiella pneumoniae (Nelson and Selander, 1992). Except for this feature, the 
topologies of the putP and gapA trees are generally similar, with subspecies I, 11, 
IlIb, and VI in the same relationships. But the positions of the branch leading 
to IV and VII and that of lIla are reversed in the two trees. This difference in 
branching order is attributable to the occurrence of a group of 25 unique 
polymorphic sites that defines a large segment in the central part of the putP 
sequence in strains of subspecies VII. 

The only distinctive feature of the topology of the mdh tree (Fig. 3C) is th at 
subspecies I is more similar to VI than to 11, whereas land 11 cluster together 
in the trees for putP and gapA. This difference reflects a recombination event, 
which was detected by the nonrandom clustering of polymorphic sites in the 5' 
region of the mdh gene. 

That segments of substantial length in putP, mdh, and gapA can be clearly 
identified as recombinant elements in contemporary lineages of S. enterica 
indicates that episodes of intragenic recombination involving these loci are rare. 
And the simp lest explanation for the observation th at strains of a given sub
species share the same recombined segments is that these events antedate the 
time of divergence of the contemporary cell lineages within the subspecies. 

Because 6-phosphogluconate dehydrogenase functions in an essential 
metabolic pathway and the gnd locus exhibits a moderate degree of codon bias, 
the expectation from evolutionary theory is th at both nucleotide and amino acid 
sequences should be relatively conserved. However, in S. enterica, the number of 
allozyme alleles is larger than expected from estimates of total genic diversity 
(Nelson and Selander, 1994). 

For most of 36 strains studied, evolutionary relationships deduced from gnd 
sequences (Fig. 30) are similar to those indicated by other housekeeping genes. 
Thus, subspecies V is the most divergent, followed by lIla. However, assortative 
recombination has occurred between strains of several subspecies (notably land 
VI), and intragenic recombination has also produced positional changes for 
some strains. For example, the gnd sequences indicate a close relationship 
between the Paratyphi A (s4993) and Typhi (s3333), which is inconsistent with 
evidence from MLEE (Boyd et al., 1993) and the sequences of other genes. 

In E. co /i, recombination at the gnd locus-both intragenic and assortative 
(Bisercic et al., 1991; Dykhuizen and Green, 1991 )-has been much more exten
sive than in S. enterica (Nelson and Selander, 1994). Some strains have acquired 
allel es from species of Citrobacter and Klebsiella, and recombination has 
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occurred so frequently th at a tree derived from gnd sequences be ars little resem
blance to other gene trees or to a tree based on the results of multilocus enzyme 
electrophoresis (MLEE) (Selander et al., 1991). 

Linkage Interaetians between gnd and rjb 

The most plausible explanation for the unusually high effective rate of recom
bination in gnd is its close linkage to loci that determine the structure of cell-sur
face macromolecules, including genes of the rjb cluster th at mediate biosynthesis 
of the highly antigenic polysaccharide domain (0 antigen) of the cell-surface 
lipopolysaccharide (Bisercic et al., 1991; Dykhuizen and Green, 1991; Nelson 
and Selander, 1994). Genes of the rjb region are believed to be subject to strong 
frequency dependent selection (Reeves, 1992, 1993); and there is evidence th at 
recombination occurs frequently in the rjb region and th at some or all of these 
genes in S. enteriea and E. eaU have been recruited from other, distantly related 
bacteria (Stevenson et al., 1994; Xiang et al., 1993, 1994). The inference is that 
the frequency of recombination at gnd is increased by the action of se1ection for 
allel ic diversity at neighboring loci, as gnd sequences occasionally hitchhike with 
adaptive recombinants of rjb and, perhaps, other genes. 

The anomalous position of subspecies IV strains s3010, s3009, and s3031 
(Fig. 3D), which are all but identical in gnd sequence and also share 0 antigen 
50, may be explained by the transfer of both gnd and rjb from a strain of lUb 
such as s2978, which also expresses 050. And the presence of nearly identical 
gnd and rjb sequences in Typhi and Paratyphi A (Nelson and Selander, 1994; 
Reeves, 1993) clearly indicates co-transfer. F or strains of E. eaU, several exam
pIes of the horizontal co-transfer of rjb and gnd alle1es have been identified 
(Selander et al., 1987; Whittam and Ake, 1993). 

Thampapapillai et al. (1994) have recently reported the results of an extensive 
study of sequence diversity in gnd among strains of S. enteriea in which multiple 
recombination events, some involving co-transfer of parts or all of gnd and the 
rjb region, were identified. Several of these events appear to have been mediated 
by chi-like sequences located ne ar recombination junctions. 

Invasion Genes 

The invasion of host cells by S. enteriea is mediated by a large number of genes 
that map to several chromosomal locations. Homologues of some of these genes 
occur in E. eaU (Groisman and Ochman, 1994); but there is .a 40-kb segment 
ne ar 59 min on the S. enteriea chromosome that is not present in E. eaU K-12 
and contains 15 or more loci, the inv/spa genes, whose products are required for 
the invasion of epithelial cells (Mills et al., 1995). Homologues of these genes, 
which apparently are involved in the secretion of antigens th at promote cell 
entry, have been identified in a variety of animal and plant pathogens (Galán et 
al., 1992; Bergman et al., 1994; Eichelberg et al., 1994). 
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Sequences of four invasion genes-invA, spaO, spaP, and spaQ-have recently 
been obtained for multiple strains of S. enterica (Li et al., 1995). Levels of 
sequence diversity are shown in Fig. 2. The range of variation in ds and dN 

among the invasion genes exceeds that shown by housekeeping genes. The SpaO 
protein is hypervariabie, with 21 % of its amino acid po si ti ons polymorphic, 
which is consistent with evidence th at it is an exported antigen. However, unlike 
the flagellinfliC gene (see beyond), the spaO gene diversity appears to have been 
generated al most entirely by point mutation, rather than by intragenic recom
bination. In contrast, the SpaQ protein is unusually weIl conserved, with only 
2.3% of its amino acids polymorphic. Levels of variation in invA and spaP are 
relatively normal, although both ds and dN are slightly inflated in invA by the 
presence of a recombinant segment, imported from an unidentified source, in the 
sequences of subspecies IV and VII. 

The topology of a tree constructed from the combined sequences of the four 
invjspa genes (Fig. lB) is generally similar to the comparable tree for five 
housekeeping genes (Fig. IA), with the exception of the position of subspecies 11 
relative to subspecies IIIb and VI and an absence of substantial differentiation 
between strains of subspecies IV and VII. Because the overall degree of diver
sification of the invasion genes among the subspecies of S. enterica is roughly 
equivalent to th at of the housekeeping genes, the inference is that they were 
al ready present in the ancestral form of the species. But the lack of st rong dif
ferentiation between subspecies IV and VII points to the occurrence of at least 
one inter-subspecific exchange of part or all of the invasion gene segment. This 
and other lines of evidence indicates that the chromosome of subspecies VII is 
a complex mosaic of large segments, some similar in sequence to those of sub
species IV and others highly distinctive in character. 

Flagellar Filament Genes 

Recombinational Basis of Serovar Diversity 

The expression of the same flagellin andjor polysaccharide serotypes by distantly 
related strains, even those belonging to different subspecies (Tabie 1), theoreti
cally could reflect the reten ti on of alleles from ancestral populations, con
vergence in epitope structure, or recombination of horizontally transferred phase 
1 flagellin (fliC), phase 2 flagellin (fljB), or rjb genes. On the basis of the dis
covery, by MLEE analysis, that Enteritidis, Derby, Newport, and some other 
serovars are polyphyletic assemblages of distantly related strains, horizontal 
transfer and recombination events involving these genes were postulated to be 
relatively frequent (Beltran et al., 1988; Selander et al., 1990a, b); and for fliC, 
this hypothesis subsequently was supported by partial sequencing of the gene in 
strains of Typhimurium (Smith and Selander, 1990) and several otherserovars 
(Smith et al., 1990) and by the discovery of a plasmid-bornefliC-like gene (flpA) in 
a triphasic strain of a normally diphasic serovar (Smith and Selander, 1991). 
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Table I. Distribution of serovars with phase I (fliC) serotypes of 
the g complex among the subspecies of S. enterica 

No. serovars in indicated subspecies 

Phase I Total no. 
serotypea serovars I 11 lIla IIIb IV V VI VII 

f, g 14 14 
f, g, m, t I I 
f, g, s 4 4 
f, g, t 7 6 
g, m 13 13 
g, m, q 1 I 
g, m, [p] , s I I 
g, m, s 13 12 1 
g, m, s, t 30 2 28 
g, m, t 16 7 9 
g, p 3 3 
g, p, s 1 1 
g, p, u 1 1 
g, q 1 1 
g, s, t 24 20 4 
g, t 27 5 22 
g, Z S I 35 7 16 10 2 
g, Z62 5 5 
g, Z63 1 1 
m, p, t, [u] 1 1 
m, t 52 23 28 

[Prepared fr om data in Popoff and Le Minor (1992).] 
a Antigenic factors in parentheses are not expressed by all isolates. 

As a test of the generality of the horizontal transferjrecombination hypothesis, 
Li et al. (1994) obtained the complete fliC sequences of 15 strains of several 
serovars of subspecies I, 11, IV, and VII that express seven combinations of six 
phase 1 flagellar antigenic factors of the g complex (f, g, m, s, t, and Z51). In S. 
enterica, as in other bacteria (Wilson and Beveridge, 1993), the terminal regions 
of the flagellin molecule (Cl and C2), which are involved in secretion and 
polymerization, are strongly conserved in both length and amino acid sequence, 
whereas the central region (V), which is the site of the epi topic variation assayed 
in serotyping (Joys, 1988; Newton et al., 1991), is hypervariabie. 

Individual evolutionary trees based on MLEE (indexing the overall genomic 
relatedness of the strains), the nucleotide sequence of the combined Cl and C2 
regions of fliC, and the sequence of the V region of the gene are shown in Fig. 4. 
If the evolution of fliC has involved little or no recombination, trees for the V 
region and the Cl + C2 regions should be topologically concordant. In contrast, 
horizontal exchange of the V region among strains would be indicated by a 
clustering of sequences specifying the same flagellin serotype, regardless of the 
overall genet ic relatedness of the strains in which they occur. 

Although strains of Enteritidis (En 1) and Othmarschen (Ot 1), which express 
serotype g,m, are divergent in chromosomal character (Fig. 4A), their fliC 

R.K. Selander 199 



A. MLEE (27 loci) 

o 0.10 

En 1 g.m 
Be 1 l.g.1 

De 13 I.g 
Pe 1 m.1 L-...J 

96 

L-___ Ba 1 m.1 
L-__ Nm 1 g.z51 

Or1 m.1 
011 g.m 

L-_____ IV 1 g.z51 

,----- 11 4 g.m.1 
113 l.g.1 

L----------VII1 g.z51 

B. f/iC - Conserved Regions (C1, C2) 

o 0.01 

Genetic distance 

En 1 g.m 
011 g.m 

Ba 1 m.1 
Or1 m.1 

Pe 1 m.1 
Be 1 l.g.1 

De 13 I.g 
115 m.1 

114 g.m.1 
113 l.g.1 
111 g.m.s.1 

112 g.m.s.1 

L---...f"-------::-;~:-:::;; Nm 1 g.z51 
L. ___ ---jLV~I:...1 1:.......:g.Z51 

c. fliC- Variabie Region (V) 
En 1 g.m 
011 g.m 

De 13 I.g 
113 l.g.1 

111 g.m.s.1 
112 g.m.s.1 

r-tL--1I4 g.m.1 
Be 1 l.g.1 

IV 1 g.z51 

m.1 
Pe 1 m.1 
Or1 m.1 
Ba 1 m.1 

Nm 1 g.z51 
VII 1 g.z51 

1...------1 IV 1 g.z51 

Fig.-4. Evolutionary trees for 15 strains of S. enterica. For each strain, the phase 1 flagellin 
serotype is indicated. A. MLEE tree (based on 27 enzyme loci). Bootstrap values greater than 50% 
are shown at the nodes. B. Conserved (Cl + C2) regions of the fliC gene. Clusters of ETs of sub
species land 11 are labe1ed. Bootstrap values for all nodes are greater than 50%. C. Central 
variabie (V) region of the fliC gene. Note that the scale is approximately half that of the conser
ved-sequence tree (B). Subspecies I serovar abbreviations are Ba, Banana; Be, Berta; De, Derby; 
En, Enteritidis; Nm, Newmexico; Or, Oranienburg; Ot, Othmarschen; and Pe, Pensacola. Roman 
numerals identify ETs of other subspecies. [Adapted from Li et al. (1994).] 
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sequences are nearly identical (Fig.4B and C). Strains Nm 1, IV 1, and VII 1 
(serotype g,ZSl) represent three subspecies, but both their V and Cl + C2 
sequences cluster together. ETs Pe 1, Ba 1, Or 1, and 11 5 are of serotype m,t. 
The three subspecies I ETs are not closely allied, and all three are distantly 
related to 11 5. Their Cl + C2 sequences reflect these relationships, but all four 
ETs form a distinct, tight cluster in the V region tree. This region and part of 
C2 have been exchanged among the four ETs; and part of this distinctive 
sequence has also been transferred to ETs Be 1 and 11 4. 

In sum, the occurrence of each of three flagellin serotypes of the g complex in 
distantly related strains is clearly attributable to horizontal exchange rather than 
to convergence in epitope-determining amino acid sequences or retention of 
ancestral sequences. If antigens of this complex are typical of flagellar antigens 
in general-and there is no reason to believe they are not-interstrain exchange 
and recombination is clearly a major evolutionary mechanism generating both 
allelic variation in fliC and serovar diversity in natural populations of the 
salmonellae. 

Evolutionary Loss of Flagella 

The serovars Gallinarum and Pullorum, which are invasive pathogens of fowl, 
are unique among the salmonellae in being obligatorily nonflagellate. MLEE 
analysis has identified Enteritidis as a close relative, and the sharing of dis
tinctive allozyme allel es at three metabolic enzyme loci and a premature stop 
codon in the flgK gene encoding the first hook-filament junction protein by the 
ETs of Gallinarum and Pullorum indicates that they are monophyletic and that 
their most recent common ancestor was nonmotile (Li et al., 1993). 

Li et al. (1993) found that intact, but silenced, fliC genes are present in the 
nonmotile salmonellae. The genes of strains of some ETs of Gallinarum are 
identical in sequence to th at of Enteritidis, but a nucleotide substitution has 
created a shared premature stop codon in strains of several ETs. The fliC 
sequences of the Pullorum ETs difTer from the standard Enteritidis and 
Gallinarum sequence in having nonsynonymous substitutions in two or three 
codons in the V region. 

These findings indicate that loss of motility in the avian-adapted salmonellae 
occurred relatively recently in evolutionary time. Flagella are not expressed in 
vivo by strains of Enteritidis infecting chickens (Chart et al., 1993), and their 
permanent loss presumably evolved in the Enteritidis-like common ancestor of 
Gallinarum and Pullorum because motility was for some reason no longer 
required as the lineage became increasingly restricted in host-range to fowl. 
Nonsense mutations in fliC and flgK then began to accumulate when, as a con
sequence of a mutation in another gene of the flagellar regulon that inhibited 
flagellar biosynthesis, they were no longer active and subject to purifying selec
tion. 

Many isolates of Dublin recovered in recent years from invasive infections in 
cattle have been nonmotile, although the condition apparently is reversible 
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(Selander et al. , 1992). Like Gallinarum and Pullorum, Dublin is strongly host
adapted and is also a close relative of Enteritidis. It is also of interest that the 
strongly host-adapted shigellae, as weil as most enteroinvasive strains of E. coU. 
are nonmotile, although at least two of the four Shigella species carry intact jliC 
genes (Tominaga et al., 1994). Modulation of flagellar biosynthesis may be com
mon strategy of invasive bacterial pathogens, with motility being advantageous 
under certain environmental conditions (c. Li et al., 1993; Mahenthiralingam et 
al., 1994) and during colonization but disadvantageous in later stages of infec
tion. 

Genetic Structure Of Populations 

The Concept of Clonal Structure 

For the salmonellae, a basically clonal population structure is evidenced by 
the presence of strong linkage disequilibrium among alleles at enzyme loci, 
the association of specific 0 and H serotypes with only one or a small num
ber of multilocus enzyme genotypes, and the global distribution of certain 
genotypes (Beltran et al., 1988; Reeves et al., 1989; Maynard Smith et al., 
1992; Selander et al., 1990a,b, 1992). S. enterica populations are clonal in the 
sense th at the effective (realized) rates of recombination for most 
chromosomal genes are sufficiently low to permit the mutational diversifica
tion of cell lineages in terms of biochemical characteristics and ecological 
niche relationships, including host distribution, disease specificity, and 
virulence, and the long-term, if not permanent, maintenance of differentially 
adapted, widely distributed chromosomal genotypes in populations (Selander 
et al. , 1995). Clonality explains why serotyping is a powerful marker system 
for recognizing groups of strains with distinct host ranges and pathogenicities, 
including those of closely related populations such as Dublin and Enteritidis 
(Selander et al., 1992). At the level of population structure resolved by 
MLEE, most of the serovars, including most of the common pathogens of 
humans and domesticated animais, are single ETs or families of closely 
related ETs; and for many of the medically important serovars, only a single 
ET is globally predominant at any one time (Tabie 2). 

An evolutionary genetic rational for the prevalence of clonal population struc
ture among pathogenic bacteria has been noted by Falkow (1990). Because 
pathogene sis is a complex, multifactorial process involving the coordinated 
action of a large number of virulence-associated loci and genes th at permit the 
pathogen to survive in a variety of habitats, including those th at enable it to 
recognize its hosts and then to avoid, subvert, or nullify their defense systems, 
there could be littIe adaptive radiation among pathogenic bacteria if frequent 
and indiscriminate horizontal genet ic transfer and recombination occurred for 
genes throughout the genome. 
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Table 2. Relative abundance of the commonest ET of S. enterica serovars 

No. of No. of Co mmo nest % of isolates 
Serovar isolates ETs ET of commonest ET 

Choleraesuis 85 6 Csl 88 
Derbya 

I 71 2 Del 93 
11 267 3 De13 61 
III 11 1 De 31 100 

Dublin 117 3 Du 1 95 
Enteritidis 257 14 En 1 93 
Gallinarum 56 5 Ga2 95 
Heidelberg 204 8 He 87 
Infantis 113 4 In 1 96 
Newporta 

I 72 7 Npl 38 
11 32 5 Np 11 84 

Panama 94 11 Pn 1 77 
Paratyphi A 135 6 Pa 1 74 
Paratyphi B 123 13 Pb 1 61 
Paratyphi C 100 9 Pc 1 60 
Pullorum 75 7 Pu3 51 
Typhi 334 7 Tp 1 82 
Typhimurium 299 17 Tm 1 83 

[Sourees of data: Beltran et al. (1988), Selander et al. (1990a, b, 1992), and Li et al. (1993).] 
apolyphyletic serovars; see Beltran et al. (1988) . 

Clones of Serovar Typhi 

Clonal aspects of the genetic structure of populations of S. enterica are well 
illustrated by the serovar Typhi, which is the agent of human typhoid fever. 
Both biochemically and genotypically, Typhi is an unusually distinctive and 
homogenous serovar (Faundez et al., 1990; Franco et al., 1992; Moshitch et al., 
1992; Thelfall et al., 1994; Thong et al., 1994). By MLEE analysis, Selander et 
al. (1990b) found th at 82% of worldwide isolates were of one genotype (ET 1), 
with a second clone (ET 2) being represented by 16% of strains, all from 
western Africa. 

Throughout most of the world, Typhi is monomorphic for the d allele at the 
fliC locus encoding the phase 1 flagellin protein. But Indonesian populations 
are polymorphic for the d allele and a variant j allele (Maher et al., 1986; 
Franco et al., 1992), which was derived from d by the deletion of a 261-bp seg
ment in the central part of thefliC gene (Frankel et al., 1989). Additionally, 
some Indonesian strains of either phase 1 d or j uniquely express a Z66 flagellar 
antigen (Guinée et al., 1981), which presumably is encoded by a phase 2 locus, 
although they lack the genes that normally media te phase shifting in S. enterica 
(Moshitch et al., 1992). Inasmuch as the specific deletion th at changes d to j 
may be experimentally produced when Typhi is grown in anti-d serum (Smith 
et al., 1991), it is like1y that it occurs repeatedly in natural populations, where, 
however, it may normally be disadvantageous because motility is decreased 
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(Frankel et al., 1989). If so, the problem is to explain why it has managed to 
reach a frequency as high as 15% in the Indonesian Typhi population 
(Grossman et al., 1994). An explanation is suggested by the fact that flagellar 
antigens are the major factors eliciting immune responses after infection with 
Typhi or vaccine administration (He et al., 1994). 

It is probably not coincidental that the frequency of typhoid fever in 
Indonesia is the highe st in the world, with as many as 1,300,000 cases and 
20,000 deaths per year (Simanjuntak et al., 1992). Moreover, it is primarily a 
disease of children, which suggests that the Indonesian population acquires 
immunity through exposure (Sudarmono and Radji, 1992). Because immunity is 
serotype-specific, people infected with d allele strains would remain relatively 
unprotected against infection by strains carrying the j alleIe, thus accounting for 
the decrease in the ratio of dij infections with age (Grossman et al., 1994). 
Flagellar antigen diversity in Indonesia may weIl be an example of the main
tenance of polymorphism by balancing selection for avoidance of immune 
responses in the host population. 

Inter-locus Variation in Recombination Rate 

A generalization emerging from the analysis of gene sequences in populations of 
s. enterica and other bacteria is that the contribution to allelic diversity made 
by recombination varies markedly among loci encoding proteins of different 
functional types (Achtman, 1994; Nelson et al., 1991a; Nelson and Selander, 
1992; Sibold et al., 1992; Se land er et al. , 1995; V ásquez et al., 1993), as weIl as 
among species and subdivisions of species. As shown in this review, the effective 
rate of recombination in S. enterica is low for genes encoding most metabolic 
enzymes and other types of housekeeping proteins, as weIl as for the invlspa 
virulence genes. In contrast, horizontal transfer and recombination is a major 
source of allelic diversity for both th@. highly polymorphic flageIlinfliC locus and 
the rjb genes th at determine O-antigen structure. Entire fliC genes and parts or 
all of the epitope-determining central region have been frequently exchanged 
within and between subspecies, and many alleles are mosaics of segments 
derived from several sources. Because flagellin is a highly antigen ic and interacts 
directly with the external environment, recombinant alleles may confer an 
immediate adaptive advantage to a bacterial cell and, in consequence, be 
brought to high frequency in local populations by natural selection and then 
transferred to other lineages. The prevailing view is th at the extensive flagellar 
antigenic polymorphism in S. enterica is adaptive in permitting the reinfection of 
hosts (Brunham et al., 1993); and Reeves (1992) has suggested th at genes 
mediating antigen ic variation in flagellin and the cell-surface polysaccharide are 
subject to niche-specific select ion. The observation th at sensitivity to 
flagellotropic bacteriophages may be serotype dependent (lino, 1977) suggests 
another possible adaptive basis for flagellin polymorphism; and Skurnik and 
Toivanen (1994) have proposed that resistance to bacteriophages is also an 
adaptive basis for 0 antigen polymorphism. 
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Table 3. Proteins and polysaccharides for which there is evidence that the encoding or mediating genes are subject to horizontal transfer 
and intragenic or assortative recombination for which an adaptive basis has been suggested 

Protein or structure (gene) 

Class lOMP (porA) 

Opacity proteins (opa family) 

M proteins (emm cluster) 

Pilin (pilE and pilS) 

Pili (pap and prs clusters) 

Capsular polysaccharide (cap) 

IgA protease (iga) 

Penicillin-binding proteins 

o antigen (rfb cluster) 

Flagellin (jliC) 

R-M enzymes (hsd)O 

Colicin immunity proteins 

Pyrogenic exotoxins (speA, speC) 

Species 

Neisseria meningitidis 

Neisseria meningitidis 

Streptococcus pyogenes 

Neisseria gonorrhoeae 

Escherichia coli 

Haemophilus injluenzae 

Neisseria gonorrhoeae 
Neisseria meningitidis 
Haemophilus injluenzae 

Neisseria spp. 
Streptococcus spp. 

Salmonella enterica 

Salmonella enterica 

Escherichia co/i 

Escherichia coli 

Streptococcus pyogenes 

[Modified from Selander et al. (1995).] 
°R_M, restriction and modification system. 

Feavers et al. (1992) 

Hobbs et al. (1994) 

References 

Harbaugh et al. (1993); Whatmore and Kehoe ( 1994); 
Bessen and Hollingshead (1994) 

Seifert and So (1988); Seifert et al. (1988) 

Plos et al. (1989); Arthur et al. (1990); Marklund et al. (1992) 

Kroll and Moxon (1990) 

Halter et al. (1989) 
Lomholt et al. (1992); Morelli et al. (1994) 
Poulsen et al. ( 1992) 

Spratt et al. ( 1992); Bowler et al. ( 1994) 
Dowson et al. (1990); Laible et al. (1991); 
Martin et al. (1992); Sibold et al. (1992) 

Reeves (1993); Xiang et al. (1993,1994) 

Smith et al. (1990); Li et al. (1994) 

Sharp et al. (1992); Murray et al. (1993) 

Riley (1993) 

Nelson et al. (1991b); Kapur et al. (1992); Reda et al. (1994) 



Similar explanations in terms of environmental adaptation apply to a number 
of genes in other bacteria for which evidence of frequent horizontal transfer and 
recombination is available (Tabie 3). Such genes almost without exception 
encode or mediate the expression of products for which there would seem to be 
a premium on structural diversity or which confer adaptive traits such as 
antibiotic resistance (Selander et al., 1995). But for housekeeping or virulence 
genes that encode polypeptides for which there is no premium on diversity in 
amino acid sequence per se, it is unlikely that either intragenic or assortative 
recombination would result in a selective advantage to the recipient cello And the 
probable fate of deleterious or selectively neutral recombinants is loss from the 
population through purifying selection and genetic drift. By comparing the 
degree of amino acid divergence in 179 homologous proteins in S. enterica and 
E. eoli, Whittam (1995) has shown that cell-surface proteins, such as flagellins, 
porins, and pilins, are evolving at nearly three times the rate of cytoplasmic 
enzymes and proteins that function in transport, DNA replication, and the 
regulation of transcription, and 10 times fa ster than ribosomal proteins. 

Among the double-stranded DNA bacteriophages of enteric bacteria, recom
bination, mediated by site-specific invertases, has been a major factor in the 
evolution of tail-fiber genes, with relatively frequent exchange occurring between 
otherwise unrelated phage groups (quasispecies) (Sandmeier, 1994). Tail-fiber 
genes of various phages and certain defective prophages share homologous 
segments, and individu al loci may have a mosaic structure. This locus-specific 
exchange is adaptive in gene rating diversity in host-range determinants in the 
face of strong selective pressure on phages to adapt to mutated host surfaces, 
which, in turn, are under selective pressure to avoid phage infection. Given the 
great variation in rate of recombination observed among the genes of S. enterica 
and other bacteria, it would not be surprising to find comparable mechanisms 
that function to increase the frequency of exchange of certain genes or segments 
of the chromosome for which selection for diversity is strong. 
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