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FIG. 4. Evolutionary trees for the put operon and gapA4 gene sequences of 16 strains of Salmonella and 12 strains of E. coli, constructed
by the neighbor-joining method (41) from matrices of pairwise distances. A number adjacent to a node indicates the percentage of bootstrap

trees that contained that node.

= (.78). Thus, within species, the CAI seems to be a poor
predictor of the rate of synonymous substitution.

Evolutionary relationships among strains. If the rate of
substitutive recombination, whether intragenic or assorta-
tive (involving entire genes) (58), is low, cell lineages may be
expected to evolve more or less independently and phyloge-
netic trees for different genes will be generally congruent.
Hence, comparisons of gene trees, undertaken in conjunc-
tion with statistical analyses of the distribution of polymor-
phic sites in sequences, may permit identification of recom-
bination events.

Several lines of evidence indicate that the genus Salmo-
nella and E. coli are very distinct groups, between which
there is little if any genetic exchange in natural populations
(37, 39). Our studies of the pur operon and gapA have failed
to identify any recombination events involving the transfer
of genetic material between these two bacteria. For the
salmonellae, the eight subspecies that have been distin-
guished on the basis of biochemical characteristics, DNA
hybridization experiments, and multilocus enzyme electro-
phoresis are similarly identified by the nucleotide sequences
of both put and gapA. Moreover, analyses of both genes
have indicated that V is the most divergent subspecies and
have identified subspecies IV and VII as relatively closely
related groups, thus confirming evidence from DNA hybrid-
ization experiments (21, 35), multilocus enzyme electropho-
resis (38, 45), and biotyping (20).

A comparison of the put and gapA trees (Fig. 4) shows
several differences in topology, some or all of which may be
attributed to recombination of gene segments. In the put
tree, Salmonella subspecies V clusters with the other seven
subspecies of Salmonella, but in the gapA tree, it forms a
branch apart from both the other salmonellae and E. coli,
which is inconsistent with all other lines of evidence relating
to evolutionary genetic relationships, including DNA hybrid-
ization experiments and multilocus enzyme electrophoresis.
Our suggestion (32) that the unusual degree of divergence of
gapA in subspecies V is a consequence of the acquisition, by
horizontal transfer, of a segment of the gene from a source
outside both the genus Salmonella and E. coli has since been

supported by the discovery of a region of almost identical
sequence in K. pneumoniae (18, 31).

Apart from the position of subspecies V, the topologies of
the put and gapA trees for Salmonella subspecies are
generally similar, with subspecies I, II, IIIb, and VI showing
the same relationships. However, the positions of the branch
leading to subspecies IV and VII and that leading to subspe-
cies Illa are reversed in the two trees; in gapA, subspecies
IIIa is separated from subspecies I, II, IIIb, VI, IV, and VII
at the second node of the Salmonella cluster, whereas the
subspecies IV and VII branch occupies a comparable posi-
tion in the put tree. This differénce in branching order is
attributable to the occurrence of a cluster of 25 unique
polymorphic sites in the central part of the puzP sequence in
strains of subspecies VII. (The association of subspecies IV
with subspecies VII remains because the put sequences of
strains of these two subspecies are otherwise quite similar.)
This part of putP of subspecies VII apparently was acquired
by horizontal transfer, but we have yet to identify the
source. It is clear, however, that the donor must have been
a fairly close relative of the known types of Salmonella,
because interspersed among the 25 unique polymorphic sites
in the sequence of subspecies VII are 17 other polymorphic
sites that are shared with one of more the Salmonella
subspecies, particularly subspecies IV. We suggest that the
donor was an as-yet-unrecognized form of Salmonella, and it
is relevant to note that a survey of Salmonella strains
recovered from cold-blooded vertebrate hosts has recently
identified several strains that are strongly differentiated in
multilocus enzyme genotype from all eight of the currently
recognized subspecies (31).

The total extent of diversity in DNA sequence is much less
among strains of E. coli than among strains of Salmonella,
and, consequently, relationships are harder to define; but
analyses of both put and gapA have substantiated the
distinctiveness of the A and B2 subgroups of ECOR, as
originally defined by multilocus enzyme electrophoresis (13,
47).

Among the putP sequences of E. coli, those of EC40 and
EC64 share a cluster of seven unique polymorphic sites in a
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21-bp region. This cluster of sites is phylogenetically incon-
sistent with evidence from gapA sequence analysis (32) and
multilocus enzyme electrophoresis (13, 47) that EC64 and
ECS2 are in total genomic character more similar to one
another than either is to EC40. Even the putP sequence of
EC64 is more similar to that of EC52, except for the 21-bp
segment, in which it resembles EC40. The simplest explana-
tion for these shared unique polymorphic sites is an intra-
genic recombination event between the EC40 and EC64
lineages, and it is interesting that both EC40 and EC64 were
recovered in Sweden from women with urinary tract infec-
tions, whereas EC52 was isolated from an orangutan housed
in a zoo in Seattle, Wash.

A second probable case of recombination in E. coli
involves the occurrence of a cluster of 14 unique polymor-
phic sites in a small segment of the control region of strain
EC40, but the donor remains to be identified. Two other
cases of clustering of polymorphic sites were identified by
our analysis, but because each involved a small number of
sites in a single strain, the evidence for recombination is
equivocal at best.

In sum, our comparative studies of nucleotide sequence
variation in the put operon and in gapA have identified four
cases for which the most plausible explanation for nonran-
dom distribution of polymorphic sites is horizontal gene
transfer and intragenic recombination.

Frequency and evolutionary significance of horizontal gene
transfer and substitutive recombination. Population genetic
studies of human pathogenic and other bacteria, based
largely on the determination of multilocus chromosomal
genotypes by enzyme electrophoresis (46), have demon-
strated that natural populations of most species have a
basically clonal structure and that for many pathogenic
species, including Salmonella spp., a small proportion of
existing genotypes is predominant and widely if not globally
distributed (1, 4, 47-49). At the same time—and, at first
sight, somewhat paradoxically—studies of nucleotide se-
quence variation have indicated that chromosomes may
have a mosaic phylogenetic structure (25) as a result of the
exchange of genetic material among strains of the same or
even different species (24, 54).

For the enterobacteria, major concerns of research in
which evidence of substitutive recombination has been de-
tected are several genes of E. coli (3, 5, 10, 11, 25, 44, 56),
the phase 1 flagellin-encoding fliC gene of Salmonella strains
(53), and genes of the rfb cluster of Salmonella strains,
which mediate synthesis of the antigenic O subunit of the cell
surface lipopolysaccharide (19, 57). However, numerous
examples are available for other bacteria as well (9, 17, 22,
36, 54). In the case of E. coli, several studies have indicated
that intragenic recombination has had a major part in the
generation of allelic diversity at the gnd locus, which en-
codes the metabolic enzyme 6-phosphogluconate dehydro-
genase (3, 5, 11, 43). Our own analysis of gnd in 25 strains of
E. coli has extended and confirmed previously reported
evidence of a relatively high rate of transfer of segments
among strains and has demonstrated that parts of the gene
have even been recruited from other species of bacteria,
including K. pneumoniae (31). In an analysis of variation at
synonymous sites in sequence data reported for several
genes in strains of E. coli, Whittam and Ake (58) found that
the value of Hudson’s (15) estimator of the neutral-recom-
bination parameter was 2 1/2 to 8 times greater for gnd than
for the phoA alkaline phosphatase locus (10), two open
reading frames in the #rp operon region (56), and gapA4 (32).
Whittam and Ake’s (58) finding that the level of allozyme
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variation in 6-phosphogluconate dehydrogenase is nearly
three times that expected on the basis of the size of the
protein further supports the hypothesis that intragenic re-
combination is a major factor generating allelic variation at
the gnd locus. In contrast to the situation in E. coli,
however, we have identified only a few unequivocal cases of
recombination in gnd sequences among strains of Salmo-
nella (31). Another example of variation in recombination
rates among related phylogenetic lineages of bacteria is
provided by Neisseria meningitidis, in which genes encoding
immunoglobulin Al proteases have recombined with consid-
erably different frequencies in various lineages marked by
serogroup (22).

Concluding comments. The picture emerging from compar-
ative studies of sequence variation in genes of the salmonel-
lae and E. coli is that intragenic recombination is an impor-
tant mechanism promoting allelic diversity. However, for
most genes, recombination apparently does not occur at
rates sufficiently high or over regions sufficiently large to
completely obscure phylogenetic relationships dependent
upon mutational divergence of lineages or to prevent partic-
ular multilocus genotypes from persisting for periods on the
order of 100 years, at least, and, in many cases, achieving
global distribution. This is true for gap4 and for putP and the
put control region, and the general concordance of individual
neighbor-joining trees for these genes with a tree for the
same strains based on electrophoretically demonstrable al-
lelic variation at multiple enzyme loci (32) suggests that it is
true for metabolic enzyme genes in general. Nonetheless, it
is clearly not the case for gnd in E. coli or for the phase 1
flagellin-encoding gene (fliC) in Salmonella spp. (53), in
which recombination is a primary proximate source of allelic
diversity within populations.

From an adaptive evolutionary standpoint, it seems rea-
sonable to expect that a mosaic structure will most often be
evident for genes encoding highly antigenic cell surface
proteins, such as flagellins, and those mediating the synthe-
sis of polysaccharides, since a recombination event may be
followed by an increase in frequency of the recombinant
strain more often than in the case of most other types of
genes because of the selective advantage to a cell of present-
ing altered cell surface structures to the environment (host
defense mechanisms and phages) (46). In addition, of course,
recombination events that increase resistance to antibiotics
may confer a tremendous selective advantage, as in the case
of chromosomal genes encoding penicillin-binding proteins
in penicillin-resistant strains of N. meningitidis and Neis-
seria gonorrhoeae (54). However, for many genes, such as
putP or gapA, that encode polypeptides for which there may
be no adaptive premium on diversity in amino acid sequence
per se, it seems unlikely that either intragenic or assortative
recombination would confer an adaptive advantage to the
recipient cell. If a recombinant has no advantage, its likely
fate is to be lost from the population through drift or to
remain in low frequency. The hypothesis that the recombi-
nation rate varies among genes in relation to the functional
type of gene product will be tested as additional sequence
data become available. For gnd, which is a conspicuous
exception to this generalization, it has been suggested that
the proximity of the rfb gene region, which presumably is
subject to strong selection for antigenic diversity in the cell
surface lipopolysaccharide, diminishes the chance of loss of
recombinant gnd alleles by genetic drift (5; see also refer-
ence 58). If this is so, however, it remains to be determined
why the postulated effect apparently has been less severe in
Salmonella spp. than in E. coli.
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Our studies demonstrate that, just as one must be cautious
in inferring phylogenetic relationships among organisms on
the basis of sequence variation in single genes, one should
avoid generalizing about recombination rates and other
evolutionary processes for entire genomes on the basis of
data for single loci, such as gnd in E. coli or fliC in
Salmonella spp. Moreover, our results also indicate that one
cannot safely make generalizations regarding recombination
rates in individual genes, let alone genomes, from one
bacterial species to another, even if they are phylogeneti-
cally closely related.
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