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The DNA sequence of part of the gnd (6-phosphogluconate dehydrogenase) gene was determined for eight
wild strains of Escherichia coli and for Salmonella typhimurium. Since a region of the trp (tryptophan) operon
and the phoA (alkaline phosphatase) gene have been sequenced from the same strains, the gene trees for these
three regions were determined and compared. Gene trees are different from species or strain trees in that a gene
tree is derived from a particular segment of DNA, whereas a species or strain tree should be derived from many
such segments and is the tree that best represents the phylogenetic relationship of the species or strains. If there
were no recombination in E. coli, the gene trees for different genes would not be statistically different from the
strain tree or from each other. But, if the gene trees are significantly different, there must have been
recombination. Methods are proposed that show these gene trees to be statistically different. Since the gene
trees are different, we conclude that recombination is important in natural populations of E. coli. Finally, we
suggest that gene trees can be used to create an operational means of defining bacterial species by using the

biological species definition.

In bacteria, reproduction and exchange of chromosomal
genes are discrete and independent functions, not tied to-
gether in one process as in most animals and plants. Thus, all
reproduction in bacteria is asexual, and all genetic exchange
is due to processes other than reciprocal recombination. In
this paper, we shall continue to refer to transfer of genetic
material from one strain to another as recombination, even
though horizontal gene transfer would be more accurate,
since recombination is the term used in population genetics
to indicate the process that breaks down linkage disequilib-
rium. The amount of genetic transfer or sex will vary from
species to species, and the size of the exchanged fragment of
DNA will depend upon which of the three known mecha-
nisms is involved (18). For example, transduction-mediated
recombination is expected to transfer sections in the range of
tens of kilobases of DNA or a minute or two of the genetic
map, whereas conjugation can transfer regions of hundreds
to thousands of kilobases. Transformation is unlikely to be
important in Escherichia coli.

The extent to which recombination affects the genetic
structure of bacteria remains a question. If there is no
chromosomal recombination in a bacterial species, then all
individuals of a species are related by clonal descent, even
though they are phenotypically different because of accumu-
lated mutations. If a species is clonal, the phylogenies of
different genes from the same strains will be the same; i.e.,
genes of one strain would share the same most recent
common ancestor with genes of another strain. If, on the
other hand, recombination is important, the phylogenies of
different genes from the same strains will be different; i.e.,
the common ancestors of different genes from the same pair
of strains will be different.

Figure 1 illustrates this idea. Imagine a cell dividing into
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two cells, each of which is the ancestor to a lineage. One
lineage gives rise to both strains A and B, and the other gives
rise to the C strain. Later, there is a cell that is the last
common ancestor of strains A and B. Then, gene X is
transferred from an ancestor of the C strain to an ancestor of
the B strain. To determine the relationship of the three
strains, A, B, and C, the same gene is sequenced from each
strain. The majority of their DNA, if sequenced, would show
that A and B are more similar to each other than either is to
C. This would lead to the branching order seen in the open
bars of Fig. 1. If, however, gene X is sequenced, the data
would indicate a strain relationship such as that given by the
dark lines in Fig. 1, i.e., that strain B is more closely related
to strain C than to strain A. This difference is a consequence
of the fact that recombination mixes the phylogenetic rela-
tionships of the strains. Thus, if one can show that different
genes from the same strains have statistically different
phylogenies, either in the branching order as in the example
above or in the time of the last common ancestor as judged
by the relative rates of accumulated base pair change, then
the result indicates that recombination is an important pa-
rameter in creating the observed distribution of genotypes in
the species.

Over the last few years much information has accumulated
to support the clonal model of the population structure of E.
coli (1, 30, 35). This model suggests that chromosomal
recombination is restricted in nature to such a degree that
individual cells lines persist as stable clones over long
periods of time, so long that members of the same clone can
be found around the world. Certain pathogenic clones, in
which the various isolates are indistinguishable by electro-
phoresis, biotyping, and serotyping, have a world-wide
distribution and have been isolated over the last 40 years (1,
2, 28). Evidence of the clonal population structure of E. coli
as a whole is indicated by the strong linkage disequilibrium
among many of the 12 enzyme loci analyzed in 302 electro-
phoretic types representing 1,690 isolates (29, 46).

Even if there is a significant but low rate of recombination,
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FIG. 1. Effect of recombination on the apparent phylogenetic
relationship of three strains. The gene tree of gene X will put strains
B and C together, whereas the gene tree for any other gene will place
strains A and B together. This difference in the gene trees is caused
by the transfer of gene X from an ancestor of strain C into an
ancestor of strain B.

E. coli can have a clonal population structure if the species
often undergoes purifying or periodic selection (17). If peri-
odic selection is common, then one would expect to find a
limited number of isolated clones when the DNA sequences
are compared. The sequence results of Milkman and Craw-
ford (22) for the trpABC region support this expectation. The
sequences can be divided into three groups based on simi-
larity. Nine E. coli stains were identical or differed at only a
single base from the K-12 sequence. Three strains were
identical to each other and different from K-12 at 10 bases.
The last strain was different from the K-12 sequence at 44
bases. This result suggests that E. coli is composed of a
relatively limited number of geographically widespread
clones and that recombination plays little if any role in the
genetic structure of E. coli. The prediction from this model
of the population structure of E. coli is that the same DNA
phylogeny should be found for any segment of the chromo-
some.

To test this hypothesis, we cloned and sequenced 770
bases in the middle of the gnd (6-phosphogluconate dehy-
drogenase) gene for eight of the E. coli strains that were
sequenced for trp and the homologous region of gnd from
Salmonella typhimurium (9). The data from these two genes,
plus additional data on the sequence of the alkaline phos-
phatase (phoA) gene from the same strains, is analyzed by
using statistical methods to determine the likelihood of
recombination. This analysis has implications for the way
species can be defined in bacteria.

MATERIALS AND METHODS

Strains. E. coli RM39A, RM191F, RM201C, RM217T,
RM45E, RM70B, RM224H, and RM202I were obtained from
R. Milkman (22). They are included in the ECOR collection
(27) as numbers 4, 16, 45, 67, 69, 70, 68, and 65, respectively.
We confirmed that the strains from R. Milkman and the
comparable strains from the ECOR collection are the same
strains by comparing mobility of 6-phosphogluconate dehy-
drogenase on cellulose-acetate strips (20) and by comparing
the insertion sequence pattern on Southern blots (33). The S.
typhimurium LT2 used was obtained from J. Roth.

Cloning and sequencing. The DNA sequence of gnd for the
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K-12 strain was obtained from R. E. Wolf (23). The sequence
used represents positions 405 through 1172 in the numbering
system of Nasoff et al. (23). Southern blots of restriction
enzyme digests of genomic DNA from the nine strains were
probed with the gnd fragment, which was a 2.9-kb BgllII-
EcoRI fragment covering the 1.4-kb gnd gene. This probe
was isolated from pMN4, which was provided by R. E. Wolf
(24). Restriction enzymes that yielded single hybridizing
fragments between 3 and 8 kb in size were used for prepar-
ative digests of genomic DNA. For each allele, fragments of
about the size of the gnd fragment were isolated from
agarose gels and cloned into pBR322. Transformants were
selected for gnd enzyme function (growth on gluconate).

Figure 2 shows the restriction maps of these clones. The
allele numbers refer to the strains from which the alleles
were obtained. The gnd alleles are aligned and oriented such
that the direction of synthesis is from left to right. All of the
alleles contain a Ps¢I site at nucleotide 1172 (numbering as in
reference 23). Thus this site was used for subcloning into
M13, and all of the clones were oriented such that this site
was adjacent to the universal primer. Two alleles contained
Ps1l sites at nucleotide 405, defining a sequence of 770 bases
within gnd which was used for the analysis. The other alleles
were subcloned into M13 by using convenient restriction
sites so that the homologous 770 bases could be sequenced in
all alleles. The LT?2 strain had no convenient sites, and two
subclones had to be used.

Sanger dideoxy sequencing was accomplished initially
with an M13 universal primer and later with custom-made
oligonucleotides. The sequence of the K-12 allele was com-
pared with the new sequence generated, checking each
difference. About 20% was sequenced from both directions.
No errors were found when the two strands were compared.

Tree construction and testing. Gene phylogenies were
constructed as follows. The percent divergence (p) of DNA
sequence for each pair of strains was calculated and con-
verted to the Jukes-Cantor distance (d), which corrects for
multiple changes at the same site. The formula for this
distance measure and its variants were published by Nei
(25). The distance gene trees were constructed by the
unweighted pair-group method with the arithmetic mean
(25). The standard errors of the branch nodes were calcu-
lated by the method of Nei et al. (26).

The parsimony gene trees were constructed by using the
phylogenetic analysis program PAUP (version 2.3.2; David
Swofford, Illinois Natural History Survey, Champaign) and
rooted by using the Salmonella sequence as the outgroup.
The statistical comparison of different gene trees was done
by using the method of Templeton (45) as modified by
Felsenstein (11). This test, in its simplest form, is a binomial
sign test of whether there are more characters supporting
one tree over another, with the null hypothesis being that
any character is equally likely to support either of the two
trees.

A statistical test for the difference in time to the last
common ancestor is based on the assumption that branch
length is a measure of time and that the rates of change are
the same for different genes. In this test which is based on
the ¢ test, the percentage change (p) is used. The distance (d)
could also have been used. Since the variance of p is a
function of p, the variable has to be transformed such that
the variance is constant and independent. Therefore the
statistic used is
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FIG. 2. Restriction map of clones of various alleles of gnd. The large thick arrow shows the direction of transcription. The segments cloned
into pBR322 are shown as thick bars, with the region containing gnd darkened. The regions subcloned into M13 for sequencing are indicated

by the double-headed arrows.
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where p,, is the proportion of nucleotides different between
strain pair i for gene 1, p,, is the proportion for the same pair
of strains for gene 2, and n, and n, are the numbers of
nucleotides sampled for genes 1 and 2, respectively (42).
Since we do not know whether even the arcsin-transformed
percentages will follow a ¢ distribution, given that they were
derived from an evolutionary process rather than indepen-
dent sampling from a constant distribution, we will call these
pseudo-t values.

There will be n(n — 1)/2 of these pseudo-t tests for n
strains. We expect some number of comparisons to be
significant by chance. The critical value can be adjusted so
that one has confidence at a certain level that comparisons
are significant. With multiple tests, the equation of Siddk (38)
is used to adjust the significance values:

a=1-(@1-a® )

where k is the number of comparisons and « is the desired
significance level (usually 0.05). This measure assumes that
the tests are independent, which in this case they are neot.

Nucleotide sequence accession numbers. The nucleotide
sequence data in this paper have been submitted to Gen-
Bank. The primary strain numbers are the ECOR numbers
with the RM numbers as isolate number. The accession
numbers are as follows: M64324 for ECOR4 (RM39A),
M64325 for ECOR16 (RM191F), M64326 for ECOR45
(RM201C), M64327 for ECOR67 (RM217T), M64328 for
ECORG69 (RM45E), M64329 for ECOR70 (RM70B), M64330
for ECOR68 (RM224H), M64331 for ECOR65 (RM202I), and
M64332 for S. typhimurium LT2.

RESULTS

Sequences. The sequences are given in Fig. 3. There are
about 10° chi sites in the genome of E. coli or one about
every 5,000 bp (39). These sites promote recombination. No
chi sites were found in or around the sequenced gnd alleles.

Intragenic recombination. The procedure used to deter-
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FIG. 3. DNA sequence for a 770-bp internal region of gnd. Only nucleotides that are different from the one found in K-12 at the site are
listed. Thus sites such as 745, where K-12 contains a T and all other strains contain a C, are sites where the mutation presumably happened
in the lineage to the K-12 strain, and the T is a derived character state. The predicted amino acid sequences are different for every strain. The
amino acid changes were listed by Sawyer et al. (34). The characteristics of the synonymous site polymorphisms were presented by Sawyer

(32).

mine the importance of recombination in E. coli is to
compare the trees created from different genes in the same
strains. This procedure is based on the assumption that the
sequences have evolved independently, i.e., that there is no
intragenic recombination. Intragenic recombination de-
creases the resolution of these tests, since it blends se-
quences together until each is about the same distance from
all others. Thus the relative rates of intragenic versus
intergenic recombination are important. If recombination
typically introduces pieces considerably larger than the
region of each gene sequenced, then the frequency of
intragenic recombination will be less than the frequency of
recombination between two well-spaced genes.

The presence of intragenic recombination has been shown
for both gnd (4, 32) and phoA (7) sequences, where short
sequences of 200 to 500 bp have been inserted, and for the
region near trp (44), where a unique deletion and a unique
rearrangement are found in all possible combinations. In
addition, although the variation at the trp locus is too low to
analyze the data statistically, the variation seems to be
clustered as if there are either hot spots of mutation (22) or
intragenic recombination. It is clear that intragenic recom-
bination occurs, but is it an amount sufficient to invalidate
the use of tree-building algorithms?

To answer this question, pairwise G tests for goodness of
fit were performed on the gnd data. The sequence was

broken into 12-bp blocks, giving 64 blocks. The numbers of
blocks for each pair of sequences with zero, one, two, three,
four, or five and greater differences were determined. The
expected number of blocks in each class was estimated by
determining the total number of differences and distributing
these into blocks by the Poisson process. The determined G
values are given in Table 1. For individual values, the
chi-square value for five degrees of freedom at 5% signifi-
cance is 11.07. Only 2 of the 45 values are above this value,
which is the expected frequency of false-positives. Since
there are multiple nonindependent tests, the critical value for
significance was adjusted by using equation 2 to 20.3 for k =
n(n — 1)/2 and 16.3 for k = n. No values are significant, and
this implies that the changes along the sequence are homo-
geneous enough to treat the sequences as independent
lineages for the purpose of estimating gene trees.

Evidence of intergenic recombination. Table 2 gives the
percent differences between pairs of strains for gnd and for
trp. The percent divergence between the Salmonella se-
quence and the E. coli sequences for trp is between 16.2 and
16.7% with an average of 16.5%; for gnd it is between 14.7
and 18.3% with an average of 15.7%. This shows that these
genes are evolving at about the same rate. If anything, trp
seems to be changing a little faster than gnd. Thus the
generally smaller differences between strains of E. coli for
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TABLE 1. G values testing for intragenic recombination in gnd
Strai G value for intragenic recombination in gnd
rain

RM39A RM191F RM201C RM217T RMA4SE RM70B RM224H RM2021 LT2¢
K-12 1.17 6.33 2.76 5.82 1.45 12.83 6.23 3.58 6.38
RM39A 2.48 1.50 1.70 1.70 5.73 4.71 1.83 10.12
RM191F 8.62 11.14 10.41 10.71 9.71 3.60 6.20
RM201C 3.10 9.52 9.50 5.00 1.39 11.03
RM217T 4.83 2.49 2.32 0.97 7.19
RMA4SE 1.51 4.37 5.18 7.92
RM70B 3.60 2.53 6.30
RM224H 1.81 8.39
RM2021 9.43

4 S. typhimurium strain.

trp than gnd cannot be explained by the rate of evolution of
gnd being faster than that of trp.

The consistency of the distances between the Salmonella
allele and the various alleles in E. coli suggest that the rates
of evolution within E. coli have been the same for all strains
(with the exception of the gnd of strain RM191F; see below).
This means that the branch lengths will be about equal and
that the unweighted pair-group method with the arithmetic
mean can be used to approximate the true tree. The percent
differences were converted to distances, and the trees for
gnd and trp were derived with standard errors of the node
position. It thus seems clear from comparing these trees
(Fig. 4) that multiple recombinations have taken place. Not
only is the order of branching different between the trees,
but also the distances are different. Thus different genes
within the same pair of strains must have had different cells
as the last common ancestors. They could only have been
brought into the same strains by recombination.

Statistical analysis of trees to determine intergenic recom-
bination. Although in the case above recombination seems
the only explanation for the differences in gene trees, this
will not always be the case, since the genetic divergence of
DNA depends upon chance events. The gene trees for two
genes can be quite different because of chance convergences
and chance variations in rates. Thus, statistical analysis
must be done to determine when the differences between
gene trees are too large to explain by chance and must have
been caused by recombination. We present three ways of
analyzing gene trees to show that intergenic recombination
must be an explanation for the differences between trees.

(i) Sets of strains for each gene with statistically different

ancestors. When there is no information about similarity in
the rate of evolution for the different genes, a method that
depends upon determining which nodes are significantly
different from each other and which are not can be used. For
example, in Fig. 4 the error bars on nodes 4 through 9 for the
gnd tree overlap. All of these strains can be considered as
having the same common ancestor, and the tree can be
represented as seven lines radiating from a common point.

In this manner, strains can be divided into groups that
could have had the same common ancestor. The groups are
defined by nodes that are not significantly different from
each other. By this criterion, the gnd sequences form two
groups. One group contains the genes from strains RM39A,
LT2, and RM191F, whereas the other group contains the
genes from all other strains. The trp sequences form four
groups. The first group includes the trp sequences from
RM191F, K-12, RM201C, RM39A, and RM217T. The sec-
ond group contains the trp sequences from strains RM70B,
RMA45E, and RM224H. The third group contains only the trp
sequence from strain RM202I, and the last group contains
only the trp sequence from S. typhimurium LT2. If there is
no recombination, the trp and gnd groups should match.
However, the trp groups divide and combine the gnd groups
(Fig. 5).

The distance tree for phoA (Fig. 6) is derived from the data
of DuBose et al. (7). Note that the scale is much different for
this tree. This tree is more complex, so a systematic method
of group creation has to be formalized. The phoA alleles
from strains K-12, RM191F, and RM201C form a group. This
branch is then eliminated, and consequently node 4 is
eliminated. The error bars for nodes S and 6 overlap, but

TABLE 2. Divergence between pairs of strains®

% Differences between pairs

Strain

K-12 RM39A RM191F RM201C RM217T RMJ45E RM70B RM224H RM2021 LT2®
K-12 14.20 15.70 5.60 5.70 4.50 4.20 5.20 4.90 15.20
RM39A 0.10 17.30 15.30 14.20 14.70 13.80 15.60 15.50 15.30
RM191F 0.00 0.10 14.90 16.40 14.70 15.60 14.70 15.60 18.30
RM201C 0.05 0.15 0.05 5.20 5.10 6.20 5.10 5.70 16.10
RM217T 0.10 0.30 0.10 0.15 5.50 5.60 6.10 5.50 15.30
RMA45E 0.90 1.00 0.90 0.95 1.00 5.20 4.50 4.40 15.20
RM70B 0.90 1.00 0.90 0.95 1.00 0.00 6.00 5.30 14.70
RM224H 0.90 1.00 0.90 0.95 1.00 0.00 0.00 5.70 15.70
RM2021 3.10 3.20 3.10 3.15 3.10 3.70 3.80 3.70 15.20
LT2 16.30 16.50 16.30 16.30 16.20 16.70 16.70 16.70 16.60

@ Values in boldface type are for gnd, and those in lightface type are for trp.
b S. typhimurium strain.
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FIG. 4. Distance trees for alleles of gnd and trp from the same set of strains. All alleles are from E. coli except the one from S. typhimurium
LT2. The bars on the nodes represent the standard errors of the branch points. There is no error bar for the node of #7p from RM191F and
K-12 because the sequences are identical. Likewise for the trp sequences from strains RM70B, RM45E, and RM224H. The three stains in
italics are the only group A strains.
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FIG. 5. Diagram of grouping of strains that must have had different ancestors. Without recombination, these groupings should be the same

for different genes in the same set of strains.

they do not overlap the error bar for node 2. Thus the alleles
from RM45E, RM217T, and RM224H form a group. Then
this branch is eliminated, which removes node 2. This leaves
only alleles from strains RM70B, RM39A, and RM202I and
nodes 1 and 3. Since the error bars from these nodes are
nonoverlapping, these three strains are divided into two
groups, with one group containing the first two alleles and
the other containing the last allele. When this is added to the
other grouping from the other genes, phoA breaks up previ-
ous groups and joins strains that previously had been sepa-
rated. Thus groups are further divided, showing multiple
recombinations. This graphic method shows that recombi-
nation is important without requiring the assumption that all
genes must evolve at the same rate. If they do, then other
tests that test for distance can also be done (see below).
(ii) Test for significant differences in branch order with

parsimony trees. The gnd sequence data provided 119 infor-
mative sites that gave three minimum-length parsimony trees
with a length of 277 and a consistency of 0.577. The trees
obtained differed in their placement of the gnd gene from
strains K-12, RM45E, RM70B, and RM224H. The tree most
unlike the distance tree was chosen and is shown in Fig. 7.
Neither this tree nor either the other two was significantly
different from the distance tree. There are a large number of
most parsimony #rp trees. For each one of these, the
minimum length for the gnd data was calculated. The one
that best fit the gnd data (that gave the smallest number of
steps) was chosen. This trp tree is significantly different from
both the parsimony and the distance gnd trees (Fig. 7). Thus,
the branching orders are significantly different for these gene
trees, implying recombination.

It is of some interest that distance and the parsimony trees

phoA(RM708)

phoA (RM394)
phoA (RM4SE)

phoA (RM217T)

phoA(RM201C)

phoA (RM2021)

0013 0011 0010 0009 0.008 0006 0005 0.004 0.003 0001 0000

Genetic Distonce (D)
FIG. 6. Distance tree for phoA alleles. These are the same strains as shown in Fig. 4, with the exception of LT2. Note that the scale is

different.
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FIG. 7. Branching relationships: parsimony and distance trees of
gnd and parsimony tree of trp. The numbers 1 through 8 indicate the
alleles of the following E. coli strains: 1, RM39A; 2, RM191F; 3,
RM201C; 4, RM217T; 5, RM4SE; 6, RM70B; 7, RM224H; 8,
RM202I. K, E. coli K-12. The distance and parsimony trees of gnd
are not significantly different from each other at the 5% level; the trp
tree is significantly different from both gnd trees at the 1% level.

place the gnd allele from strain RM191F in very different
places. The distance tree places it outside the Salmonella
allele, whereas the parsimony tree places it (strain 2 in Fig.
7) within both the Salmonella outgroup (data not shown) and
the allele from RM39A (strain 1 in Fig. 7). The neighbor
joining method (31) is more likely to give the correct tree
than is either of the other methods (15, 43). This method
placed the gnd* from RM191F within the alleles from S.
typhimurium and RM39A, as did the parsimony tree (Fig. 8).
The longer branch length of the gnd* from RM191F suggests
that the rate of evolution of the gnd™ from RM191F was
faster than expected. Consequently, the equal rate assump-
tion of the unweighted pair-group method with the arithmetic
mean is invalidated for this strain, and the correct tree would
place the common ancestor of the gnd* from RM191F and
the other gnd alleles from E. coli after the species split with
S. typhimurium.

(iii) Test for significant of differences in distances to common
ancestors. The differences in branch lengths are obvious for
the gnd and trp trees (Fig. 4). This could be because of
differences in the rate of evolution of the genes or because of

0.0211

0.0034 gnd (K12)

T s gnd (RM70B)

0.0211 gnd (RMASE)

00302 0002813 0.0242 gnd (RM202])

0.0023 2024 gnd (RM217T)

0.0301 gnd (RM201C)

0.0143 0.001 0.0274 gnd (RM224H)

0.104 gnd (RM191F)

[ 0.0814 gnd (RM39A)
0.009% gnd (L2

FIG. 8. gnd tree generated by the neighbor joining method.
Branch lengths reflect distances.
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recombination. The statistic used (equation 1) to test for a
significant difference in time to the common ancestor for
different genes in the same strains is distributed as the
Student ¢ with infinite degrees of freedom. The variance used
is the theoretical variance that assumes that all the changes
happen independently.

Table 3 shows the values from the comparison between
gnd and trp. When the value is positive the gnd distance
between the two strains is longer than the trp distance and
when the value is negative, it is reversed. The comparisons
between the Salmonella strain and the various E. coli strains
are not significant, showing that the rates of evolution for
gnd and trp alleles are not significantly different. Since most
of the values for the comparison between S. typhimurium
and E. coli are negative, the trp locus may be evolving faster
than gnd. The only positive value is the comparison between
Salmonella alleles and the alleles from strain RMI191F,
confirming the previous observation that the gnd allele from
this strain is evolving a little faster than expected. These
effects are very small compared with the differences in
distance between genes within the E. coli strains. Conse-
quently the differences in the distances in trp and gnd cannot
be explained by differences in the rate of evolution of the
genes. Any significant differences in distance between pairs
of strains for these genes must be because of different
common ancestors, i.e., recombination. For example, the
ancestral gene of the K-12 trp and the RM191F #rp is recent,
since these sequences are identical; but the ancestors of the
K-12 gnd and the RM191F gnd must have diverged very long
ago, since these sequences are so different.

All the values comparing E. coli strains are positive, and
most are significant if tested individually (32 out of 36). Since
there are multiple comparisons, the significance level for 5%
for the group is 3.21. Even with this value, 30 out of 36
values are significant.

An outgroup sequence was not determined to confirm that
the rate of evolution is the same in phoA as in the other two
genes, since S. typhimurium does not contain a gene that is
homologous to phoA (8). Sharp and Li (36) have shown there
is a strong negative correlation between the rate of diver-
gence of homologous E. coli and Salmonella genes and the
codon adaptation index (37). The codon adaptation index is
a measure of the degree of codon usage bias toward codons
that are favored by highly expressed genes. The codon
adaptation index for phoA is 0.35 compared with 0.38 for the
trp region and 0.55 for gnd. This is about what is expected
for a gene that codes for a protein synthesized intermittently
or in moderate amounts. Thus we will assume that the rates
of evolution of all three genes are equivalent and that
significant tests imply recombination.

Table 4 shows the values from the comparison between
gnd and phoA and between phoA and trp. As expected, most
of the values for the comparison between gnd and phoA are
significant. The importance of recombination may be only
for gnd. Thus the test between trp and phoA is important.
Even after correction for multiple comparisons so the critical
value is 3.21, 12 values would be considered significant,
implying multiple recombinations.

DISCUSSION

Recombination in E. coli. The results from this study
clearly show that there is a tremendous amount of recombi-
nation and that this recombination is important in structuring
the genetics of E. coli. Similar results were also seen when a
gene tree for gnd for other wild strains of the ECOR
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TABLE 3. Comparison of the distance between gnd alleles and trp alleles?
Pseudo- value
Strain

RM39A RM191F RM201C RM217T RM4SE RM70B RM224H RM2021 LT2?
K-12 13.96 16.03 8.52 8.24 4.67 4.38 5.31 1.81 —0.59
RM39A 15.63 14.29 13.05 11.54 11.04 12.03 8.85 —0.66
RM191F 12.81 15.16 11.76 12.24 11.75 9.01 1.04
RM201C 7.53 5.12 6.06 5.12 2.46 -0.11
RM217T 5.37 5.49 5.88 2.35 -0.49
RMA4SE 9.05 8.41 0.70 -0.81
RM70B 9.74 1.52 -1.08
RM224H 1.87 -0.53
RM2021 -0.75

“ The significance levels for two-tailed ¢ tests are as follows: at 0.05, 1.963; at 0.01, 2.583; at 0.005, 2.816; at 0.001, 3.304.

b S. typhimurium strain.

collection was compared with the phenogram generated
from multilocus enzyme electrophoresis (4).

Figure 5 shows that all strains except the pair K-12 and
RM201C and the pair RM45E and RM224H have to have had
a recombination event that replaced all or most of at least
one of the genes. Even these exceptional pairs of stains show
evidence of recombination when distances are considered.
Tables 3 and 4 show that the percent differences are signif-
icantly different for the different genes in these pairs of
strains. For the pair K-12 and RM201C the gnd alleles are
clearly more different from each other than are either of the
alleles from the other two genes, which are not significantly
different from each other. This strongly suggests that at least
one of the gnd alleles was recombined into a strain, whereas
the other genes could represent clonal frame genes. Clonal
frame refers to those genes in a particular strain that have
not been replaced by recombination since some designated
time (21). For the pair RM45E and RM224H, the percent
difference for every pair of alleles is significant. Thus there
have to have been at least two recombination events. The
large percentage of significant values in Tables 3 and 4 shows
that most pairs of strains are separated by at least two
recombination events. This is a minimum estimate.

Even those species pairs in which there is no evidence for
different ancestors for the two genes (i.e., the percentages
are not significantly different for the two genes) may have
undergone recombination. The test simply examines
whether the ancestral genes could have arisen at the same
time. If the ancestral genes arose at about the same time but
in different strains, recombination would be required but
would not be identified. In addition, the record of earlier

recombinations is eliminated by later ones. Thus, rates of
recombination will be hard to estimate.

One way of estimating the rate would be to compare
strains with recent common ancestors so that the clonal
frame can be identified. This allows the number of segments
inserted by recombination to be determined and rates of
recombination to be estimated relative to the mutation rate.
There is evidence of recombination within a clone as defined
by all the strains having the same electrotype (16). By using
extensive data around the #rp locus, a tentative recombina-
tion rate has been estimated at 7 X 1012 replacements per
bp per generation (21). In this collection of strains, there are
three strains where the pairwise percentages for phoA and
trp are not significantly different from each other or from
zero. One should be able to use these strains to estimate
rates of recombination. However, there is something very
odd about these three strains (K-12, RM191F, and RM201C),
which makes us suppose that the recombination rate will be
higher than expected from a simple application of this
technique. Analysis of protein gel electrophoretic data and
biotype data has consistently separated E. coli group A
strains from all others (22a, 28, 35). Group A contains K-12
and ECOR strains 1 through 25. The presumption is that this
is a recently arisen clone in which the clonal frame has not
been made unrecognizable by recombination. Since K-12,
RM191F, and RM201C are very similar in two of three
genes, it could be surmised that these genes are part of the
clonal frame and thereby that all three of these strains are
group A strains. RM191F is the same as ECOR16, which is
a group A strain, but RM201C is the same as ECOR4S,
which is not a group A strain. Thus, either both genes have

TABLE 4. Comparison of the distance between phoA alleles and trp and gnd alleles®

Pseudo-z value

Strain
K-12 RM39A RMI191F RM201C RM217T RM4SE RM70B RM224H RM2021

K-12 11.06 18.19 6.04 5.07 3.85 1.78 4.96 3.4
RM39A 4.80 12.97 11.64 11.68 12.00 10.92 12.69 10.63
RM191F 0.00 4.80 16.52 12.92 11.87 10.69 12.26 11.61
RM201C 0.18 4.59 0.18 4.45 4.35 3.70 4.73 4.13
RM217F 4.30 3.14 4.30 4.11 6.49 3.13 5.96 3.33
RMA4SE 1.46 1.10 1.46 1.47 -0.35 2.93 5.97 2.39
RM70B 3.21 1.61 3.21 3.19 3.07 7.37 4.42 2.93
RM224H 1.08 0.98 1.08 1.09 0.71 3.59 6.66 4.46
RM2021 —1.38 -0.59 —-1.38 -1.28 —0.66 -1.60 -1.21 -2.35

4 The significance levels for two-tailed ¢ tests are as follows: at 0.05, 1.963; at 0.01, 2.583; at 0.005, 2.816; at 0.001, 3.304. Values in boldface type are for phoA

versus gnd; those in lightface type are for phoA versus trp.
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been moved out of the K-12 type clonal frame into an
ancestor of RM201C or so many other genes have been
moved into RM201C that it is no longer recognizable as a
group A strain. Consequently, the use of these strains to
estimate the recombination rate would underestimate the
rate.

The data presented may give an impression of a higher
recombination rate than actually exists. The gnd locus is
tightly linked to the rfb locus, which codes for the O antigen
(14, 35). There are over 160 O-antigen types (12), which
implies selection for diversity (i.e., rare types have a selec-
tive advantage). Thus, recombinants that brought in a rare O
antigen and the linked gnd would be selected, giving a higher
sampling of recombinants. Obviously, more extensive study
with more loci and more strains is required to distinguish
genes influenced by either diversifying selection or purifying
selection from those which are influenced only by mutation,
drift, and recombination and to determine which genes are
likely to be indicative of clonal frames so that accurate
estimates of the recombination rate can be made.

Statistical methods. In this paper we propose various
methods for the analysis of recombination. The first two are
formulated to statistically analyze trees, with a null hypoth-
esis that trees for different genes in the same strains are not
statistically different from each other. Most proposed statis-
tical tests are designed to indicate whether the derived tree is
the true tree. The purpose of these tests is different. The last
test, which is a pseudo-7 test, attempts to determine which
sequence pairs for the same strains but different genes show
evidence of having different ancestors.

These tests rely on assumptions that may not be valid. It
is assumed that the changes between strains are selectively
neutral and equally probable at all sites. The effects of these
assumptions on the statistics of these tests are currently
being investigated. These methods and others to be devel-
oped will have to be studied to determine their level of
significance and their power. However, the pseudo-t test
does correctly provide nonsignificant values for the differ-
ences in the gnd-trp distances between S. typhimurium and
all of the E. coli strains, given the assumption that S.
typhimurium and E. coli are different species and conse-
quently do not recombine genes. This result implies that all
of the significant values for the distances between E. coli
strains are real and not just a result of the departure from the
assumptions of the -test.

An operational definition for biological species. The two
principal definitions of species are the phenetic definition
(41) and the biological species definition (19). The phenetic
or phenotypic definition distinguishes species as groups of
organisms that form a compact unit in character space, well
separated from other such groups. Traditionally, a phenetic
species is defined as a group of morphologically similar
organisms located in a particular geographical region and
morphologically distinct from other groups of organisms. In
microbiology, this definition has been extended to include
biochemical and physiological traits as well as morphological
ones. The species definition being employed by Brenner and
Falkow (5, 6), that species are groups of strains in which (i)
over 70% of their DNA reassociates under moderately
restrictive conditions and (ii) the thermal stability of this
reassociated DNA is within 4°C of that of homologous
reassociated DNA, is a phenetic definition.

Biological species are interbreeding groups of organisms,
with each species separated from others through reproduc-
tive barriers. This definition implies that the phylogenes of
different genes from individuals of the same species should
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FIG. 9. Best-fit tree for 15 hypothetical strains from a group of
gene trees, which defines at least four species. See the text for a
discussion.

be significantly different, whereas the phylogeny of genes
from individuals of different species should not be signifi-
cantly different. Thus we have an operational criterion for
the defining of bacterial species. Consider 15 hypothetical
strains of bacteria isolated from nature from which one is
interested in determining the number of species. Portions of
a few genes are sequenced in each strain, and gene trees are
derived. These trees are tested, and it is found that the gene
trees are inconsistent only within certain groups. For exam-
ple, the branching pattern of strains 3 through 6 (Fig. 9) is
different for different genes, but these strains are always
grouped together for all genes. Thus they would be judged as
members of the same species and as a different species from
the other strains. Likewise strains 7 through 11 would be
judged as members of a second species, and strains 12
through 15 would be judged as members of a third species.
Since at least three strains are required to obtain inconsis-
tencies in the gene trees, this method can not determine if
stains 1 and 2 are members of the same species or represent
different species. However, a decision can be made by using
the genetic distances between strains 1 and 2 for the various
genes. One of the other strains can be chosen as the out
group, and the rates of evolution can be determined to find
out whether they are the same for the various genes. If they
are, the distances for pairs of genes for strains 1 and 2 can be
tested with the pseudo-¢ test. If the distances are signifi-
cantly different, they would be judged to be members of the
same species, whereas if the distances are not significantly
different, they would be members of different species.

In this paper we have shown that, within E. coli, the gene
trees are significantly different. It could be argued that
horizontal gene transfer between what we call different
species is so common that the method proposed in this paper
will never resolve differences between species. Therefore,
the other part of the requirement is to show that different
genes from individuals of different species provide an esti-
mation of the same tree. This was not tested directly in this
study, but there is evidence (36) that S. typhimurium and E.
coli are separate species by this definition. When homolo-
gous genes from E. coli K-12 and S. typhimurium LT2 are
compared, none are so similar that they could represent
recent horizontal transfer and the range of percent diver-
gence can be explained by different constraints on codon
usage (36). Horizontal gene transfer would destroy this
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relationship. Therefore, these data imply that there is little
gene transfer between these species.

In this paper we are not concerned with the mechanisms of
the transition from a lattice of individual ancestors to a tree
of ancestoral species, but we recognize that during the
transition any definition of species will be difficult to apply
unambiguously. Some of the possible difficulties and com-
plications of this approach are discussed in Avise and Ball
(3). An example of a possible difficulty is seen in the various
Neisseria species. These species, which differ in sequence
by up to 23% and therefore are less similar to each other than
are E. coli and S. typhimurium, have transferred pieces of
the PBP2B gene among each other (40). The pieces trans-
ferred provide resistance to penicillin, and thus any transfer
would be strongly selected. This might represent the rare
case of horizontal gene transfer between species. Investiga-
tions with other genes may show that there is little gene
transfer, and thus these would still be considered separate
species.

The methodologies for an operational definition of bacte-
rial species in terms of the biological species definition can
now be developed. Sequencing of DNA segments amplified
by the polymerase chain reaction (10, 13) will permit DNA
sequences for a number of genes from a large number of
strains to be acquired quickly. These can then be used to
define species by the methodology outlined above after the
proper statistical procedures have been worked out. Genes
chosen for this purpose should be chromosomal and found in
most organisms. Examples would be ribosomal genes and
genes for enzymes in central metabolism, like gnd and trp.
Genes like phoA, which are not found in many enteric
species (8), should be avoided, as should genes that provide
resistance to antibiotics, since they are more likely to have
transgressed species boundaries (40). Horizontal gene trans-
fer across species should be rare enough that it will not be a
problem. However, because of this possibility gene trees for
more than two genes should be used. The genes chosen
should be similar to characters chosen for taxonomic pur-
poses in plants and animals—those that provide traits not
important to the peculiar adaptive strategies of particular
species.
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