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Clonal Divergence in Escherichia coli as a 
Result of Recombination, Not Mutation 

David S. Guttman* and Daniel E. Dykhuizen 

Nucleotide sequence analysis was performed on 12 natural isolates of Escherichia coli in 
four loci located in close proximity on the chromosome. A comparison of gene geneal-
ogies indicated that three recombination events have occurred in a subset of the strains 
(ECOR group A) in the time since their divergence from a common ancestor, while during 
the same time, no mutational divergence has occurred. The common ancestor of this 
subset existed no more than 2400 years ago, and recombination was shown to occur at 
a rate of 5.0 x changes per nucleotide per generation-50-fold higher than the 
mutation rate. Thus, recombination has been the dominant force driving the clonal di-
vergence of the ECOR group A strains and must be considered a significant factor in 
structuring E. coli populations. 

Public policy and health decisions con-
cerning the lateral transfer both of recom-
binant genes from genetically engineered 
microorganisms and of virulence genes from 
pathogens often depend on assumptions 
about recombination. The frequency and 
significance of recombination in microor-
ganisms, however, is currently the subject of 
intense debate. In the E.  coli model system, 
there is controversy over the extent of 
clonality (1,  2). Clonality can be thought of 
as the vertical, asexual transmission of ge-
netic material from parent to offspring, 
where all evolutionary change through time 
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is strictly the result of the mutational pro-
cess. In contrast, nonclonal or sexual evo-
lution occurs by the horizontal transfer of 
eenetic material between unrelated individ--
uals through the recombinational process. 
From the perspective of the population, 
there is not a strict dichotomy between 
these two evolutionary modes. A group of 
strains that share a recent common ancestor 
and are diverging by means of the muta-
tional process can be considered a clone. 
Over time, genetic material from individu-
als that do not share the same most recent 
common ancestor will be introduced into 
the individual members of a clone bv re-
combination. As this occurs, the clonal 
backeround of these strains will become-
progressively more obscured by foreign 
DNA, and the clonal nature of this group 

will begin to deteriorate (3 ,4) .The prevail-
ing view of E.  coli is that it is a primarily 
clonal organism. Recombination is believed" 

to occur at such a low frequency, relative to 
mutation, that it is considered evolutionar-
ily insignificant (2). 

A misconception about the effect of re-
combination on the evolutionary divergence 
of microorganisms has further confused the 
issue of clonalitv. Recombination has often 
been considered incapable of breaking down 
clonal structure because its effect on varia-
tion is usually considered in the context of a 
panmictic species. Recombination is there-
fore considered a homogenizing force. But, 
recombination can also be diversifying. In a 
structured population, recombination within 
a clone will result in genetic homogeniza-
tion, but recombination between individuals 
of different clones will cause genetic diversi-
fication within the clone. This studv is con-
cerned with the diversification of a clone 
when there is transfer between clones. Un-
der these conditions, recombination can be 
thought of as a mechanism, complementing 
mutation, that generates variability within 
clones and drives clonal divergence. 

The relative contribution of recombina-
tion and mutation to clonal divergence has 
been difficult to assess because of problems 
associated with obtaining an accurate esti-
mate of the rate of recombination. Uncer-
tainty exists because of the obscuring of 
older exchange events by more recent 
events and because the methods used to 
estimate recombination relv heavilv on as-
sumptions based on a partidular poiulation 
structure, even though the population 
structure of microorganisms is poorly under-
stood (5,6). Milkman and Stoltzfus (3) and 
Milkman and Bridges (4) made the first 
estimates of the recombination rate in E. 
coli from nucleotide sequence data. Their 
calculations used estimates of the average 
clonal segment length (the length of a seg-
ment of DNA that recently shared ancestry 
with the equivalent segment from another 
individual) and the number of generations 
since their most recent common ancestor. 
They estimated the rate of recombination 
in E. coli to be 5 x 10-l2 transfers per 
nucleotide per generation (4). This ap-
proach determines the probability that two 
adjacent nucleotides originated in different 
lineages and were brought together by a 
recombination event (a parameter similar 
to that used in transmission genetics). 
Thus. the recombination rate is ex~ressed 
in different units than the mutation;ate. If 
the recombination rate is to be com~arable 
to the mutation rate, then both rates must 
be expressed in terms of the rate of nucle-
otide change per generation (with the un-
derstanding that a single recombination 
event will change multiple nucleotides in 
batch). 
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We present a method, built on  the con-
ceptual foundation of Wilson and co-work-
ers (7) and Dykhuizen and Green (1) for 
identifying recombination events from nu-
cleotide sequence data, that facilitates the 
assessment of the relative influence of re-
combination and mutation on  clonal diver-
gence. Our estimation of the rate of recom-
bination avoids the problems associated 
with the obscuring of past events by those 
occurring more recently and is independent 
of population dynamics and structure. 

Twelve strains were chosen for this study 
from the ECOR standard reference collec-
tion of natural E. coli isolates (8). Five of 
these strains (ECOR4, ECOR8, ECOR10, 
ECOR16. and K12) have been classified 
through multilocus enzyme electrophoresis 
as a well-defined and phylogenetically con-
sistent cluster known as group A strains (9, 
10). Their low amount of divergence reduc-
es the likelihood of multiple mutations at 
the same nucleotide nosition and of recom-
bination events that overlap and mask pre-
vious events. 

Approximately 1 kb from each of four 
loci, sppA, gapA, pabB, and ewf, were se-
auenced in the 12 E. coli strains. Seauences 
df gapA and pabB have been repoked by 
Guttman and Dykhuizen (1 1). Both ewf 
(coding for glucose-6-phosphate dehydroge-
nase, E.C. 1.1.1.49) and sppA (coding for 
protease IV) were sequenced in the same 
manner. The  four loci, sppA, gapA, pabB, 
and ewf, are located at  minutes 38.5, 39.3, 
39.9, and 40.8, respectively, on  the E.  coli 
chromosome (12). One  minute is equiva-
lent to approximately 45 kb. 

Gene genealogies were constructed for 
each locus by both neighbor-joining (13, 
14) and parsimony methods (15). Mid-
point-rooted neighbor-joining trees based 
on lukes-Cantor distances (13) for the four~, 

loci are presented in Fig. 1. T h e  parsimony 
analysis gave identical results with high 
consistency indices (0.826, 1.00,0.927, and 
0.821 for the sppA, gapA, pabB, and ewf 
genes, respectively). A bootstrap analysis, 
with 1000 replicates, was performed on  
each of the genealogies to  determine the 
statistical stability of each node (16). 

W e  identified snecific recombination 
events on  the basis of the phylogenetic 
congruency test of Wilson and co-workers 
(7), which identifies gene transfer events by 
comparing gene genealogies from a num-
ber of regions. Congruent genealogies in-
dicate that the regions have had similar-
histories. Differences in genealogies can 
be explained most parsimoniously by gene 
transfer (1, 17, 18). 

T h e  gene genealogies of the four loci 
show considerable topological uniformity. 
Three clusters of taxa are found consistently 
in all loci. The  ECOR38, 39, and 40 cluster 
and ECOR49 and 50 cluster from group D 

have identical or nearly identical nucleo-
tide sequences at  all loci. The  group A 
strains of ECOR4, 8, 10, and 16 and K12 
were found to be either isoseauential (hav-
ing identical sequences), or quite different. 
Only three of these strains show genealog-
ical histories at  points inconsistent with the 
isosequential clustering (Fig. 2). The  se-
quence of ECOR16 at the sppA gene is 
different from the rest of the group A 
strains, as is the sequence of ECORlO at  the 
ewf locus. T h e  sequence of ECOR4 is iden-
tical to the other group A strains at sppA, 
but different at the other three loci. 

T h e  divergence of these three group A 
strains would be difficult to  account for by a 
stochastic mutational process, especially 
given that all other group A strains consis-
tentlv share the identical nucleotide se-
quence at  these sites. O n  the other hand, 
this pattern would be expected if recombi-
nation was responsible for driving the di-
vergence of these strains. Genetic exchange 
with a distantly related donor strain would 
introduce a large number of phylogeneti-
cally inconsistent polymorphisms into the 
recipient. This would result in  apparent 
massive divergence of the strain from those 
with which it shared a recent common an-
cestor. This pattern would only be found in 
the region introduced by recombination; 
the rest of the genome would continue to 

%, 

display phylogenetic clustering consistent 
with clonal descent. 

Our analysis indicates that recombina-
tion has introduced a foreign DNA frag-
ment into ECORlO with a recombination 
breakpoint between genes ewf and pabB. 
Another event has introduced a recombi-
nant fragment into ECOR16 with a break-
point between genes sppA and gapA. Be-
cause multilocus enzyme electrophoresis 
identified ECOR4 as a group A strain, it 
should be isosequential with the rest of the 
group A strains under the null hypothesis of 
no recombination. Our observations reveal 
that a recombination event has introduced 
foreign DNA into ECOR4 from a donor 
similar to ECOR68 (Fig. 1) .  This recombi-
nant fragment stretches through the ewf, 
pabB, and gapA genes and ends somewhere 
between gapA and sppA. This assertion can 
be tested by sequencing upstream of sppA. If 
ECOR4 remains tightlv linked to the rest of- 1 

the group A cluster, the polarity of this 
recombination event will be verified. 

T h e  phylogenetic congruency test shows 
that there have been three recombination 
events in the sppA-gapA-pabB-ewf region of 
five group A strains (K12, ECOR4, 8, 10, 
and 16) since their divergence from a com-
mon ancestor. T h e  identical nucleotide se-
quences of the nonrecombinant group A 
strains indicate that during this same period 
of time these strains have undergone n o  u 

mutational divergence. Regardless of the 
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Fig. 1'. Midpoint-rooted neighbor-joining trees, 
calculated on the basis of Jukes-Cantor dis-
tances, for the (A)sppA, (B)gapA, (C)pabB, and 
(D) zwf loci. Both strands of an approximately 
1-kb region were sequenced for each gene in 
the manner described in Guttman and Dykhui-
zen (11).Construction and bootstrapping of the 
trees were carried out with NJBoot2 (14).The 
numbers at the base of each node are bootstrap 
scores (representing the statistical reliability of 
nodes).The numbers at the end of each line are 
the strains. Only those scores greater than 50% 
are presented. One thousand bootstrap repli-
cates were performed for each analysis. Those 
strains that abut a common vertical line (mean-
ing they have zero branch lengths, such as  
strains K12, ECOR4, 8, and 10 in the sppA lo-
cus) have identical sequences. The group A 
strains (K12,ECOR4, 8, 10,and 16)are denoted 
in a larger, bold typeface. A bar representing a 
Jukes-Cantor distance of 0.002 is presented be-
low each tree for scale. 
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absolute values of population genetic pa-
rameters such as the rate of recombination, 
the effective population size, the mutation 
rate, or the population structure of E. coli, 
recombination has been the dominant driv-
ing force behind the divergence of these 
strains. 

A rate of recombination can also be 
calculated from these data (19). For this 
calculation, the time since the most recent 
common ancestor of group A must first be 
determined. This can be done through the 
use of the number of segregating sites 
(S) in the calculation of 0,  the per nucle-
otide heterozygosity. The  expectation (E) 
of S is 

where n is the number of strains, 0 = 
2N,k (ZO), and (J, is the per generation 
neutral mutation rate. Because Ne ( the 
effective population size) is scaled in units 
of generations, we used 0 to determine the 
time since most recent common ances-
trv. We  used a mutation rate of 10-'0 
changes per nucleotide per generation 
(21) and a value of 300 generations per 
year for E .  coli, to  calculate that the ex-
pected time since most recent common 
ancestry for the group A strains is less than 
2400 years. 

The rate of recombination can be scaled 
in a number of different ways. One measure 
would be based on the number of events ner 
genome per unit time. We  have sampled 
approximately 2.25 min (2.25%) of the ge-
nome and found three recombination 
events. Thus. the rate could be ex~ressedas 
three recombinations over five skrains di-
vided by the proportion of the genome sur-
veyed to estimate the transfers per genome, 
which is about 27 transfers per genome 
since the most recent common ancestor 
(22). Dividing by the time since the most 

recent common ancestor (-2400 years) 
translates to a maximum rate of -3.78 x 
lop5transfers per genome per generation. If 
this is converted to transfers per nucleotide 
per generation, it becomes 3.78 x lop5 
transfers per genome per generation divided 
by 4.5 x lo6 nucleotides per genome, 
which is 8.4 x 10-l2 transfers per nucleo-
tide per generation. This is in good agree-
ment with the rate of 5 x 10-l2 transfers 
per nucleotide per generation estimated by 
Milkman and Bridges (4). 

A more useful number for an  estima-
tion of the rate of recombination would be 
an  expression based on the amount of 
change in the nucleotide sequence. The  
units should be the same as estimates of 
the mutation rate to allow direct compar-
isons of the relative impact of mutation 
and recombination. Assumptions must 
first be made concerning the length of the 
average inserted recombination fragment 
and the degree of sequence divergence 
between two randomly selected strains of 
E.  coli. We assume the length of the av-u 

erage recombinant fragment to be approx-
imately 1 min (roughly 45 kb of DNA) 
and the average pairwise difference be-
tween two randomly chosen alleles of the 
same gene in E. coli to  be about 1.32%. 
This results in a rate of recombination 
equal to  5.0 x lop9 changes per nucleo-
tide per generation or about 50-fold higher 
than the mutation rate (23). Thus, recom-
bination in this situation was 50 times 
more efficient than mutation in driving-
strain divergence. Although recombina-
tion has reneatedlv been discarded as a 
significant kechanism for driving the di-
vergence of E. coli clones (2, 3, 24), it 
alone is responsible for the divergence of 
the group A strains. The  mutational pro-
cess, in contrast, has had no  impact on  
this divergence. 

The perspective of this paper has been 
restricted to examining the effect of recom-

pabB zwf 
39.9" 40.8" 

1858.7 kb 1873.0 kb 1905.5 kb 1945.3 kb 
If 0.8'' 0.6" +, 

: 143 kb : 32.5 kb : -3?::89bb- : 

EC8 1 / 

EClO 

EC16 

Fig. 2. A schematic representation of the E. coli chromosomal region between the sppA locus and the 
zwf locus for the five group A strains.The locations of the loci and the approximate distances from their 
neighboring loci are presented in both minutes (1 min of the E. coli chromosome is approximately equal 
to 45 kb) and genomic address in kilobase pairs (12).A clear bar represents the common clonal 
background.A darkened bar represents regions introduced into the respective strains by recombination. 
The locations of the breakpoints are approximate. 

bination on clonal divergence. This has 
allowed us to estimate the relative impor-
tance of recombination and mutation with 
respect to the population structure of E. 
coli. Although this analysis focused on 
clonal groups, the estimated relative effect 
of recombination and mutation should ap-
ply to the species as a whole. Unlike muta-
tion, which will always increase diversity, 
recombination will homogenize the species 
gene pool, even as it creates different gen-
otypes and diversifies clones. This homog-
enizing effect of recombination must be 
strong enough to prevent unlimited diver-
gence of the gene pool if the integrity of the 
species is to be maintained. Because recom-
bination between species is rare ( I ) ,  it will 
not be capable of preventing unbounded 
divergence between species. Thus, an un-
derstanding of the population genetics of 
bacterial species will require an understand-
ing of the interaction of mutation and re-
combination. Mutation will be the more 
important factor influencing divergence be-
tween snecies. but for E. coli our data indi-
cate that recombination will dominate 
within suecies. 

The  mechanisms of recombination in 
E.  coli can be investieatedbv the method--
ology used in this paper. The  precise loca-
tion of recombination breakpoints can be 
found by sequencing the regions between 
sppA and gapA in ECOR16 and ECOR4 
and between pabB and ewf in ECOR10. 
The  structure of these breakpoints will 
h e l ~determine the natural mechanism for 
genetic exchange. The  size of the piece 
inserted can be obtained by sequencing 
regions distal to  the set of four genes pre-
sented in this studv. If transduction is 
common, the size bf the recombinant 
piece should be on  the order of 30 to 100 
kb. If conjugation is common, larger piec-
es would be expected. 
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Catalytic Site Components Common to Both 
Splicing Steps of a Group II lntron 

Guillaume Chanfreau and Alain Jacquier* 

The splicing of group II introns occurs in two steps involving substrates with different 
chemical configurations. The question of whether these two steps are catalyzed 
by a single or two separate active sites is a matter of debate. Here, certain bases 
and phosphate oxygen atoms at conserved positions in domain V of a group I1 self-
splicing intron are shown to be required for catalysis of both splicing steps. These 
results show that the active sites catalyzing the two steps must, at least, share common 
components, ruling out the existence of two completely distinct active sites in group 
I1 introns. 

G r o u p  11 introns are found in the ge-
nomes of organelles of lower eukaryotes 
and plants and in bacteria (1). Some group 
I1 introns are able to catalvze their own 
excision in vitro in the presence of mag-
nesium (2). Their excision follows a path-
way similar to that of nuclear precursor 
mRNA (pre-mRNA) splicing, the intron 
being released in a branched lariat form 
(2). In this pathway, the substrates for the 
two steps are different: The first transes-
terification results from the attack at the 
5' splice site by a 2'  hydroxyl, and the 
second transesterification is initiated by a 
3' hydroxyl. The sequences at the 5' and 
3' junctions are also different (1). Because 
in nuclear ure-mRNA introns the same 
phosphorothioate diastereomer (Rp) in-
hibits both stem when introduced at the 
junctions (3), the two transesterifications 
cannot be considered as the forward and 
reverse of the same reaction, as in group I 
introns (4). Whether distinct active sites 
catalyze the two chemical steps (3) or 
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whether a structural rearrangement be-
tween the two stem accommodates the 
different substrates in a single active site 
(5) is a matter of conjecture. To address 
this question, we have searched for active 
site components involved in each step of 
group I1 self-splicing. 

Grouu I1 introns are folded into six 
structural domains ( 1 ) .  Among these, do-
main V is the most conserved element in 
primary sequence, and deletion experi-
ments have shown that domain V is es-
sential for splicing (6, 7). Moreover, it is 
able to catalyze 5' junction hydrolysis 
when added in trans 18). For these rea-~, 

sons, domain V is a good candidate for 
carrying active site elements. We have 
adapted the modification interference 
technique (9)  to investigate the role of 
structural elements of domain V in the 
catalysis of each splicing step (Fig. 1) .  To 
investigate the effects of modifications on 
each of the two splicing steps, we used two 
assays (Fig. IA) .  (i) In a cis-splicing assay 
the CX fragment is annealed to a subunit 
composed of exon 1 and domains I to I11 
(E l  -XC fragment); under these conditions 
lariat formation is rate-limiting, allowing 
the study of the effects of modifications on 
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