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A mutant strain of Escherichia coli was created by inserting a cassette encoding sucrose sensitivity and
neomycin resistance (sacB-neo) into the small-subunit rRNA-encoding gene rrs in the rrnB operon. During
growth in a complex medium, the cassette was lost from the population, and a complete rrs gene was restored
at a rate of 5 � 10�9 per cell division. Repair of this lesion required flanking regions of DNA that were similar
to the six remaining intact rRNA operons and reestablished the full complement of seven rRNA operons. The
relative fitness of strains with restored rrnB operons was 1 to 2% higher than that of the mutant strain. The
rrnB operon normally contains a spacer region between the 16S and 23S rRNA-encoding genes that is similar
in length and tRNA gene content to the spacer in rrnC, -E, and -G. In 2 of the 14 strains in which rrnB was
restored, the spacer region had the same length as the spacer region in rrnA, -D, and -H. The requirement for
flanking regions of nearly identical DNA and the replication of the spacer region from other rRNA operons
during the repair of rrnB suggest that the restoration was accomplished via gene conversion. The rate of gene
conversion was 10-fold less than the fixation of point mutations in the same region of the chromosome but was
apparently sufficient to homogenize the sequences of rRNA genes in E. coli. These findings are discussed in the
context of a conceptual model describing the presence of sequence heterogeneity in coevolving rRNA genes.

Unlike the majority of genes in Bacteria and Archaea that are
present in single copies, there are as many as 15 copies of each
of the rRNA-encoding genes (25). When multiple copies of
rRNA genes are present in an organism, they are nearly
(�99%) identical in most cases, suggesting that there must be
some form of homogenization of the gene sequences to re-
move neutral mutations that would otherwise accumulate. Ap-
parent exceptions to this phenomenon of concerted evolution
include the rRNA genes from Thermomonospora chromogena,
Thermobispora bispora, and Haloarcula marismortui, in which
the 16S and 23S rRNA gene sequences differ by up to 10% (11,
34, 45, 46). It has been suggested that lateral gene transfer is
responsible for the presence of divergent rRNA genes in an
organism, but co-occurrences of divergent rRNA genes in mi-
crobes appear to be exceptions to the rule.

The extensive regions of sequence similarity provided by
repeated rRNA genes present opportunities for recombination
that can lead to inversions, duplications, deletions, and trans-
positions of the chromosome. Recombinational events involv-
ing rRNA operons have been observed in Escherichia coli at
frequencies of 10�3 to 10�5 in overnight liquid cultures (3, 16,
18–21). This high recombination frequency suggests the poten-
tial for dynamic reorganization of the E. coli chromosome, yet
the overall arrangement of rRNA operons in the chromosome
is remarkably stable. Comparative genomic analysis of E. coli
(strain K-12) and Salmonella enterica serovar Typhimurium
(strain LT2) offers evidence for this stability because the num-
ber, chromosomal location, and orientation of rRNA operons
have been preserved in these strains even though their ge-

nomes differ by roughly 1 million base substitutions (3, 22).
Conservation of rRNA operon organization and location on
the chromosome, despite the potential for extensive recombi-
nation, suggests strong selection for maintenance of these
characteristics.

This study focuses on factors that influence the concerted
evolution of rRNA gene sequences in bacteria, using E. coli as
an experimental system. The rate of recombination involving
rrnB and the six other rRNA operons in E. coli was measured
to estimate the homogenizing force of recombination, while
the rate at which point mutations occur was determined to
provide an estimate for the divergence rate of gene sequences.
The fitness effects of interoperon recombination were also
measured to estimate the selective pressures affecting the
eventual fixation or loss of homogenized operons from a pop-
ulation. These results were then used to develop a conceptual
model of rRNA operon evolution, focusing on an explanation
for the presence of minor sequence heterogeneity between
rRNA genes.

MATERIALS AND METHODS

Strains and genotype verification. Insertional inactivation of the rrnB operon
was produced by linear transformation of a recD mutant strain of E. coli (D308)
with a DNA fragment containing an rrnB operon with a sacB-neo cassette (5)
inserted in the BglII site of rrsB. Generalized transduction (P1vir) was used to
move the rrnB operon disrupted by the sacB-neo cassette from D308 into a strain
of E. coli B that had been propagated in the laboratory for 10,000 generations
(27). The resulting strain, BSV1, contains an rrnB operon with intact promoters
and regions of DNA both upstream and downstream from the inserted cassette
that are identical to the other rrn operons (Fig. 1). A second strain (BSV2) was
constructed in which the sacB-neo cassette replaced the promoters (P1 and P2),
rrsB, and the 5� end of rrlB, leaving a promoterless rrnB operon with no homology
upstream of the sacB-neo cassette to any of the other rRNA operons (Fig. 1).

BSV1 and BSV2 genotypes were verified by PCR and Southern hybridization.
Following denaturation of genomic DNA at 94°C for 3 min, PCR amplification
of rrnB was carried out using the upB forward (5�-CCGAATTACATATGACC
GTGCTGGTGTTTGAC-3�) and dnB reverse (5�-CTACTCTAGACCTGATG
CAAAAACGAGGCTAGTTTA-3�) primers and rTth DNA polymerase XL (PE
Applied Biosystems; Foster City, Calif.). The amplification consisted of 30 cycles
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(94°C for 0.5 min, 60°C for 1 min, and 72°C for 10 min) followed by a 10-min
extension at 72°C. The rRNA operons were visualized by Southern hybridization
of genomic DNA digested with PvuII (New England Biolabs, Beverly, Mass.) and
probed with a digoxigenin-dUTP-labeled DNA probe for a conserved region of
rrs (positions 8 to 536) (24).

Growth conditions and media. Cultures were typically grown in Luria-Bertani
liquid medium (LB), with 1.5% (wt/vol) Bacto agar (Difco Laboratories; Detroit,
Mich) added for solid medium. When selecting for sucrose resistance, sucrose
was added at a final concentration of 6% (wt/vol) to LB with NaCl omitted
(LBsuc) (5). Where noted, kanamycin was added to LBsuc at a final concentra-
tion of 50 mg/liter (LBsuc-kan). Overnight cultures consisted of 2 ml of LB in
culture tubes (16 by 125 mm), inoculated from freezer stocks. Competition
experiments, conditioning cultures, and cultures for rate measurements were
done in either 10 ml of medium in a 50-ml Erlenmeyer flask or 50 ml of medium
in a 250-ml Erlenmeyer flask with shaking at 225 rpm at 37°C. The conditioning
cultures and competition experiments used to measure relative fitness were
grown in Davis-Mingoli broth (DM) supplemented with 2.0 mg of thiamine
hydrochloride and 25 mg of glucose (DM � 25) per liter (27). Tetrazolium
arabinose (TA) indicator plates were used to differentiate strains with an arab-
inose (Ara) marker; Ara� colonies appear white, and Ara� colonies appear red
(28).

Recombination and mutation rate measurements. The recombination rate and
sacB mutation rate measurements were carried out as outlined by Crane et al. (9)
and are a modification of the fluctuation analysis of Luria and Delbruck (31).
Eleven flasks with 10 ml of LB were inoculated with approximately 100 cells from
an overnight LB culture. The cultures were incubated at 37°C with shaking at 225
rpm for 15 h. The stationary-phase cultures were sampled by spreading 75 �l of
the culture on four LBsuc plates and four LBsuc-kan plates, and diluted and

spread on four LB plates. After overnight incubation at 30°C, the number of
colonies on each plate was counted. For each replicate culture, the number of
colonies on the LB plates represented the total population size, while the pop-
ulation density of the recombinant strain was calculated by using the number of
colonies on LBsuc minus the number of colonies on LBsuc-kan. Colonies ap-
pearing on LBsuc-kan represented individuals that retained the cassette, includ-
ing kanamycin resistance, but lost sensitivity to sucrose through a mutation in
sacB.

To determine the rate of recombination and sacB mutation, the median value
for each of the populations was determined from 11 replicate cultures. The
following median estimator of mutation rates was used to determine rates of
mutation and recombination (9, 23):

�med � [(rm/s) � ln 2]/[ln(rm/s) � ln(ln 2)] (1)

where rm is the median number of recombinants or mutants per culture, s is the
dilution factor, and �med is the median number of recombination events or
mutation events per culture. The recombination or mutation rate was then
determined by dividing �med by the median number of cells per culture.

For the rate of double mutation in sacB and neo in BSV2 (recombinant
phenotype, sucrose resistant, kanamycin sensitive), a different equation was used
because many of the replicate cultures produced no colonies with the recombi-
nant phenotype. The following equation is more suited for results with many
“mutant-free” cultures (9, 23):

mg � ��1 � p	 ln (z/C	]/�p ln (p)] (2)

where p is the dilution factor, z is the number of cultures devoid of mutants, C
is the total number of cultures, and mg is the number of mutation events per
culture.

Relative fitness assay. Overnight LB cultures for each strain to be used in a
competition experiment were inoculated from freezer stocks. The following day,
conditioning cultures, consisting of 10 ml of DM � 25 in 50-ml Erlenmeyer
flasks, were inoculated with a final dilution of 1:10,000 from the overnight
cultures. Competition cultures were initiated 24 h after inoculating the condi-
tioning cultures by adding 0.1 ml of a 1:1 mix of the two competitors to five 50-ml
flasks containing 10 ml of DM � 25. BSV1 and the BSV1 mutants and recom-
binants carry the neutral arabinose utilization marker (Ara�), while the control
strain carries the opposite marker (Ara�), allowing relative fitness to be mea-
sured for each group against the control strain (27). Cultures were transferred at
24-h intervals for 4 days and monitored daily by plating a 5 
 10�6 dilution of the
each replicate culture on three TA plates.

Relative fitness measurements were calculated by using the following equa-
tions:

m � ln [N�1	/N�0	]/�1d	 (3)

W1:2 � m1/m2 (4)

where N(0) and N(1) are the population sizes of the strains at 0 and 1 day (d),
respectively, and m is the Malthusian parameter for that strain. The relative
fitness (W) of the Ara� strain compared to the control strain (Ara�) was calcu-
lated by using equation 4, where m1 is the Malthusian parameter of the Ara�

strain and m2 is the Malthusian parameter of the Ara� strain (27, 41). Statistical
analysis of the relative fitness measured for BSV1, the BSV1 recombinant strains,
and the BSV1 sacB strains included analysis of variance and pairwise compari-
sons with the Bonferroni multiple-comparisons procedure.

rRNA operon sequence alignments. Sequences of small- and large-subunit
rRNA genes were obtained from the Institute for Genomic Research Microbial

FIG. 1. Structure of rrnB operon regions in wild-type, BSV1, and
BSV2 strains. rRNA genes (black), the sacB-neo cassette (3,825 bp;
grey), and the adjacent genes involved in murein synthesis (murI and
murB; white) are shown along with the rrnB promoters (arrows).
Dashed lines indicate the region bound by the PCR primers upB and
dnB along with the resulting PCR product sizes. BSV1 has the sacB-
neo cassette inserted into the BglII site of rrsB (after position 704) and
upstream sequence similarity to the other rrn operons, and the pro-
moters P1 and P2 are preserved. BSV2 has the sacB-neo cassette
replacing sequence upstream of rrnB, rrsB, the ITS region, and the 5�
end of rrl, leaving no promoters or upstream sequence similarity to the
other rrn operons.

TABLE 1. Occurrence of derived phenotypes used to estimate rates of recombination and point mutationsa

Primary strain
(Sucs, Kanr) Implied change Resulting

phenotype Expt rm
Dilution
factor (s) �med

Population
size

BSV1 Recombination Sucr, Kans a 41 0.030 180 3.76 
 1010

Point mutation Sucr, Kanr a 523 0.030 1,720 3.76 
 1010

Recombination Sucr, Kans b 20 0.004 562 1.20 
 1011

Point mutation Sucr, Kanr b 424 0.004 8,879 1.20 
 1011

BSV2 Point mutation Sucr, Kanr a 447 0.030 1,493 2.91 
 1010

a Primary strain phenotype (sucrose sensitive, Sucs; kanamycin resistant, Kanr), recombination phenotype (sucrose resistant, Sucr; kanamycin sensitive, Kans), or
point mutation phenotype (sucrose resistant, Sucr; kanamycin resistant, Kanr). Measurements of the rate of recombination and point mutations at different loci were
conducted in two independent, replicate experiments, a and b. rm, median number of recombinants or mutants per culture. �med, median number of recombination
events or mutation events per culture.
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Genome Database (www.tigr.org/tdb/mdb/mdbcomplete.html) or the National
Center for Biotechnology Information Microbial Genome Database (www
.ncbi.nlm.nih.gov/PMGifs/Genomes/bact.html) and analyzed with the Genetics
Computer Group software package (version 10; Genetics Computer Group,
Madison, Wis.). The following microbial genomes containing multiple rRNA
operons were used in the analysis and represent all available sequenced genomes
with multiple rRNA operons at the time of analysis: Aquifex aeolicus VF5,
Bacillus subtilis ATCC 23857, Campylobacter jejuni ATCC 700819, Escherichia
coli ATCC 10798, Haemophilus influenzae ATCC 51907, Helicobacter pylori
26695, Methanococcus jannaschii DSMZ 2661, Methanobacterium thermoautotro-
phicum ATCC 29096, Neisseria meningitidis MC58, Synechocystis sp. strain
PCC6803, Treponema pallidum ATCC 25870, Ureaplasma urealyticum serovar 3,
Vibrio cholerae ATCC 39315, and Xylella fastidiosa 9a5c. Pairwise differences
were calculated for the rrs and rrl genes of each organism. Distances between
rRNA operons were calculated based on the published locations of the operons
(4, 6, 10, 13, 14, 17, 26, 35, 36, 38, 40, 42, 43).

RESULTS

Rates of mutation and recombination. The presence of the
sacB-neo cassette in the rrnB operon of E. coli conferred sen-
sitivity to sucrose and resistance to kanamycin. The cassette
was either inserted into rrs (strain BSV1) or engineered to
replace the promoter region of rrnB as well as rrs and a portion
of rrl (strain BSV2). The frequency at which sucrose sensitivity,
kanamycin resistance, or both of these phenotypes was lost in
overnight cultures was enumerated on selective medium (Ta-
ble 1).

Loss of sucrose sensitivity with retention of kanamycin re-
sistance was attributed to mutations in sacB. In every one of
the 18 sacB mutants (sucrose resistant, kanamycin resistant)
examined by either PCR (Fig. 2) or Southern hybridization
(Fig. 3), the sacB-neo cassette was present in the rrnB operon,
confirming that sucrose resistance was due to a mutation in
sacB rather than loss of the sacB-neo cassette. The average

sacB mutation rate was 5.7 
 10�8 per cell division in both
strains BSV1 and BSV2 (Table 2).

Loss of both sucrose sensitivity and kanamycin resistance in
strain BSV1 was attributed to recombination. Two indepen-
dent fluctuation analysis experiments with BSV1 revealed an
average rate of recombination of 4.8 
 10�9 per cell division
(Table 2). Fourteen independent BSV1 recombinant strains
(each originating from a different culture) were screened by
PCR and Southern hybridization for the presence of the sacB-
neo cassette in rrsB. The amplification product from the rrnB
operon with the sacB-neo cassette in BSV1 was approximately
10 kbp, while the amplification product from the rrnB operon
without the cassette (either wild type or recombinant) was 6.6
kbp (Fig. 2). Southern hybridization of genomic DNA digested
with PvuII and probed for rrs produced an 8.4-kbp fragment in
wild-type strains and recombinant strains of E. coli and a 6.1-
kbp fragment in BSV1 (Fig. 3). The restriction fragment length
polymorphism pattern for each of the recombinants was indic-
ative of a restored rrnB operon (Fig. 3). Two of the 14 recom-
binants contained an rrnB operon whose size was indicative of
recombination with an rRNA operon containing the tRNAIle1-
tRNAAla1B internally transcribed spacer (ITS) (rrnA, rrnD, or
rrnH; Fig. 4).

In cultures of strain BSV2, the recombinant phenotype (su-
crose resistant, kanamycin sensitive) appeared at a rate of 1.4

 10�10 per cell division, a rate that is within the range of

FIG. 2. PCR amplification of the rrnB region from strains used in
the relative fitness assay. Amplification of the rrnB operon from BSV1
sacB mutant strains, which contain the sacB-neo cassette, results in a
product of approximately 10 kbp. Amplification of the recombinant or
wild-type rrnB operon results in a product of approximately 6.6 kbp.

FIG. 3. Southern hybridization of PvuII-digested genomic DNA
from “wild-type” E. coli B, strains BSV1 and BSV2, sacB mutants, and
recombinant strains used in the relative fitness assay. The locations of
hybridized bands representing native rrs genes are indicated for the
wild-type and BSV1 strains. Fragments that correspond to rrnB oper-
ons that contain the sacB-neo cassette or have been reconstructed with
a native or alternative ITS region are also labeled. Operons containing
the alternative ITS region result in a smaller hybridized fragment due
to the introduction of an additional PvuII site.

TABLE 2. Estimated rates (per cell division) at which
recombination and point mutations were fixed in

populations of E. colia

Strain Expt Recombination
rate

Mutation
rate

BSV1 a 4.8 
 10�9 4.6 
 10�8

b 4.7 
 10�9 7.4 
 10�8

BSV2 a 0 5.1 
 10�8

a See Table 1, footnote a.

968 HASHIMOTO ET AL. J. BACTERIOL.



values expected for the spontaneous inactivation of both phe-
notypes of the sacB-neo cassette by point mutations (5). Seven
independent isolates of BSV2 with the recombinant phenotype
(sucrose resistant, kanamycin sensitive) were screened by PCR
or Southern hybridization and all maintained the 3.8-kbp cas-
sette in rrsB. The presence of the cassette revealed that the loss
of both phenotypes encoded by the sacB-neo cassette was a
result of mutations rather than removal of the cassette through
recombination (data not shown).

Fitness effects of recombination between rRNA operons.
There was no significant difference between the fitness of
BSV1 and that of the BSV1 sacB mutant strains (P � 0.2823).
However, the BSV1 recombinant populations had a 1 to 2%
greater relative fitness (Table 3) than either the parental BSV1
strain or the BSV1 sacB mutant strains (P � 0.0089 and P �
0.0034, respectively). The relative fitness of one of the recom-

binant strains with an alternate ITS region was indistinguish-
able from that of the other recombinants, and it is included in
the BSV1 recombinant group.

Comparison of rRNA gene sequences and relative chromo-
somal position. The result of pairwise comparisons of rrs and
rrl sequences from microbial genomes with multiple rRNA
operons are summarized in Fig. 5. There was a significant
positive correlation between the total pairwise differences
present in the rrs and rrl genes and the distance between them,
suggesting a link between the proximity of genes and the rates
of gene conversion.

DISCUSSION

The objective of this study was to explore the coevolution of
rRNA genes in bacteria by studying the rate and fitness effects
of recombination among rRNA operons in E. coli. As in many
prokaryotes, the genes encoding the 16S rRNA (rrs), 23S
rRNA (rrl), and 5S rRNA (rrf) in E. coli are organized into an
operon that also contains tRNA-encoding genes in the ITS
region between rrs and rrl or distal to rrf (Fig. 4). There are
seven rRNA operons in E. coli, positioned asymmetrically
about the chromosome (Fig. 4) (3). When multiple copies of
rRNA genes are present in Bacteria and Archaea, they are
nearly (�98%) identical, suggesting that the gene sequences
are homogenized. Otherwise, neutral mutations would be ex-
pected to accumulate in individual rRNA genes at a rate sim-
ilar to that at which they accumulate between species (29).

Gene conversion, a form of recombination resulting in the
nonreciprocal transfer of genetic information, is typically in-

FIG. 4. Location and organization of rRNA operons in E. coli
(determined for strain K-12). (A) Chromosomal map with location
(megabase pairs) and orientation of rRNA operons. (B) Organization
of rRNA operons, including tandem promoters P1 and P2, the rRNA-
encoding genes (rrs, rrl, and rrf), the ITS, and the rho-independent
termination site (ter). (C) ITS and distal tRNA species associated with
each rRNA operon.

FIG. 5. Correlation of pairwise rrs and rrl sequence differences with
distance between operons for all available bacterial and archaeal ge-
nome sequences containing multiple rRNA operons. E. coli compari-
sons are represented as open diamonds, and the other organism com-
parisons are represented as solid diamonds.

TABLE 3. Relative fitness of derived strains compared to the parental strain

Derived strains sacB-neo
cassette Phenotype No. of

isolatesa
Relative
fitnessb Variance

BSV1 � Sacs Neor 1 0.99 3.8 
 10�5

BSV1 sacB � Sacr Neor 3 0.98 1.4 
 10�5

BSV1 recombinant � Sacr Neos 4 1.00c 2.5 
 10�5

a Number of independent isolates used in experiments to determine relative fitness.
b Relative fitness values are the arithmetic averages of five replicate measurements for each isolate.
c The fitness of BSV1 recombinants was significantly different from that of BSV1 (P � 0.0089) and BSV1 sacB (P � 0.034) based on analysis of variance.
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voked to explain the homogenization of replicate genes in
eukaryotes. A mechanism for gene conversion involving a non-
traditional resolution of Holliday structures has been proposed
based on studies in the ascomycete fungi, in which all products
of meiosis are readily examined (32, 33). Gene conversion
results in the conversion of one allele to another and is thought
to involve recombination of relatively short (ca. 500-bp) seg-
ments of DNA (15). The nature of the recombination events
described in the current study suggests that gene conversion
drives the homogenization of rRNA genes in bacteria.

The involvement of recombination in genetic alterations is
typically shown by the requirement of one or a combination of
genes whose products are involved in recombination (e.g.,
recA, recB, and recF). Although we did not test directly for the
requirement of any of these genes, two lines of evidence clearly
indicate that recombination was involved in the restoration of
rrnB in E. coli strain BSV1. First, loss of the 3.8-kbp sacB-neo
insertion was observed only when flanking regions of homology
to the other rRNA operons were present, a common require-
ment for recombination. Second, on at least two occasions the
restoration of rrnB included replacement of the ITS region
between rrs and rrl. The presence of the alternative ITS region
in rrnB could only occur through a recombinational event be-
tween rrnB and an operon with the tRNAIle1-tRNAAla1B ITS
region (rrnA, rrnD, or rrnH). This result clearly implicates gene
conversion in the restoration of rrnB, since reciprocal recom-
bination would have simply moved the sacB-neo cassette to one
of the other rRNA operons.

The possibility that a portion of the genome was duplicated
in any of the lineages used in the study was also considered.
Duplication of portions of the chromosome could have led to
the amplification of one or more of the rRNA operons, but
differences in the abundance of any of the operons would have
been readily observed in the results from Southern hybridiza-
tion. There was a consistent level of probe binding for each of
the rRNA operons (Fig. 3), indicating that each operon was
present in equal abundance per chromosome.

The recombination rate measured for the restoration of rrnB
(5 
 10�9 per cell division) is within the range of values
reported for the recombination in the tuf genes of S. enterica
serovar Typhimurium (3 
 10�9 to 2 
 10�8) (1). Unfortu-
nately, mutation and recombination events are commonly re-
ported as frequencies in a population, which is a measure that
includes both the rate of recombination and the subsequent
growth of the recombinant. This makes direct comparison of
rates and frequencies problematic, because the growth of re-
combinants can vary considerably. Improved growth rates of
the recombinant is the likely explanation for the discrepancy in
the rates of recombination reported here (per cell division)
and the reported frequency (5 
 10�5) of recombination in-
volving the tRNAGlu2 spacer regions in another strain of E. coli
(16).

The restoration of rrnB via nonreciprocal recombination
(gene conversion) with one of the other six intact rRNA oper-
ons resulted in a 1 to 2% increase in relative fitness. It has been
reported previously that interruptions of rrnA, rrnB, or rrnD
with antibiotic cassettes resulted in no significant change in
growth rate in various types of medium and at different tem-
peratures (7, 8). Results reported here do not necessarily con-
tradict these earlier studies, because the comparisons of rela-

tive fitness made here were measured in head-to-head
competition experiments, where it is possible to detect small
differences in the duration of lag phase and the rate of expo-
nential growth.

The relative fitness of the BSV1 strains that retained the
sacB-neo cassette but contained a mutation in sacB was indis-
tinguishable from that of its primary strain and significantly
lower than that of strains with a restored rrnB, suggesting that
a functional sacB gene has little impact on relative fitness in
the absence of sucrose. The negative effect on relative fitness of
the mutation in strain BSV1 is therefore most likely attribut-
able to inactivation of the rrnB operon by the insertion of the
sacB-neo cassette.

The relative fitness of the recombinant strain with an alter-
native ITS region was similar to that of the other recombinant
strains, indicating that duplication of one of the alternative ITS
regions had little effect on relative fitness. However, the con-
servation of three ITS regions encoding tRNAIle and tRNAAla

and four ITS regions encoding tRNAGlu in strains from the
Escherichia coli reference collection (2) suggests a selective
advantage for maintaining the balance of tRNAs in the spacer
region and that there is selective pressure under natural con-
ditions that maintains the four plus three dosage of ITS tRNAs
in E. coli.

If the reestablishment of a functional rRNA operon results
in a 1% fitness increase, fixation of recombination events be-
tween rRNA operons would occur only rarely. In an environ-
ment similar to the conditions of the relative fitness assay, the
probability of fixation of a recombinant with a fitness advan-
tage of 1% over the rest of the population is 4.4 
 10�3 and
would occur on average after approximately 2,500 generations
(27). Furthermore, the 1 to 2% increase in the relative fitness
of the recombinant strains may not be solely attributable to the
reestablishment of the rrnB operon but could also be due to
loss of the sacB-neo cassette. Thus, even though homogeniza-
tion of the rRNA operons may be occurring at a considerable
rate, the fixation of the homogenized operons may be some-
what slower and could explain the presence of some hetero-
geneity in rRNA operons. In light of these observations, it is
possible to explain the maintenance of minor sequence heter-
ogeneity in the rRNA operons of E. coli through a model that
balances the homogenizing effect of recombination between
rRNA operons and the heterogeneity arising from point mu-
tations (44).

Comparisons of the relative positions and sequences of
rRNA operons from bacterial and archaeal genomes add an
additional dimension to this model. For prokaryotes with two
or more rRNA operons, there is a positive correlation between
the number of pairwise sequence differences (of 16S and 23S
genes within an organism) and the distance between the oper-
ons on the chromosome. In other words, the further apart two
rRNA operons are, the more likely they are to contain se-
quence heterogeneity. Thus, by being distant from other rRNA
operons, an operon may escape homogenization and begin to
diverge.

The dependence of recombination rate on the distance be-
tween the regions participating in the exchange has been
shown for plasmid- and chromosome-based systems in phylo-
genetically diverse organisms (12, 30, 37, 39). In E. coli, re-
combination rates were reduced by up to 100-fold when ho-
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mologous regions were separated by 7 kbp (30). In S. enterica
serovar Typhimurium, recombination between 5-kbp regions is
reduced by over 10-fold when the distance separating the ho-
mologies is increased from 2 to 17 min (37). In Eukarya, the
pattern of decreasing recombination rate with increasing dis-
tance between regions has been observed in the nontran-
scribed spacers of rRNA genes (12). The pattern of heteroge-
neity in the nontranscribed spacer regions of wheat, rye, maize,
and mice was better fit by a model that assumes an increased
probability of sequence exchange for closely located regions
(12). Thus, the observed positive correlation of sequence dif-
ference and distance has empirical support based on recombi-
nation rates between homologous sequences separated by var-
ious distances and may be a widespread phenomenon
impacting the concerted evolution of replicated genes in all
domains of life.

Conclusion. The degree of sequence similarity among the
rRNAs expressed from the seven rRNA operons in E. coli
reveals that the rRNA-encoding genes are being homogenized,
and data presented here suggest that gene conversion is the
mechanism responsible for the homogenization. Through in-
dependent fluctuation experiments, we have provided direct
measurements of the rate of gene conversion between rrnB and
the other rRNA operons of E. coli (5 
 10�9 per cell division).
The fitness effect associated with restoration of the rrnB
operon was approximately 1 to 2%. This relatively small fitness
benefit provides a steep barrier for fixation of recombinant
operons. Thus, relatively few homogenizing events would be
expected to rise to fixation in a population, but the few that do
become fixed result in the overall similarity seen in the rRNA
operons. The presence of minor heterogeneity in ribosomal
DNA sequences can be explained by the introduction of de
novo mutations balanced by the homogenizing force of gene
conversion, which is dependent upon the proximity of rRNA
operons. Selection for variant rRNAs would have a dramatic
influence on the maintenance of heterogeneous rRNA genes
in an organism, but there are as yet no documented examples
of an advantage conferred by the maintenance of heteroge-
neous rRNA-encoding genes.
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