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Abstract

Due to their universal presence and high sequence conservation, ribosomal RNA (rRNA) sequences are used widely in phylogenetics for
inferring evolutionary relationships between microbes and in metagenomics for analyzing the composition of microbial communities.
Most microbial genomes encode multiple copies of rRNA genes to supply cells with sufficient capacity for protein synthesis. These copies
typically undergo concerted evolution that keeps their sequences identical, or nearly so, due to gene conversion, a type of intragenomic
recombination that changes one copy of a homologous sequence to exactly match another. Widely varying rates of rRNA gene conver-
sion have previously been estimated by comparative genomics methods and using genetic reporter assays. To more directly measure
rates of rRNA intragenomic recombination, we sequenced the seven Escherichia coli rRNA operons in 15 lineages that were evolved for
�13,750 generations with frequent single-cell bottlenecks that reduce the effects of selection. We identified 38 gene conversion events
and estimated an overall rate of intragenomic recombination within the 16S and 23S genes between rRNA copies of 3.6� 10�4 per ge-
nome per generation or 8.6� 10�6 per rRNA operon per homologous donor operon per generation. This rate varied only slightly from
random expectations at different sites within the rRNA genes and between rRNA operons located at different positions in the genome.
Our accurate estimate of the rate of rRNA gene conversions fills a gap in our quantitative understanding of how ribosomal sequences and
other multicopy elements diversify and homogenize during microbial genome evolution.
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Introduction

Ribosomes perform some of the most highly conserved chemistry
in cells—the translation of messenger RNAs into proteins—and
ribosomal RNA (rRNA) genes are the most conserved genes across
all domains of life (Isenbarger et al. 2008). Because of their low
rate of evolution and ubiquity across taxonomic divisions, the
nucleotide sequence of the small subunit RNA, known in bacteria
and archaea as the 16S and in eukaryotes as the 18S, is often
used to measure divergence between distantly related species
(Woese 1987) and is therefore one basis for reconstructing the
“Tree of Life” (Fournier and Gogarten 2010). Small ribosomal sub-
unit amplicon sequencing is also commonly used to estimate the
representation of different species in environmental and host-
associated microbial communities (Okuda et al. 2012; Langille
et al. 2013).

The need for new protein synthesis is often the dominant fac-
tor limiting cellular replication (Scott et al. 2010; Ceroni et al.
2015), and ribosomes can account for up to 20% of the dry mass
of rapidly dividing bacterial cells (Weider et al. 2005). To meet this
high demand, most bacterial genomes encode multiple rRNA
operons (Roller et al. 2016), and rRNAs are transcribed from highly

active promoters (Paul et al. 2004). Bacterial species capable of
more rapid growth generally have more rRNA operon copies in
their genomes (Klappenbach et al. 2000; Roller et al. 2016), and de-
leting some of these operons generally reduces the maximum
growth rate that a bacterial strain can sustain (Asai et al. 1999,
Stevenson and Schmidt 2004).

rRNA genes and the intergenic regions between them tend to
have extremely similar, if not identical, sequences within a single
organism. This is thought to be due to a high rate of gene conver-
sion, a type of non-reciprocal intragenomic homologous recombi-
nation between highly similar sequences that converts one into a
precise copy of the other (Gürtler 1999; Liao 2000). In bacteria,
gene conversions occur through RecA-dependent recombination
(Prammananan et al. 1999) and can occur with or without cross-
ing over (Santoyo and Romero 2005). Gene conversions can be ei-
ther allelic, within multiple copies of the same gene, or ectopic,
between sufficiently similar genes (Galtier 2001). Allelic gene con-
versions can lead to concerted evolution of multicopy genes
when they occur at a sufficient rate that new mutations appear-
ing in one copy are likely to be either reverted or propagated to all
of the other homologous loci (Liao 1999, 2000; Gogarten et al.
2002). As they homogenize multicopy genes, allelic gene
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conversions have been proposed to be important for maintaining
the ability of the cell to interchangeably use all copies of these
genes for assembly of complex, multiple-subunit structures, like
ribosomes (Liao 1999).

Accurate estimates of gene conversion rates are necessary to
understand how they interact with other mutational processes
during genome evolution. However, current estimates of the fre-
quencies of gene conversions between Escherichia coli rRNA oper-
ons range over many orders of magnitude (Harvey and Hill 1990;
Hashimoto et al. 2003). These studies, like many others looking at
gene conversion, rely on reporter assays in which a single type of
gene conversion is observed because it leads to a new phenotype
that has a strong effect on cellular fitness (restored growth rate
or resistance to a toxic metabolite, respectively). In such cases,
viewing these frequencies through the prism of natural selection
skews the inferred rates of gene conversions. By contrast, micro-
bial mutation accumulation (MA) experiments propagate popula-
tions for many generations through single-cell bottlenecks to
eliminate selection against all but the most deleterious muta-
tions (Halligan and Keightley 2009). Mutation rates can be accu-
rately determined from MA experiments simply by counting how
many genomic changes of different types appear over time in
replicate lineages (Foster et al. 2015).

We previously analyzed mutation rates in an MA experiment
in which independent lineages of E. coli B were propagated for 550
days (Kibota and Lynch 1996; Tenaillon et al. 2016). Due to limita-
tions of short-read resequencing data, we could not measure the
rates of gene conversions in rRNA operons with that data. Here,
we sequenced heterologous sites in all seven copies of the rRNA
operon in 15 endpoint strains from this MA experiment. We use
the observed changes to estimate an overall rate for gene conver-
sions between highly homologous sequences and examine
whether this rate varies substantially between different copies of
the rRNA genes and sites within them.

Materials and methods
rRNA operon sequencing
The MA experiment has been described previously (Kibota and
Lynch 1996; Tenaillon et al. 2016). Briefly, MA lineages were
started from a 2000-generation clone isolated from a long-term
evolution experiment (REL1206) that differs by a few mutations
from E. coli B REL606 (Jeong et al. 2009). The MA experiment con-
sisted of daily transfers in which a randomly selected colony was
streaked out on Davis minimal medium agar supplemented with
200 lg/ml glucose. An estimated 13,750 generations elapsed over
the course of the 550-day experiment (Tenaillon et al. 2016). We
divided each of the seven E. coli rRNA operons into two PCR
amplicons, one covering the rrs gene (16S) and the other includ-
ing the rrl gene (23S) and the first downstream rrf gene copy (5S).
PCR products for REL1206 and endpoint clones from 15 MA line-
ages were sequenced with the primers used for amplification and
additional internal primers (Supplementary Table S1) to cover all
heterologous rRNA sites. Sequencing was carried out at the UT
Austin DNA Sequencing Facility on an ABI 3730xl DNA Analyzer
(Thermo Fisher).

Gene conversion inference
Trace files from PCR amplicon sequencing were aligned to the
LTEE ancestor (REL 606) using Geneious 6. We found that
REL1206 differed from REL606 by a single gene conversion: the
23S–5S spacer in the rrnD operon was converted to the rrnAEH
type. Gene conversions in each evolved strain were identified

manually by comparing the aligned PCR amplicon sequences to
those of REL1206. In all instances in which a particular rRNA
copy in the evolved strain differed from the corresponding copy
in REL1206, the changes exactly matched at least one of the other
rRNA copies. We inferred the properties of the most parsimoni-
ous set of gene conversions that could lead to these changes as
follows. First, we determined which rRNA copies could have been
donors for all bases changed by a given conversion. Next, we set
the minimum conversion size as the length from the first
changed base to the last changed base. Finally, we set the maxi-
mum conversion size as the largest 16S or 23S region from any of
the donors that would only result in the observed changes. That
is, we extended both ends through matching donor sequences
until encountering a difference in all possible donor copies or the
end of the rRNA subunit gene.

Gene conversion rate analysis
The number of mutational events of a given type that occur in
each MA experiment lineage is expected to follow a Poisson dis-
tribution with a time basis of 13,750 generations. However, unlike
the case for calculating base substitution rates (Wielgoss et al.
2011; Foster et al. 2015), we cannot directly use the observed
counts of changed rRNA sequences to calculate the gene conver-
sion rate for two reasons. First, many rRNA gene conversion
events will be undetectable because they occur between two
sequences that are already identical. Second, an earlier gene con-
version event may be hidden or reverted by a later event that cov-
ers the same bases. In order to account for both sources of
unobservable events, we implemented a bootstrap resampling
procedure. Input files and a Python script for performing this
analysis are provided in Supplementary File S1.

The resampling procedure begins with a sequence alignment
of the seven copies from the REL1206 genome of the rRNA region
being analyzed that we created using MUSCLE v3.8.31 (Edgar
2004). We then generate sets of simulated conversions by select-
ing random sizes, locations that place these regions entirely
within the rRNA subunit or spacer being analyzed, and donor and
recipient operons. Simulated conversion sizes are determined by
choosing a random event from the set of experimentally ob-
served gene conversions in the rRNA region being analyzed, with
replacement, and then picking a random size between the mini-
mum and maximum sizes inferred for that conversion. A mini-
mum size of 50 bp is enforced for small conversions because this
is the required size for efficient RecA-mediated homologous re-
combination in E. coli (Singer et al. 1982; Watt et al. 1985). Using
larger minimum conversion sizes of 100–300 bp did not apprecia-
bly alter our results. Conversions within the 23S–5S rRNA spacer
were only considered to have one possible size, encompassing
the entire spacer, because there is very little sequence homology
between the two different ancestral rRNA operon alleles within
this region and no partial spacer conversions were observed in
the MA experiment.

To estimate gene conversion rates, we performed sets of
10,000 replicate simulations in which we drew a total number of
gene conversion events for each of 15 simulated MA lineages
from the Poisson distribution with a candidate rate according to
the resampling procedure. Within each replicate and lineage, we
applied the simulated conversions by copying the portion of the
rRNA sequence that each one covered from the donor to the re-
cipient operon. The final mutated sequences, after applying all
conversions, were compared to the ancestral sequences to deter-
mine the smallest number of gene conversion events required to
produce the observed sequence changes. This number of
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observable gene conversions is almost always less than the true
number of simulated conversions. The maximum likelihood esti-
mate of the E. coli gene conversion rate per genome was deter-
mined as the rate with the highest probability of resulting in
exactly the same number of observable gene conversions as the
MA experiment. The 95% confidence interval on this estimate
was determined by finding a lower rate with a 2.5% tail probabil-
ity of resulting in the number of observed gene conversions or
more and a greater rate with a 2.5% tail probability of resulting in
the observed number or fewer.

To understand variation in the rates of gene conversions be-
tween different rRNA operon copies and within different portions
of their sequences, we performed 10,000 replicates of the resam-
pling procedure in which we continued to draw new conversions
until there were exactly as many observable conversions as were
empirically observed. This allowed us to estimate 95% confidence
intervals on the number of each type of change by taking the cor-
responding 2.5% and 97.5% quantiles from the 10,000 sets of
resampled gene conversions. Two-tailed P-values for tests of
whether the number of conversions experimentally observed
within each operon or at each site was unexpected relative to the
simulated null model were calculated as twice the proportion of
resampled replicates with values as or more extreme than the ob-
served conversion numbers and adjusted for multiple testing
with a Bonferroni correction.

Changes in rRNA sequence identity
Concatenated 16S and 23S subunit gene sequences were used to
compare the homogeneity of rRNA operons within each MA end-
point clone and within the ancestor strain. Average percent se-
quence identity values were calculated as described by May
(2004) using alignment length as the denominator for each pair-
wise combination of rRNA operons within each genome.

Data availability
Escherichia coli strains are available upon request. Supplemental
material available at figshare: https://doi.org/10.25387/
g3.13143599. Supplementary Table S1 contains primer sequen-
ces. Supplementary Table S2 describes the gene conversions ob-
served in the MA experiment. Supplementary File S1 contains the
input files and Python script used to estimate gene conversion
rates.

Results and discussion
The E. coli chromosome encodes seven ribosomal operons, with a
majority located near the origin of replication (Figure 1A). We se-
quenced amplicons corresponding to the 16S (rrs) and 23Sþ 5S
(rrlþrrf) portions of each rRNA operon (Figure 1B) in endpoint
clones from 15 independently evolved E. coli lineages from a 550-
day MA experiment. We identified a total of 56 base substitutions
and insertions or deletions of a few bases in the 16S and 23S
genes of the evolved strains. All of these changes could be
explained by gene conversions (as shown for one example in
Figure 2). We did not find any new alleles in the rRNA genes that
would require de novo point mutations to explain. We also ob-
served four conversions that switched the 23S–5S intergenic re-
gion between a 186-bp sequence that is initially present in four of
the rRNA operons and a shorter 92-bp variant present in the
other three.

The most parsimonious model (i.e. the fewest mutational
events) that can reproduce the evolved rRNA sequences requires

38 gene conversions: 7 in the 16S subunit, 27 in the 23S subunit,
and 4 in the 23S–5S spacer (Figure 3, Supplementary Table S1).
These conversions change anywhere from a single base to all
bases that differ between two rRNA copies within a contiguous
2137-bp region. We calculated conversion rates of 6.5� 10�5 (95%
confidence interval: 2.3� 10�5 to 1.3� 10�4) and 3.0� 10�4 (95%
confidence interval: 1.9� 10�4 to 4.5� 10�4) per genome in the
16S and 23S genes, respectively. Though there is some evidence
that these rates are different from one another (likelihood ratio
test, P¼ 0.029), they were similar enough that we combined these
observations to calculate an overall rate for these conversions,
which all involve changing a small number of bases within
mostly homologous sequences, of 3.6� 10�4 per genome per gen-
eration (95% confidence interval: 2.6� 10�4 to 4.7� 10�4). This
corresponds to a rate of 8.6� 10�6 per rRNA operon per homolo-
gous donor operon per generation. From the MA experiment
observations, we can also estimate that conversions covering the
23S–5S intergenic spacer region, which can swap its sequence be-
tween the two divergent alleles found in E. coli, occur at a rate of
3.5� 10�5 per genome per generation (95% confidence interval:
9.0� 10�6 to 9.1� 10�5) or 8.3� 10�7 per operon per donor per
generation. This rate is similar to the one found for conversions
within the 16S subunit, but somewhat lower than that found in
23S, which could be due to the smaller size of this region, the
greater level of sequence divergence in the 23S–5S spacer than
for any locus within these rRNA genes, or both.

A previous study of E. coli K-12 examined conversions that re-
stored growth rates that had been compromised by removing a
tRNA gene encoded in the 16S–23S spacer from all but one rRNA
operon (Harvey and Hill 1990). It found that mutants, which
propagated the spacer from the one remaining tRNA-containing
rRNA operon to one of the other six operons through a gene con-
version, appeared with a frequency of 6� 10�5 per generation.
Although this experimental design conflated population growth
and mutation rates, the mutant frequency of 1� 10�6 per recipi-
ent operon per donor per generation calculated from their results
is surprisingly close to our estimate that conversions involving
the 23S–5S spacer occur at a rate of 8.3� 10�7 per operon per do-
nor per generation. Another study found a conversion rate of
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Figure 1. Ribosomal RNA operons in E. coli. (A) Escherichia coli B strain
REL606 chromosome showing the locations and orientations of the seven
rRNA operons. (B) Organization of a typical rRNA operon showing the
two PCR amplicons that were sequenced at heterologous sites in evolved
genomes isolated at the end of a 550-day mutation accumulation
experiment.
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8� 10�10 per operon per donor per generation in an E. coli B strain
(Hashimoto et al. 2003). The very large deviation from our esti-
mates (�103–104 times less frequent) is likely due to their use of
counterselection against a sacB-neo cassette inserted into the rrsB
gene as a means for recovering mutants. Insertion of this large
(3825 bp) non-homologous region is expected to introduce a sub-
stantial barrier to conversion, as gene conversion rates fall
sharply with reduced homology (Morris and Drouin 2007).

Here, we specifically examined allelic gene conversions be-
tween rRNA operons. To quantify the rates of ectopic conversions
between homologous genes, conversions between variants of
tufA and tufB in Salmonella typhimurium that give rise to antibiotic
resistance have been analyzed in a previous study (Abdulkarim
and Hughes 1996). These genes share 98.9% sequence identity
(1169/1182 bp) and experienced conversions at a rate of 2� 10�8

per generation, which is �400 times less frequent than our over-
all 16S and 23S allelic conversion rate, even after adjusting for
the 42 recipient–donor pairs that are possible for our rRNA con-
versions vs the one pair they studied. The 23S and 16S rRNA
genes of different operons in E. coli are more similar, with an aver-
age sequence identity of 99.6%, which likely accounts for this dif-
ference.

We next examined whether certain rRNA operons were more
likely to be converted than expected by chance (Figure 4A). Of the
34 observed gene conversions within the 16S or 23S subunits,
4 were identified in rrnA, 9 in rrnB, 11 in rrnC, 4 in rrnD, 3 in rrnE,
and 3 in rrnH. No gene conversions were found in rrnG. Most oper-
ons showed no evidence of rate variation (adjusted P> 0.05). The
rrnC operon was the only exception: it was converted significantly
more frequently than expected (adjusted P¼ 0.013). Genes lo-
cated near the E. coli origin of replication are copied first.
Therefore, they exist transiently in two daughter chromosome
copies for longer during the cell cycle compared to genes located
further from the origin (Touchon et al. 2009). Additionally, rapidly
growing bacteria can begin additional rounds of DNA replication
before cell division is complete, resulting in even more copies per
cell of genes that are located near the origin (Wang and Levin
2009). As rrnC is the closest rRNA operon to the E. coli origin of
replication (Figure 1A), its elevated rate of gene conversions could

reflect the higher effective copy number of this operon per cell
compared to the other rRNA operons. The rrnC operon is also lo-
cated in close proximity to three other rRNA operons (rrnA, rrnB,
and rrnD), which is expected to increase the chances that it will
undergo homologous recombination with those operons
(Hashimoto et al. 2003). In fact, all 10 gene conversions we ob-
served in the rrnC operon converted its sequence to match one of
these three nearby operons, and 9 of the 10 converted it to match
one of the two of these that are closest in the chromosome (rrnA
or rrnB).

We also examined whether there was variation in the rates of
conversions at certain sites within the 16S and 23S rRNA genes
(Figure 4B). We did not find strong evidence that any heterolo-
gous sites were converted significantly more or less frequently
than expected (adjusted P> 0.05 for all sites). However, we did
notice that sites at one locus in the 23S subunit were converted
15 times in the MA experiment and 2.5-fold more frequently than
nearby sites �200 bp away (Figure 4B). The sequence at these
sites is identical in six of the seven rRNA operons. However,
in the seventh operon (rrnA) this site contains a sequence
(50-GCTCGTGG-30) that differs by one base from a canonical E. coli
Chi site (50-GCTGGTGG-30). Similar Chi-like sites retain up to 40%
of the activity of a consensus Chi site in promoting homologous
recombination (Smith 2012), which suggests that this sequence
may be responsible for the somewhat elevated gene conversion
rate observed at this location. In support of this hypothesis, rrnA
was the donor or recipient for 7 of the 15 conversions involving
this site.

Gene conversions maintain homogeneity between rRNA oper-
ons on long evolutionary timescales (Liao 2000; Hashimoto et al.
2003), and we wondered whether the sequences of the rRNA
operons also tended to become less distinct from one another on
the relatively short evolutionary timescale of the MA experiment.
Considered together, the 16S and 23S sequences in the seven
rRNA operons have an average pairwise sequence identity of
99.578% in the ancestor of the MA experiment. The change in this
identity ranged from þ0.070% to �0.055% in the 15 MA lineages
(Figure 5), with no significant overall trend up or down (Wilcoxon
signed rank test, P¼ 0.45). Sequence identity is only irreversibly
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Figure 2. Example of a 16S rRNA gene conversion. In the sequenced endpoint clone from line 4 of the mutation accumulation experiment, a change of a
C to an A was observed at position 210 of the 16S subunit alignment in the rrnD operon. Either the rrnC, the rrnE, or the rrnG operon 16S sequence could
have acted as a donor to cause this change through a gene conversion. Because the sequence of rrnD already matched all three of these donors at other
alignment positions from 1 to 1001, the actual gene conversion could have been as large as 1001 base pairs.
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ratcheted up by gene conversions when they completely elimi-
nate an alternative allele from all copies of a gene, and the mod-
est number of conversions that we observed was not enough to
achieve this during the MA experiment. Therefore, this result
underscores that homogenization via conversion is likely to only
take place on long timescales, particularly for sequences with
many copies like the E. coli rRNA operons.

The spontaneous rate of base substitution mutations in E. coli
is �10�10 per base pair per generation (Wielgoss et al. 2011; Foster
et al. 2015). It follows that the rate at which new base changes ac-
cumulate in the 23S and 16S genes in its seven rRNA operons
(�30,000 total base pairs) is at most �3� 10�6 per genome per
generation and probably less than this because many of these
mutations will be deleterious. We found a gene conversion rate
of 3.6� 10�4 per genome per generation, which is greater by at

least 2 orders of magnitude. This difference between conversion
and mutation rates is expected to contribute to the concerted
evolution of rRNA sequences in the long term. New point muta-
tions that could increase within-genome rRNA sequence diversity
in E. coli are expected to be reverted or propagated to all rRNA
copies by the many (>100 or more) gene conversions that will oc-
cur in a lineage for every point mutation.

It is especially important to understand the relative balance
and timescales of these mutational processes because rRNA
sequences are used for phylogenetic reconstruction and metage-
nomic community profiling. Others have noted how heterogene-
ity in rRNA operons within a genome can complicate these
analyses, registering individual species as separate taxa (Ionescu
et al. 2017) and overestimating the number of different taxa
within a community (Dahllöf et al. 2000). Gene conversions can
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also obscure evidence of rRNA horizontal gene transfer when an
acquired copy is homogenized (Tian et al. 2015) or confuse phylo-
genetic placement when native rRNA genes are converted to
match an acquired copy (Hao and Palmer 2011). Gene conver-
sions have even been observed on short timescales during rou-
tine propagation of strains in the laboratory, including a
conversion in the rrlH gene of the E. coli REL606 strain from which
the ancestor of our MA lineages evolved (Studier et al. 2009). More
broadly, conversion rates influence the chances that paralogs of

any gene can evolve sequence diversity and stably maintain dis-
tinct functions after gene duplication (Teshima and Innan 2008).
Our measurements of E. coli rRNA gene conversion rates enable
more accurate modeling of these processes and improve our
overall understanding of bacterial genome evolution.
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Gürtler V. 1999. The role of recombination and mutation in 16S-23S

rDNA spacer rearrangements. Gene. 238:241–252.

Halligan D L, Keightley P D. 2009. Spontaneous Mutation

Accumulation Studies in Evolutionary Genetics. Annu Rev Ecol

Evol Syst. 40:151–172. 10.1146/annurev.ecolsys.39.110707.173437

Harvey S, Hill CW. 1990. Exchange of spacer regions between rRNA

operons in Escherichia coli. Genetics. 125:683–690.

Hao W, Palmer J. 2011. HGT turbulence. Mob Genet Elements. 1:256–261.

Hashimoto JG, Stevenson BS, Schmidt TM. 2003. Rates and conse-

quences of recombination between rRNA operons. J Bacteriol.

185:966–972.

Ionescu D, Bizic-Ionescu M, Maio ND, Cypionka H, Grossart H. 2017.

Community-like genome in single cells of the sulfur bacterium

Achromatium oxaliferum. Nat Commun. 8:455.

Isenbarger TA, Carr CE, Johnson SS, Finney M, Church GM, et al. 2008.

The most conserved genome segments for life detection on Earth

and other planets. Orig Life Evol Biosph. 38:517–533.

Jeong H, Barbe V, Lee CH, Vallenet D, Yu DS, et al. 2009. Genome

sequences of Escherichia coli B strains REL606 and BL21(DE3). J Mol

Biol. 394:644–652.

Kibota TT, Lynch M. 1996. Estimate of the genomic mutation rate

deleterious to overall fitness in E. coli. Nature. 381:694–696.

0

4

6

2

8

10

12

14

0

4
6

2

8
10
12

16
14

22
20
18

rrnA rrnB rrnC rrnD rrnE rrnG rrnH

rRNA operon

G
en

e 
co

nv
er

si
on

s
G

en
e 

co
nv

er
si

on
s

Observed Random expectation

1 1000 1500500 1 1000 1500 2000 2500500

rRNA subunit alignment position

B

A

23S *16S

Figure 4. Distributions of conversion events changing the sequences of
(A) rRNA operons and (B) heterologous sites within 16S and 23S rRNA
genes. The random expectation values in A and error bars representing
95% confidence intervals in both A and B were estimated from 10,000
bootstrap resamplings of simulated gene conversions resembling those
that were observed (see Materials and methods). The location of the Chi-
like site in the 23S subunit in rrnA is starred.

rR
N

A 
se

qu
en

ce
 id

en
tit

y

Mutation accumulation lineage

99.50%

99.52%

99.54%

99.56%

99.58%

99.60%

99.62%

99.64%

99.66%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 5. Evolution of average pairwise sequence identity in 23S and
16S rRNA subunits during the mutation accumulation experiment.
The final value in each evolved lineage is depicted as a bar indicating the
change from the 99.578% rRNA identity present in the ancestral E. coli
strain.

6 | G3, 2021, Vol. 11, No. 2



Klappenbach JA, Dunbar JM, Schmidt TM. 2000. rRNA operon copy

number reflects ecological strategies of bacteria. Appl Environ

Microbiol. 66:1328–1333.

Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, et al.

2013. Predictive functional profiling of microbial communities using

16S rRNA marker gene sequences. Nat Biotechnol. 31:814–821.

Liao D. 1999. Concerted evolution: molecular mechanism and biolog-

ical implications. Am J Hum Genet. 64:24–30.

Liao D. 2000. Gene conversion drives within genic sequences: con-

certed evolution of ribosomal RNA genes in bacteria and archaea.

J Mol Evol. 51:305–317.

May ACW. 2004. Percent sequence identity: the need to be explicit.

Structure. 12:737–738.

Morris RT, Drouin G. 2007. Ectopic gene conversions in bacterial

genomes. Genome. 50:975–984.

Okuda S, Tsuchiya Y, Kiriyama C, Itoh M, Morisaki H. 2012. Virtual

metagenome reconstruction from 16S rRNA gene sequences. Nat

Commun. 3:1203.

Paul BJ, Ross W, Gaal T, Gourse RL. 2004. rRNA Transcription in

Escherichia coli. Annu Rev Genet. 38:749–770.

Prammananan T, Sander P, Springer B, Bo€ttger E C. 1999.

RecA-Mediated Gene Conversion and Aminoglycoside Resistance

in Strains Heterozygous for rRNA. Antimicrob Agents

Chemother. 43:447–453. 10.1128/AAC.43.3.447

Roller BRK, Stoddard SF, Schmidt TM. 2016. Exploiting rRNA operon

copy number to investigate bacterial reproductive strategies. Nat

Microbiol. 1:16160.

Santoyo G, Romero D. 2005. Gene conversion and concerted evolu-

tion in bacterial genomes. FEMS Microbiol Rev. 29:169–183.

Scott M, Gunderson CW, Mateescu EM, Zhang Z, Hwa T. 2010.

Interdependence of cell growth and gene expression: origins and

consequences. Science. 330:1099–1102.

Singer BS, Gold L, Gauss P, Doherty DH. 1982. Determination of the

amount of homology required for recombination in bacterio-

phage T4. Cell. 31:25–33.

Smith GR. 2012. How RecBCD enzyme and chi promote DNA break

repair and recombination: a molecular biologist’s view. Microbiol

Mol Biol Rev. 76:217–228.

Stevenson BS, Schmidt TM. 2004. Life history implications of rRNA

gene copy number in Escherichia coli. Appl Environ Microbiol. 70:

6670–6677.

Studier FW, Daegelen P, Lenski RE, Maslov S, Kim JF. 2009.

Understanding the differences between genome sequences of

Escherichia coli B strains REL606 and BL21(DE3) and comparison of

the E. coli B and K-12 genomes. J Mol Biol. 394:653–680.

Tenaillon O, Barrick JE, Ribeck N, Deatherage DE, Blanchard JL, et al.

2016. Tempo and mode of genome evolution in a 50,000-genera-

tion experiment. Nature. 536:165–170.

Teshima KM, Innan H. 2008. Neofunctionalization of duplicated

genes under the pressure of gene conversion. Genetics. 178:

1385–1398.

Tian R, Cai L, Zhang W, Cao H, Qian P. 2015. Rare events of intrage-

nus and intraspecies horizontal transfer of the 16S rRNA gene.

Genome Biol Evol. 7:2310–2320.

Touchon M, Hoede C, Tenaillon O, Barbe V, Baeriswyl S, et al. 2009.

Organised genome dynamics in the Escherichia coli species results

in highly diverse adaptive paths. PLoS Genet. 5:e1000344.

Wang JD, Levin PA. 2009. Metabolism, cell growth and the bacterial

cell cycle. Nat Rev Microbiol. 7:822–827.

Watt VM, Ingles CJ, Urdea MS, Rutter WJ. 1985. Homology require-

ments for recombination in Escherichia coli. Proc Natl Acad Sci U S

A. 82:4768–4772.

Weider LJ, Elser JJ, Crease TJ, Mateos M, Cotner JB, et al. 2005. The

functional significance of ribosomal (r)DNA variation: impacts on

the evolutionary ecology of organisms. Annu Rev Ecol Evol Syst.

36:219–242.

Wielgoss S, Barrick JE, Tenaillon O, Cruveiller S, Chane-Woon-Ming

B, et al. 2011. Mutation rate inferred from synonymous substitu-

tions in a long-term evolution experiment with Escherichia coli. G3

(Bethesda) 1:183–186.

Woese CR. 1987. Bacterial evolution. Microbiol Rev. 51:221–271.

Communicating editor: D. Baltus

I. Gifford, A. Dasgupta, and J. E. Barrick | 7


