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Bacteria need a high degree of genetic stability to maintain their species identities over long evolutionary times while retaining 
some mutability to adapt to the changing environment. It is a long unanswered question that how bacteria reconcile these 
seemingly contradictory biological properties. We hypothesized that certain mechanisms must maintain a dynamic balance 
between genetic stability and mutability for the survival and evolution of bacterial species. To identify such mechanisms, we 
analyzed bacterial genomes, focusing on the Salmonella mismatch repair (MMR) system. We found that the MMR gene mutL 
functions as a genetic switch through a slipped-strand mispairing mechanism, modulating and maintaining a dynamic balance 
between genetic stability and mutability during bacterial evolution. This mechanism allows bacteria to maintain their phyloge-
netic status, while also adapting to changing environments by acquiring novel traits. In this review, we outline the history of 
research into this genetic switch, from its discovery to the latest findings, and discuss its potential roles in the genomic evolu-
tion of bacteria. 
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Bacteria are among the earliest cellular life forms on earth, 
and have required two fundamental features for their 
long-term survival. The first is high genetic stability. A 
simple case is the comparison of Salmonella species and 
Escherichia coli. These two genera diverged about 150 mil-
lion years ago [1–3], yet their overall genome structures 
remain very similar [4]. The other feature is certain muta-
bility or the potential for evolution. A well-known example 
is the diversification of Salmonella into thousands of dis-
tinct biological and pathogenic types—to date, more than 

2500 Salmonella serotypes have been documented [5,6], 
and much greater diversity may still exist. Theoretically, too 
great a capacity for mutation would be highly detrimental to 
the bacteria and, conversely, too little would reduce their 
adaptability to the changing environment. It is a long un-
answered question that how bacteria reconcile these seem-
ingly contradictory biological properties. We hypothesize 
that certain mechanisms must exist to maintain a dynamic 
balance between genetic stability and mutability for the sur-
vival and evolution of bacterial species. Our recent work 
indicates that the Salmonella mismatch repair (MMR) sys-
tem functions as a genetic switch, through a slipped-strand 
mispairing mechanism, which modulates and maintains a 
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dynamic balance between genetic stability and mutability 
during bacterial evolution. Here we review the main events 
that have led to the discovery of this genetic switch and 
discuss its roles in the genomic evolution of bacteria. 

1  The diversifying bacterial colony morphology 
and genome 

Bacterial genomes were once believed to be highly stable, 
and this property is the basis of bacterial classification and 
identification in the era of genetic and linkage analyses. 
Physical mapping provided the first molecular evidence of 
genomic stability, showing that bacterial strains of the same 
Salmonella species or serotype, isolated in different years or 
locations, have a common genome structure [7,8]. Little 
was known about the maintenance and modulation of such 
high levels of genomic conservation. We unexpectedly ob-
served the phenomenon of genomic diversification during 
the analysis of a Salmonella mutator strain, S. typhimurium 
LT7, provided by Dr. Abraham Eisentark of the Cancer 
Research Center, USA. Dr. Eisentark had stored over 20000 
Salmonella strains at room temperature for 40 years, in-
cluding a large number of auxotrophic mutants of S. typhi-
murium LT7. In 1999, he communicated with us to suggest 
a collaborative study of these bacteria. At that time, we 
were focusing on comparative genomics of Salmonella us-
ing physical mapping methods [810], which can precisely 
reveal genomic sizes and structures as well as large-scale 
changes (inversions, translocations and duplications) [1113]. 
We suggested using these methods to explore the genomic 
changes of the bacterial strains from the Eisenstark lab. 

We streaked the bacteria on LB plates and incubated 
them at 37°C overnight. Seeing colonies of various sizes on 
the same plate the next morning, we picked single colonies 
and streaked them onto fresh LB plates to obtain pure cul-
tures of the bacteria. To our surprise, while the LT7 strain 
stored at −80°C had relatively normal colony morphology, 
colonies obtained from a single colony each of several LT7 
strains kept at room temperature showed variable morphol-
ogies. We repeated the streaking several times and observed 
the same colony-diversifying phenomenon in the LT7 
strains stored at room temperature. We categorized the col-
onies into six groups, based on colony diameter: A, >4 mm; 
B, 2–4 mm; C, 1–2 mm; D, 0.5–1 mm; E, 0.3–0.5 mm; and 
F, <0.3 mm. By pulsed-field gel electrophoresis analysis, 
we observed different cleavage patterns with endonucleases 
Xba I, I-Ceu I, Bln I, and Spe I, and great diversity in the 
genome structure between the bacteria with different colony 
morphologies that were grown from the same single colony 
two days prior. In addition to small mutations, indicated by 
differences in endonuclease cleavage patterns (Figure 1), 
structural changes of the genome, including translocations 
(Figure 2), duplications (Figure 3), and inversions (Figure 4),  

 

Figure 1  Point mutations as inferred from the loss of Xba I endonuclease 
cleavage sites. Lane 1, LT7 stored at −80°C; lane 2, LT7 stored at room 
temperature for over four decades. 

 

Figure 2  Genomic translocation. Top, LT7 stored at −80°C; bottom, LT7 
stored at room temperature for over four decades. 

were observed. Such genomic changes, alone or in combi-
nation, made the overall genome structure considerably  
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Figure 3  Genomic duplication. Top, LT7 stored at −80°C; bottom, LT7 
stored at room temperature for over four decades. 

diverse (Figure 5). Although we reported this phenomenon 
of genomic diversification [14], we did not understand the 
genetic basis at that time. 

2  Genetic basis of genomic diversification 

We focused on the genes of the MMR system, as the muta-
tor phenotype of S. typhimurium LT7 was previously asso- 

ciated with a gene from this system [15,16]. MMR genes 
are highly conserved from bacteria to humans, and play a 
central role in maintaining genetic stability by correcting 
DNA biosynthetic errors, inhibiting homologous recombi-
nation events, and repairing genetic damage [17]. The basic 
components of the MMR system include MutS, MutL, 
MutH, UvrD, DNA ligase, exonuclease, and single strand 
binding protein. We began by analyzing the genes coding 
for MutS, MutL, and MutH, as these are the main compo-
nents in the initiation of mismatch repair. 

We sequenced mutL, mutS, and mutH from S. typhi-
murium LT7 strains stored at room temperature and com-
pared them with those from the S. typhimurium LT7 strain 
stored at −80°C, which did not show the genome diversifi-
cation phenomenon. We found that mutS and mutH were 
unchanged; however, mutL had a 6-bp deletion (GCTGGC). 
This sequence was found as three tandem repeats in the S. 
typhimurium LT7 strain stored at −80°C, but only two re-
peats in the strains stored at room temperature (Figure 3). 
We analyzed the sequences of mutL genes from Salmonella 
genomes deposited in GenBank, and all had three copies of 
the GCTGGC sequence. We reported this finding and des-
ignated the defective mutL allele 6bpmutL [18]. However, 
we did not know whether this 6-bp deletion was associated 
with the genome structure diversification phenomenon or 

 

 

Figure 4  Genomic inversion. Top, LT7 stored at −80°C; bottom, LT7 stored at room temperature for over four decades. 

 

Figure 5  I-Ceu I maps of S. typhimurium LT7 to illustrate the diverse genome structures among S. typhimurium LT7 mutants. The top map is LT7 stored at 
−80°C, and the lower maps are four representative LT7 mutants. 
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Table 1  Substitutions made in mutL to disrupt the 6-bp repeats to test for the genetic switch 

Gene Location DNA repeatsa) Allele Substituted basesb) Protein 

mutL 201–218 GCTGGCGCTGGCGCTGGCC 

mutL wild-type No change 

LALALA mutLLocked-1 GCTTGCCCTGGCGCTGGCC 

mutLL1-UL GCTGGCGCTGGCGCTGGCC 

a) Underlined bases denote a codon. b) Italicized bases denote substituted nucleotides. 

 

Figure 6  Comparison of the 6-bp repeats between the wild-type and 
defective mutL gene alleles. 

was merely a coincidence. 
To answer this question, we first used the S. typhimurium 

LT7 strain stored at −80°C to construct two defective MMR 
strains with genotypes of 6bpmutL and mutL (mutL gene 
knocked out completely), and then compared their pheno-
type with wild-type LT7 stored at –80°C (hereafter called 
wLT7), focusing on their mutation rates and recombination 
frequencies. In both the 6bpmutL and mutL strains, the 
mutability was elevated more than 100-fold, demonstrating 
that the 6-bp deletion completely abolished the MutL func-
tion. Combined with the findings that all of the strains that 
exhibited genomic diversification had the same 6bpmutL 
genotype, and the isogenic wLT7 strain had a relatively 
stable genome, we concluded that the 6bpmutL genotype 
was responsible for the genomic diversification phenome-
non in the S. typhimurium LT7 strains stored at room tem-
perature [18]. 

At this point, we asked the fundamental questions of 
what benefits did the 6bpmutL genotype bring the bacteria, 
and by what mechanisms, over the four decades of storage. 

3  The genetic switch model of bacterial adapta-
tion and evolution: modulating a dynamic bal-
ance between genetic stability and mutability 

The findings that 6bp∆mutL may spontaneously convert to 
the mutL genotype, and that the strains undergoing this 
conversion regained a level of genomic stability similar to 
that of wLT7, prompted us to postulate that mutL was a ge-
netic switch for conversion between the 6bp∆mutL and 
mutL genotypes [18]. We speculated that the three identical 
repeats may produce errors during replication, gaining or 
losing one copy of the GCTGGC sequence through 

slipped-strand mispairing [19]. To test this hypothesis, we 
converted the 6-bp perfect repeats (GCTGGC) to GCTTGC, 
CCTGGC, and GCTGGC (the underlined bases are modi-
fied) through molecular manipulation. Although the modi-
fied sequence still encoded the amino acids Leu-Ala-Leu- 
Ala-Leu-Ala (Table 1), the three repeats were no longer 
identical and hence should inhibit slipped-strand mispairing. 
We called this experimental process “locking the genetic 
switch”. When the genetic switch was “locked”, the ge-
nomic stability remained high and mutability was mini-
mized, considerably limiting genomic diversification events, 
with much lowered genomic mutation rates and recombina-
tion frequencies [20,21].  

4  DNA repeat sequences within MMR genes in 
other bacterial species 

Previous work demonstrated similar changes in mutL re-
peats in E. coli, such as changes in 6-bp repeats in E. coli B 
[22]. The reported repeat sequence in E. coli was 
CTGGCGGTGGCGGCGGCG, which is seemingly differ-
ent from the (GCTGGC)3 perfect repeats in Salmonella. 
However, when the upstream G was counted, the sequence 
would be GCTGGCGGTGGCGGCGGCG, which is identi-
cal to that in Salmonella. Interestingly, although both of the 
6-bp repeat sequences in E. coli and S. typhimurium LT7 
code for the amino acid sequence Leu-Ala-Leu-Ala- 
Leu-Ala, the last Ala is encoded by GCG in E. coli but GCC 
in S. typhimurium LT7. According to a computer simulation 
of the MutL molecular model, the region of the protein that 
this 6-bp repeat corresponds to is in the top of the 
ATP-binding pocket. Thus, deletion of one 6-bp repeat 
would delete one of the three Leu-Ala dipeptides and abol-
ish the ATPase activity.  

In addition to Salmonella and E. coli, the genome se-
quences of Shigella species published in GenBank contain 
these 6-bp repeats in the mutL gene. We also analyzed the 
genomic sequences of other bacteria and found that, alt-
hough the 6-bp mutL repeats are not highly conserved, 
many species have short repeats in other MMR genes such 
as mutS [20,21]. Some of these repeat sequences might also 
act as genetic switches, and further investigation may pro-
vide insights into bacterial evolution and, especially, the 
acquisition of virulence, drug resistance, or novel evolu-
tionary pathways. 
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5  Prospects 

Bacterial evolution is driven by genetic novelty through 
lateral gene transfer and accumulation of point mutations. 
Although mechanisms such as DNA mismatch repair would 
inhibit and minimize such processes, genomic diversifica-
tion events do occur. The mechanisms to establish and 
maintain a dynamic balance between genomic stability and 
mutability have been largely unstudied to date. Our work 
demonstrates the existence of molecular mechanisms that 
work as genetic switches, turning on and off spontaneously 
to modulate the genomic status for or against genetic 
changes. Future studies to determine to what extent the ge-
netic switch benefits the bacteria are necessary. To this end, 
we are conducting competition experiments using the 
wild-type strain and strains with a locked genetic switch to 
determine whether an active genetic switch contributes to 
survival in challenging environments (antibiotics, starvation, 
etc.) or establishing host infection. Based on the genetic 
switch model, we predict that pathogenic organisms would 
require transient MMR “off” periods to gain novel traits or 
allow genomic changes that lead to adaptation. If the genet-
ic switch was locked and genomic changes therefore could 
not take place, the pathogens would have much reduced 
adaptability compared to isogenic bacteria with wild-type 
MMR genes. 
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