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High Mutation Frequencies Among Escherichia
coli and Salmonella Pathogens
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Here it is reported that the incidence of mutators among isolates of pathogenic Esch-
erichia coli and Salmonella enterica is high (over 1 percent). These findings counter the
theory, founded on studies with laboratory-attenuated strains, that suggests mutators
are rare among bacterial populations. Defects in methyl-directed mismatch repair un-
derlie all mutator phenotypes described here. Of nine independently derived hypermut-
able strains, seven contained a defective mutS allele. Because these mutant alleles
increase the mutation rate and enhance recombination among diverse species, these
studies may help explain both the rapid emergence of antibiotic resistance and the
penetrance of virulence genes within the prokaryotic community.

Escherichia coli O157:H7, which is respon-
sible for about 20,000 cases of food-related
illnesses in the United States annually, was
first recognized as a human pathogen in
1982 (1). Other foodborne pathogens have
long been known but are creating new
health concerns; for example, Salmonella en-
teritidis in eggs (2). Whether pathogens such
as E. coli O157:H7 are truly new or are old
but previously unrecognized, and whether
S. enteritidis has changed sufficiently to fill
new niches, are parts of the conundrum of
emerging pathogens. The true nature of
emerging pathogens can be comprehended
only if the molecular mechanisms underly-
ing the evolution of potential pathogens
within natural populations are understood.
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Two forces known to govern genetic
change are the mutation of nucleotide se-
quences within a genome and the horizon-
tal transfer of existing sequences among
genomes. In certain mutator phenotypes,
namely those deficient in methyl-directed
mismatch repair (MMR), these forces con-
verge to increase the rate of genetic varia-
tion. MMR is a postreplicative repair system
that corrects errors on newly synthesized
DNA strands to ensure the precision of
chromosome replication (3). MMR is also a
major barrier to interspecies gene exchange
(4). Consequently, bacteria defective in
MMR show both an enhanced rate of mu-
tation (a hypermutable phenotype) and an
increase in recombination of diverged se-
quences; that is, they are more promiscuous
(4). It therefore becomes relevant to the
problem of emerging pathogens to deter-
mine the frequency of such mutator pheno-
types among human pathogens.
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Our aim was to survey isolates of E. coli
and S. enterica, implicated in food-related
outbreaks of disease, for hypermutable
strains. We screened a portion of the Food
and Drug Administration’s bacterial patho-
gen collection and natural E. coli (5) and S.
enterica (6) reference collections for the
frequency of mutations conferring resis-
tance to the antibiotic rifampicin. Under
plating conditions that yielded O to 5 mu-
tants per 10% cells for most isolates, 26
putative mutators exhibiting up to 1000-
fold greater frequencies of rifampicin-resis-
tant (Rif®) mutants were observed in both
E. coli and S. enterica (Table 1). Putative
mutators were isolated from single colonies
and tested for a general mutator phenotype
by determination of the frequency of muta-
tions that conferred resistance to each of

Table 1. Rifampicin-resistant mutants in isolates
of E. coliand S. enterica. Cultures were grown in
BHI broth overnight at 37°C; LB medium was
used for plating, including selection for rifampicin
resistance (100 wg/ml). Putative mutators dis-
played at least a 50-fold increase in mutation fre-
quency as compared with control levels. Mutator
percent is the number of mutator phenotypes per
number of isolates examined times 100.

Number of isolates

Strain Total Putative Mutator
analyzed mutator (%)
E. coli
O157:H7 120 5 2(1.7)
Other serotypes 20 3 1(5.0)
ECOR collection 72 1 1(1.4)
S. enterica
S. enteritidis 15 1 1(6.7)
Other serovars 106 14 3(2.8)
SARC collection 16 2 1(6.2)
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Table 2. Mutation frequency of hypermutable clones. Frequencies + SD represent three to seven
determinations from independent cultures. EC536 and SL12 served as controls for E. coli and S.

enterica, respectively (27).

Mutants per 108 cells

Isolate
RifR Spch Nal®?
EC536 12+04 0.2 = 0.1 0.5+0.2
EC503 114 = 22 31+8 403 + 41
EC535 119 + 23 3Bx7 300 + 57
DEC5A 425 + 150 26 + 2 195 = 110
ECOR48 441 + 45 Spch 177 £ 57
S. enteritidis (SL12) 2+08 3+0.2 0.8 0.7
S. enteritidis (C396) 782 + 101 70 = 25 745 + 163
S. berta (SL78) 738 + 289 30+3 148 + 13
S. halmstad (SL58) 704 + 265 338 + 73 481 + 269
S. arizonae (S2978) 798 + 320 407 + 83 199 + 95
S. infantis (SL101) 981 + 449 172 + 40 113 + 18

the antibiotics spectinomycin, nalidixic
acid, and rifampicin. This screen identified
nine hypermutable strains (Table 2). Anti-
biotic-resistant colonies in the remaining
17 strains were attributable to subpopula-
tions of mutants (up to 107°) that resided
in the original cultures. Each subpopulation
was resistant to only one of the antibiotics.
Clonality of preexisting mutants was con-
firmed by sib selection (7), in which mu-
tants were isolated without exposure of bac-
teria to antibiotic selection.

The E. coli mutator collection comprises
two O157:H7 strains, an O55:H7 isolate
that is one of the diarrheagenic E. coli
(DEC) clones (8), and ECOR48 (5),
whereas the Salmonella series includes four
different serovars and the SARC strain
S2978 (6). The occurrence of nine inde-
pendent hypermutable strains among 349
E. coli and S. enterica isolates surveyed in-
dicates an incidence of 2.6%, distributed
within a range of 1.4 to 6.7% (Table 1).
Among natural populations at large, the
incidence of hypermutable strains may be
greater (9).

The magnitude of the increases in mu-

tagenesis over control levels (10% to 10%) is
characteristic of E. coli and S. typhimurium
strains defective in MMR. Four proteins
essential for mismatch correction—MutH,
MutL, MutS, and UvrD (or MutU)—are
candidates for being defective in these mu-
tators. Thus, hypermutable strains were
transformed with plasmids containing each
of the wild-type genes for these products.
Complementation analysis showed that
each of the nine mutators contained a de-
fective MMR allele. Seven, including the
four E. coli isolates, carried a mutS defect
(Table 3).

Molecular studies of the E. coli mutS
mutators were conducted to verify genetic
results. Concordance with the sequence of
E. coli K12 was established by cloning and
sequencing of mutS from an E. coli O157:
H7 nonmutator strain, EC536. Relative to
E. coli K12, mutS of E. coli O157:H7 is
unremarkable. That is, its sequence of
2735 base pairs (bp), encompassing the
2562-bp mutS gene, is 97.84% similar to
that of its K12 counterpart, yielding
99.88% identical MutS products (10).

However, long polymerase chain reaction

(PCR) analysis (I11) of the 12-kb fhlA-
mutS-rpoS region revealed that the se-
quence 3’ to mutS is markedly different
from that of E. coli K12 (Fig. 1). Nucleo-
tide sequencing of a limited portion of the
region between mutS and rpoS showed that
EC536 contains novel DNA sequence
(about 2750 bp) in place of 6098 bp of
K12 sequence (12). Oligonucleotide probe
analyses (13) confirmed that the unusual
sequence identified in EC536 is present in
all nonmutator O157:H7 strains studied
and also in isolates of E. coli O55:H7,
which is evolutionarily the closest sibling
to O157:H7 (8). Contrary to nonmutator
strains, analysis of E. coli mutators indi-
cated the presence of larger deletions that
directly affect mutS. Long PCR results
showed that O157:H7 mutator EC503
contains a deletion of 7489 * 48 bp rela-
tive to the K12 strain W3110, or approx-
imately 4100 bp as compared with its
O157:H7 progenitor (Fig. 1). Sequence
analysis confirmed that a deletion of 7449
bp extends 212 bp into the 3" end of mutS,
with identical sequence (GAGGTAAT)
residing at the deletion endpoints (14).

The incidence of hypermutable mutants
among pathogenic strains (>1%) is alarm-
ingly high considering that, at equilibrium,
the frequency of deleterious alleles within a
population is expected to be 107° to 1073
(15). Our results, however, were partially
presaged by chemostat competition analyses
(16). Moreover, very recent studies show
that when a series of E. coli B cultures are
propagated for thousands of generations un-
der glucose-limiting conditions, some con-
vert to a mutator phenotype (17). Two
previous studies noted mutators among nat-
ural E. coli populations (18), though neither
suggested the possibility that a mutator phe-
notype may be found more frequently
among human pathogens (19).

The mutators isolated here (mutS,
mutH, and uvrD defects) portend an inti-

Table 3. Suppression of mutator activity by plasmid clones containing wild-type mut genes (28). Positive complementation is signified by >97% suppression
of the mutator phenotype as assessed by spontaneous mutagenesis to rifampicin resistance. Percentage of suppression = SD represents three or more
determinations from independent cultures, except for S. typhimurium TW541, a known mutS-defective strain, which is the average of two experiments.

pGW1899

pGW1842 pGW1811

pGT26

Isolate (mutH*) (mutL*) (mutS™*) (D) pBR322

EC503 56.4 + 11.2 39.0 + 7.6 973+ 1.0 191+ 119 402 + 8.1
EC535 55.5 + 10.0 382 + 31.7 98.6 + 0.6 442 + 6.6 434+ 17.9
DEC5A 442+ 227 55.0 + 4.0 99.3 + 0.3 60.5 + 12.8 62.1 + 6.9
ECOR48 30.6 + 18.6 26.6 +~ 13.6 979+ 1.9 46.0 + 14.7 ND*

S. enteritidlis C396 467 + 108 322 + 9.1 98.9 + 1.0 438 + 147 ND

S. berta SL78 99.3 + 0.6 46.4 + 17.6 433 + 8.8 61.6 + 12.5 ND

S. halmstad SL58 50.4 + 16.7 306 + 8.4 992 + 0.2 55.6 + 8.0 ND

S. arizonae S2978 373+ 04 455 + 57 383+ 17.9 98.5 + 2.1 ND

S. infantis SL101 39.9 + 19.0 50.0 + 4.5 99.4 + 0.8 18.6 = 14.4 ND

S. typhimurium TW541% 60.0 69.1 99.4 33.7 373

*pPBR322-transformed isolates were used to determine the extent of nonspecific suppression by vector DNA alone.

in the mutS gene and was used to distinguish complementation and nonspecific suppression.
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‘tSalmonella typhimurium TW541 contains a Tn10 insertion
$ND, no determination.
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some at approximately 1.5-kb intervals. Because
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0157:H7 and O55:H7 strains were negative with
these E. coli mutators, we conclude that they carry
extensive deletions, affecting not only mutS but also
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Neuronal Gene Expression in the Waking State:
A Role for the Locus Coeruleus
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Several transcription factors are expressed at higher levels in the waking than in the
sleeping brain. In experiments with rats, the locus coeruleus, a noradrenergic nucleus
with diffuse projections, was found to regulate such expression. In brain regions depleted
of noradrenergic innervation, amounts of c-Fos and nerve growth factor—induced A after
waking were as low as after sleep. Phosphorylation of cyclic adenosine monophosphate
response element-binding protein was also reduced. In contrast, electroencephalo-
graphic activity was unchanged. The reduced activity of locus coeruleus neurons may
explain why the induction of certain transcription factors, with potential effects on
plasticity and learning, does not occur during sleep.

In most brain regions, the expression of
some transcription factors that could medi-
ate long-term changes in neural function,
such as the immediate-early genes (IEGs)
encoding c-Fos and nerve growth factor—
induced A (NGFI-A) (1), is much greater
during the waking state than during sleep
(2-4). The reasons why the expression of
these genes is high during waking and low
during sleep are not known. A key factor
might be the activity level of neuromodu-
latory systems with diffuse projections to
many regions of the brain, such as the nor-
adrenergic locus coeruleus (LC) (5). During
sleep, LC neurons fire regularly at very low
levels, whereas during waking, LC neurons
fire regularly at higher levels and emit pha-
sic, short bursts of action potentials when
triggered by salient events (6). These neu-
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rons release norepinephrine (NE), which
can modify neural activity and excitability
(7) as well as the expression of certain
genes, including IEGs (8).

Does the LC play a role in the increased
expression of transcription factors that oc-
curs during the waking state? To analyze
this possibility, we implanted electrodes in
rats for electroencephalographic (EEG) and
electromyographic recordings; we then ad-
ministered a unilateral injection into the
LC of 6-hydroxydopamine (6-OHDA), a
neurotoxin that destroys catecholaminergic
neurons (9). In rats in which the LC was
not lesioned, we observed little or no Fos
protein expression after 3 hours of sleep
(N = 7; Fig. 1A), but there was a marked
bilateral expression of Fos in cerebral cor-
tex, hippocampus, and other brain areas
after 3 hours of waking induced by sleep
deprivation (N = 8; Fig. 1A) (10). In con-
trast, in sleep-deprived rats in which the LC
of one side had been lesioned (N = 9), Fos
expression was almost abolished in cortical
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clones harboring the wild-type gene for mutH
(PGW1899), mutL (pGW1842), mutS (pGW1811),
and uvrD (pGT26). pGW plasmids are described by
P. P. Pang, A. S. Lundberg, and G. C. Walker [J.
Bacteriol. 163, 1007 (1985)], and pGT26 plasmids
are described by G. Taucher-Scholz and H. Hoff-
mann-Berling [Eur. J. Biochem. 137, 573 (1983)].
Mutators C396 and SL78 were transformed by
phage P22 HT int transducing particles carrying
plasmid clones [M. J. Orbach and E. N. Jackson, J.
Bacteriol. 149, 985 (1982)]. Other mutators were
transformed by electroporation with the use of a Bio-
Rad Gene Pulser apparatus and protocol supplied
by the manufacturer.

29. The primers used were R3, 5-TTACCTGAGTGC-
CTACGCC; F2, 5'-CTGGCGGATAAAAGCTCCG;
S8, 5'-GCCCATGATGCAGCAGTAT; and L119, 5'-
TGCATCTCGATGCACTGGAG. Long PCR was
done with the Perkin Elmer XL PCR kit and 30 cycles
of 1 minat94°C, 1.5 min at 55°C, and 5 min at 68°C.

30. Theauthors thank M. J. Bessman, H. Ochman, R. M.
Schaaper, P. |. Tarr, and T. S. Whittam for supplying
bacterial strains and E. F. Boyd, E. C. Cox, P. E.
Hartman, R. E. Lenski, P. Modrich, and P. D.
Sniegowski for helpful discussions and comments.
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areas and hippocampus on the lesioned side,
whereas on the intact side, Fos levels were
high and comparable to those observed in
normal animals after periods of waking (Fig.
1B) (11). The extent and effectiveness of
LC lesions were determined by examining
quantitatively the disappearance of NE cell
bodies in the LC and of NE fibers in target
cortical regions (Fig. 1B) (12). On average,
in cortical areas in which NE fibers were
reduced by more than 80%, Fos expression
after waking was reduced by 76 * 8%
(mean = SEM, P < 0.001, Wilcoxon
signed-rank test for matched pairs) with
respect to the intact side (13). In all ani-
mals examined, Fos immunoreactivity de-
creased in close spatial correspondence with
the disappearance of NE innervation, even
at the level of individual NE fibers. The
reduction of Fos protein on the lesioned
side was accompanied by a comparable de-
crease of c-Fos mRNA as revealed by in situ
hybridization (N = 3) (14, 15).

Because there is evidence that the re-
lease of NE may be responsible for the
increased levels of IEG expression that are
observed after stressful manipulations (16),
we also examined Fos expression in rats
with unilateral LC lesions that had been
spontaneously awake for 3 hours in the dark
without any external iritervention. The rats
were killed at least 2 to 3 weeks after sur-
gery, when percentages of recording time
spent in different behavioral states had re-
turned to control values. As in animals
killed after sleep deprivation in the light,
Fos levels were high on the intact side but
very low or absent in cortical areas depleted
of NE fibers (77 = 1% reduction, N = 6,
P < 0.001) (Fig. 2, A and B). Thus, the
expression of Fos in cortex and hippocam-
pus was due to the waking state per se rather

1211


mailto:tononi@nsi.edu

