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We have shown that bacterial mutation rates change during the experimental 
colonization of the mouse gut. A high mutation rate was initially beneficial 
because i t  allowed faster adaptation, but this benefit disappeared once adap- 
tation was achieved. Mutator bacteria accumulated mutations that, although 
neutral in the mouse gut, are often deleterious in secondary environments. 
Consistently, the competitiveness of mutator bacteria is reduced during trans- 
mission to and re-colonization of similar hosts. The short-term advantages and 
long-term disadvantages of mutator bacteria could account for their frequency 

(15). These results show that mutator bacteria 
arising spontaneously can quickly become 
dominant during the course of gut coloniza- 
tion (Fig. 1A). Conversely, in populations 
derived from the mutator mutS- strain, 
clones with a lower, intermediate mutation 
rate were isolated (Fig. 1A). This reduction 
was unlikely to be due to the restoration of a 
m u t ~ +  allele because such a restoration 
would have led to a wild-type mutation rate. 
Because changes in bacterial mutation rates 
seem to evolve readily in the mouse gut, this 
is a powerful experimental model for detect- 
ing the costs and benefits associated with a 
high mutation rate. 

To test whether increased mutation rates 
contribute to faster adaptation to an intestinal 
environment, competition experiments be-
tween wild-type and mutator bacteria were 
performed in initially germ-free mice. Mice 
were inoculated with about lo4 cells of iso- 
genic E. coli strains that differed only by a 
mutation in the mutS gene and their antibiotic 
resistance marker (16). Both the mutS+ and 
the mutator mutSp bacteria reached a popu- 
lation density of about 10"acteria per gram 
of feces 24 hours after inoculation. Between 
days 1 and 9, the mutSplmutS+ ratio in-
creased in all mice about 800-fold, showing a 
clear advantage of the mutator over the wild- 
type allele (Fig. 2A). 

If this selective advantage is indeed a 
result of mutator-generated adaptive muta- 
tions, it should depend on the capacity of the 
mutator to generate adaptive mutations that, 
in turn, should depend on its population size. 
Thus, the mutator fraction present in the in- 
oculum was modified from 1 :1 (mutator:wild 
type) to 1:  5 and 1 :50; only at the 1 :5000 

in nature. 

A proportion of clones from natural popula- 
tions of pathogenic and commensal bacteria 
has a strong mutator phenotype (1-4). Al-
though most mutations are neutral or delete- 
nous, mutator alleles (alleles that increase the 
mutation rate) are favored under directional 
selection, as has been observed in several 
experiments in laboratory media (5-8) and 
with the use of computer simulations (9, 10). 
To date, experiments with mutator Esche-
richia coli have largely been performed in 
laboratory media and confined to isolated, 
relatively constant environments. To study 
the in vivo role of mutator alleles in adapta- 
tion to complex natural habitats and to exam- 
ine the benefits and costs of high mutation 
rates, we monitored the fate of E. coli strains 
that differ only in their spontaneous mutation 
rates during the colonization of the gut of 
germ-free mice. 

The mutator strain used here expressed a 
defective MutS protein, a key component of 
the methyl-directed mismatch repair (MMR) 
system, which increases all major classes of 
genetic alteration (11). Most mutator E, coli 
found in nature have been shown to be MMR 
deficient, usually because the mutS gene is 
inactivated (1, 2, 12). 

Isogenic germ-free mice were inoculated 
with either a mutator or its isogenic wild-type 
E. coli strain (13). During the course of the 
ensuing weeks, the total population size and 
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the frequency of rifampicin-resistant mutants 
were measured in fecal samples (13). In 2 of 
26 mice inoculated with a wild-type strain 
after 3 weeks of colonization, the bactenal 
population had an increased frequency of ri- 
fampicin-resistant bacteria (14), indicating an 
increased mutation rate. After 42 days, indi- 
vidual colonies with an elevated mutation 
rate were isolated from the dominant fraction 
of these populations (Fig. 1A). The increase 
in mutation rate was attributed to a defect in 
the MMR genes, as the ancestral mutation 
rate was fully restored by the presence of 
plasmids carrying a wild-type MMR allele 

Fig. 1. Evolution of E. coli strains during A lxlo-4adaptation t o  the mouse gut. (A) Evo-
lution of the mutation rate. On day 0, 5 
germ-free mice were inoculated with 1x10-5 
either a wild-type mutSi E. coli (+) .-2 9 8
(mice m l  and m2 are the 2 of 26 mice $ lxlo-6 

V) 

in which the mutator bacteria had be- .-5 9 6  
come a detectable fraction of the pop- -
ulation in less than 6 weeks) or mutSp 1x10 .~  2 9 4  
E,  coli (0)(mouse M7). Results for other $ 
mice inoculated with a mutS- strain are 1,10-8 $ 9 2  

Javailable at (13).After 42 days of col- S+ m l  mz S- M7 
onization, 10 clones were randomly iso- Days spent 42 42 42 9.0 

lated from the dominant fecal popula- inmlce 
8 8 

tion. For each clone, the frequency of Ancestral -- 0 5 10 15 20 
spontaneously occurring rifampicin- genotype rnuts+ rnutS- Days 
resistant mutants was obtained in three 
independent measurements; their median values are presented. (A) and (0)are the same mea- 
surements for 10 clones from the initial mutator and wild-type ancestor strains, respectively. (B) 
Evolution of the population size. The population size of mutator and wild-type populations 
colonizing independent germ-free mice was followed for different purposes in 10 experiments with 
81 mice. The mutator population size was consistently higher than the wild type during the first 
4 days. A representative experiment is shown t o  describe the dynamics of adaptation. Two groups 
of 1 1  independent isogenic germ-free mice were inoculated the same day with about 2 x lo7 
bacteria that were either mutS- (w) or mutSi (0)strain. Each point represents the mean % 
standard mean deviation (smd) of the log-transformed population size per gram of feces for each 
mouse for each genotype at different times (P values for Mann-Whitney U tests are 0.01, 0.003, 
0.03, 0.02, and 0.003for days 1, 2, 3,4, and 8,respectively). 
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ratio did the frequency of the rnutS- allele 
decrease (Fig. 2A), presumably because the 
mutator population size was so small [about 
3 X lo6 bacteria per gram of feces after 48 
hours, (13)] that adaptive mutations were 
likely to occur within the wild-type popula- 
tion earlier than in the mutator population. 
These results indicate that the advantage of 
mutator bacteria depends on their ability to 
generate adaptive mutations rather than on a 
beneficial pleiotropic effect of the rnutS- 
allele. This corroborates chemostat experi- 
ments (5). 

To seek evidence for adaptive mutations, 
a clone was isolated from a mutator popula- 
tion that had outcompeted wild-type bacteria, 
thus supposed to carry adaptive mutations. 
The rnutS+ genotype was restored by P1 
transduction (13); this strain (noted r-rnutSc) 
showed enhanced fitness when challenged 
against the nonrnutator rnutSc ancestor in a 
new round of 1 : 1 competition (Fig. 2B). Be- 
tween days 0 and 8, the r-rnutS+lrnutS+ ratio 
increased about 20,000-fold without the ini- 

Fig. 2. Factors affecting the competi- 
tiveness of mutator bacteria colonizing 
the mouse gut. Each point represents 
the mean ? smd of log-transformed 
mutS-lmutSc ratios in each mouse (A, 
B, and C) or group of mice (D). On day 
0, isogenic germ-free mice were inocu- 
lated with E. coli strains. Details of the 
population sizes at the start of and dur- 
ing each experiment are available at 
(13). (A) Inoculated population size: (0) 

1:l competitions between 1.4 X lo4 
mutator versus 1.6 X lo4 wild-type (six 
independent mice). (0) 1:5 competi- 
tions between 3.3 x lo4 mutator ver- 
sus 1.6 X lo5 wild-type (10 indepen- 
dent mice). (w) 1:50 competitions be- 
tween 7 X lo5 mutator versus 3.1 X 
lo7 wild-type (three independent 
mice). (0) 1 : 5000 competitions be- 
tween 6 X lo3 mutator versus 2.9 X 
lo7 wild-type (three independent 
mice). (B) Mutator bacteria have gener- 
ated adaptive mutations. 1 : 1 competi- 
tions between strains that had never 
been in the germ-free mouse gut as in 
(A). Competitions (six independent 
mice) between 3.1 X lo4 wild-type an- 
cestor (.) and 3.6 X lo4 bacteria of a 
strain that have previously spent 42 
days in a mouse as mutator, and where 
the mutS+ allele (0) had been restored 
(r-mutSc). (C) Effect of the time spent 

tial 1-day lag observed in the 1: 1 rnutS-l 
rnutS+ competition (Fig. 2B). Thus, the r- 
rnutS+ bacteria exhibited the advantage of 
favorable mutations acquired during their 
mutator state (rnutS-) passage in the mouse 
gut. A similar advantage was observed for the 
mutator in in vivo competitions between 
rnutS- and rnutS+ bacterial populations that 
had both previously been grown for 1 day in 
individual mice before the competition (Fig. 
2C). This suggests that adaptive mutations 
are fixed rapidly in mutator populations. 

When the population sizes of wild-type 
and rnutS- mutator bacteria inoculated in 
separate mice were measured during coloni- 
zation, the mutator populations increased 
faster than the wild type (Fig. 1B). This 
confirmed that the mutation rate is limiting 
(1 7) during the colonization of a germ-free 
gut. 

However, after 2 weeks, the population 
sizes were indistinguishable (Fig. 1B). Once 
the most beneficial adaptive mutations have 
been generated, the advantage conferred by 
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in the gut before the competition. corn- 
petitions between mutS- NalR and 
mutS+ StrR populations that were previously grown in separate mice for 1 day (0) (six independent 
mice) or 400 days (0) (six independent mice). (D) Effect of the migration of bacteria between mice. 
On day 0, three marked germ-free mice were introduced in the same cage. The first one was 
inoculated with about lo9 mots- NalR bacteria, the second one with about log mutS+ StrR 
bacteria, and the third one was germ free. The total populations are the sum of the bacterial 
populations colonizing the three mice sharing the same cage. The presented values are the mean t 
smd for six independent groups of three mice of the log-transformed ratio of total mutator 
population in the cageltotal wild-type population in the cage. The inoculated bacterie either had 
never been in the gut (ancestral) (0) or had previously been grown for 400 days (B) in separate 
mice. 1:l competition between ancestral bacteria colonizing six independent mice housed in 
individual cages (isolated population) (0) as in (A). 

the mutator phenotype seems to have disap- 
peared. To test this hypothesis, a competition 
experiment was performed between rnutS+ 
and rnutS- bacteria, which had both previ- 
ously been grown for 400 days in individual 
isogenic mice and were expected to carry 
most of predominant adaptive mutations. The 
considerable advantage conferred by the mu- 
tator allele, observed in competitions be- 
tween bacteria that had spent 1 day (Fig. 2C) 
or less (Fig. 2A) in separate mice, was clearly 
reduced. The adaptive mutations had already 
been acquired in both populations during 
their 400 days of separate evolution in a gut. 

Clearly the cost of deleterious mutations 
is not sufficient to prevent the short-term 
success of mutator bacteria, as long as adap- 
tive mutations are generated. In vitro exper- 
iments and our unpublished computer simu- 
lation (18) have shown that, in addition to 
rare adaptive mutations, mutator bacteria rap- 
idly accumulate numerous detrimental muta- 
tions. Many of the mutations accumulated 
may not affect growth in the gut but may 
reduce mutator bacteria fitness in secondary 
environments. In nature; the primary environ- 
ment for E. coli is the intestine; its secondary 
environments are soil and water, where nu- 
trients are generally scarcer (19). Hence, E. 
coli clones isolated from the mice were tested 
for prototrophy. In mice inoculated with 
rnutS- ancestors, the proportion of auxo- 

Days post inoculum 

Fig. 3: Mutator clones accumulate deleterious 
mutations. Germ-free mice were inoculated ei- 
ther with a mutator (muts-) or a wild-type 
(mutSc) strain. At different times for each an- 
cestral genotype, 50 clones per mouse were 
tested for growth on minimum glucose medi- 
um (MMg). The mean percentage of auxotrophs 
is the percentage of clones that showed no 
growth on MMg. For the clones derived from a 
mutS- ancestor, results are presented in gray 
columns. For the MMg nongrowing clones of 
the mutSc series, the frequency of spontane- 
ously occurring rifampicin-resktant 'mutants 
was measured in three inde~endent cultures 
(13). The black part of the coiumns represents 
the fraction of auxotrophs with an ancestral 
wild-type mutation frequency. The white part 
of the columns represents the fraction of auxo- 
trophs with a median frequency of rifampicin- 
resistant variants at least 20-fold over the wild- 
type ancestor (emerging mutator clones). On 
days 150 and 220, the mean percentage of 
auxotrophs was not tested (nt) in the descen- 
dants of mutS+ and mots- strains, respectively. 
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trovhs increased with time and eventually 
reached 25% of the dominant population after 
400 days (Fig. 3). In mice inoculated with 
mutSt ancestors, the proportion of auxo-
trophs also increased, but only reached a 
maximum of 5%. Ninety percent of these 
auxotroph bacteria could be attributed to mu- 
tator subpopulations that had spontaneously 
emerged in some mice (Fig. 3). It appears that 
during intestinal colonization mutator bacte- 
ria lose robustness because of the accumula- 
tion of neutral mutations (20) that become 
deleterious in secondary environments. This 
may explain why mutator bacteria do not 
represent a larger fraction of natural isolates 
(1, 2). 

To assess the relative importance of mu- 
tator-associated costs and benefits when bac- 
teria experience both primary and secondary 
environments, we inoculated two mice: one 
with wild-type, the other one with mutator 
bacteria. Both were placed in the same cage 
with a third, initially germ-free, mouse. By 
summing the populations of mutator and 
wild-type strains subsequently colonizing the 
three mice (metapopulation), we monitored 
the combined effects on population sizes of 
competition in the gut and migration of bac- 
teria between mice. In contrast to 1:1 com- 
petition, the competitive advantage of the 
mutator allele was not detectable in these 
metapopulations (Fig. 2D). When the same 
metapopulation experiment was done with 
mice inoculated with populations previously 
grown for 400 days in separate mice, the 
mutator metapopulation remained lower than 
the wild type (Fig. 2D), showing the prevail- 
ing effect of the costs associated with a mu- 
tator allele once the adaptive mutations have 
been acquired. 

The mouse model showed that the advan- 
tage of mutator bacteria when colonizing new 
host is due to their capacity to generate adap- 
tive mutations rapidly, allowing them to ex- 
ploit the ecosystem resources more quickly 
than wild-type bacteria. This advantage is 
reduced to little or nothing once adaptation is 
achieved. Moreover, if the mutation rate is 
not reduced [as observed in some subpopula- 
tions (Fig. lA)], it leads progressively to loss 
of functions that are dispensable in the cur- 
rent environment but compromise the long- 
term survival of mutator clones. Our experi- 
ments also showed that bacterial migration 
between hosts is a potent factor in reducing 
the benefits of enhanced mutation rate and 
should be taken into consideration for under- 
standing the dynamics of mutator bacteria in 
natural populations. The heterogeneity of nat- 
ural environments might be expected to favor 
variability in mutation rate, as we observed in 
some bacterial populations colonizing mice 
(Fig. 1A). This in vivo study shows that 
important variations of the mutation rate can 
happen within weeks. These results may ac- 

count for the observation that some natural type allele was reduced to its wild-type ancestor 

bacterial isolates, such as those of Pseudomo- level. The mutation rate of a clone from mouse m l  
(Fig. 1) was reduced to its wild-type ancestor level 

nus aeruginosa found in the lungs of cystic ,hen transformed with a Dlasmid carwine mutS or 
fibrosis patients, have a strong mutator phe- mutH wild-type alleles. ~esblts of the complements-

at (I3).notype. It may also inspire studies on emerg- tion are availabie 
16. Switching the antibiotic resistance markers had no 

ing pathogenicity and drug resistance in mi- effect on competition, Detailed description of the 
croorganisms (2, 4, 21, 22). as well as assist- strain construction is available at (73). 

ing studies on the somatic evolution of ma- 17. 1. ArJan science 283,404 (1.999). 
18. The fixation of neutral or deleterious mutations in lignant mutator tumor cells (23). populations with a high mutation rate undergoing 

strong bottlenecks is known as Muller's ratchet [H. 
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We report the development of a pseudorabies virus that can be used for 
retrograde tracing from selected neurons. This virus encodes a green fluorescent 
protein marker and replicates only in  neurons that express the Cre recombinase 
and in  neurons in  synaptic contact wi th  the originally infected cells. The virus 
was injected into the arcuate nucleus of mice that express Cre only in  those 
neurons that express neuropeptide Y or the leptin receptor. sectioiing of the 
brains revealed that these neurons receive inputs from neurons in other regions 
of the hypothalamus, as wel l  as the amygdala, cortex, and other brain regions. 
These data suggest that higher cortical centers modulate leptin signaling in  the 
hypothalamus. This method of neural tracing may prove useful in studies of 
other complex neural circuits. 

The decision to initiate feeding is dependent neurons that express the leptin receptor. 
on a variety of motivational, metabolic, and These neurons are distributed among several 
hormonal factors including the plasma level hypothalamic nuclei including the arcuate nu- 
of leptin (I,  2). Leptin is an adipocyte- cleus (ARC) and the ventromedial (VMH), 
derived hormone whose effects on food in- lateral (LH), and dorsomedial (DMH) nuclei 
take are mediated through distinct classes of (3). Although neurons in these nuclei are 
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