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says were performed as described [ J. E. Kuster, J. I.
Stevenson, S. J. Ward, T. E. D’Ambra, D. A. Haycock,
J. Pharmacol. Exp. Ther. 264, 1352 (1993)]. Using
mice, we found a
forebrain membranes from CB1/1
1
dissociation constant (Kd) of 0.73 6 0.12 nM and a
maximum binding capacity (Bmax) of 1.17 6 0.16
pmol of [3H]WIN55,212-2 per milligram of protein
for [3H]WIN55,212-2 and a Kd of 0.74 6 0.11 nM and
a Bmax of 1.07 6 0.04 pmol of [3H]SR141,716A per
milligram of protein for [3H]SR141,716A. No binding
was detected on forebrain or cerebellar membranes
from CB2/2
mice.
1
Animals were housed at 21° 6 1°C with free access
to food and water. Experiments were conducted in
accordance with local ethical guidelines. The measurement of locomotor activity, and the open-field
and elevated plus maze tests were performed as
described (24). Mice were exposed to the open field
for three consecutive days. The number of squares
crossed was as follows: wild type: 170 6 12, 127 6
10, and 91 6 11 for first, second, and third days,
respectively; knockout: 256 6 20 (P , 0.01),
158 6 15 (NS), and 120 6 16 (NS) for first, second,
and third days, respectively (t test, n 5 15 per
group).
The spontaneous alternation test was conducted as
described (24). The percentage of alternation was
measured as the number of times the animal visited
consecutively all three arms, divided by the total
number of visits during a 10-min period.
Nociceptive thresholds were monitored by applying thermal (tail-immersion and hot-plate tests),
mechanical (tail-pressure test), or chemical stimuli
(writhing test) (24). For the tail-immersion test,
mice were maintained in a cylinder, and their tail
was immersed in water at 50°C; latency to tail
withdrawal was recorded. In the hot-plate test,
mice were placed on a surface heated to 50°C, and
the latencies for licking their paws and jumping
were recorded. For the tail-pressure test, increasing
pressure (tip diameter: 1 mm) was applied to the
tails of the mice until a withdrawal response was
elicited. In the writhing test, mice received 0.1 ml
per 10 g of body weight of a 0.6% acetic acid
solution by the intraperitoneal route, and contractions of abdominal musculature (writhes) were
counted between 5 and 15 min after the injection.
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mg/kg, intraperitoneally) or vehicle (ethanol/chremophor EL/distilled water, 1:1:18). On day 6, they received the morning injection and 4 hours later the
cannabinoid antagonist SR141,716A [10 mg/kg, subcutaneously (sc)]. D9-THC withdrawal was evaluated
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were injected through a catheter inserted into the
jugular vein. Basal values were as follows: blood
) and 123 6 4.1 (CB2/2
)
pressure, 113 6 2.4 (CB1/1
1
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) and
mmHg; P . 0.05; heart rate, 522 6 43 (CB1/1
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2/2) beats per minute; P . 0.05, t test,
494 6 38 (CB1
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Diminishing Returns from
Mutation Supply Rate in
Asexual Populations
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Mutator genotypes with increased mutation rates may be especially important
in microbial evolution if genetic adaptation is generally limited by the supply
of mutations. In experimental populations of the bacterium Escherichia coli, the
rate of evolutionary adaptation was proportional to the mutation supply rate
only in particular circumstances of small or initially well-adapted populations.
These experiments also demonstrate a “speed limit” on adaptive evolution in
asexual populations, one that is independent of the mutation supply rate.
Surveys of natural populations of pathogenic
(1) and commensal (2) bacteria indicate that
more than 1% are dominated by mutator genotypes with increased mutation rates. Such
genotypes are even more prevalent among
populations of E. coli evolving in the laboratory (3) and in certain tumors (4). Mutators
may be favored because they produce rare
beneficial mutations more often than do normal genotypes and thereby allow a faster
response to selection (5). But the actual relation between mutation rates and adaptive
evolution may be more complicated, especially in asexual populations that are subject
to strong effects of genetic linkage. Indeed,
the logic that drives any empirical association
between mutators and rapid adaptive evolution can be reversed: Rapid adaptation to a
novel or changing environment provides
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more frequent opportunities for mutators to
“hitchhike” to high frequency along with
beneficial mutations to which they are genetically linked, even when mutators themselves
have little effect on the rate of adaptation (3).
Moreover, population genetic models predict that the rate of adaptive evolution in
asexual populations will increase proportionately with mutation rate only if populations
spend most of their time waiting for beneficial mutations (6). Otherwise, two or more
beneficial mutations may be simultaneously
present in different lineages within a population; they will interfere with one another’s
spread, and ultimately only the superior mutation prevails while all others are driven
extinct (6, 7). Therefore, an increase in the
supply rate of beneficial mutations might ofTable 1. Estimates of relative mutation rates of
the six strains used in the evolution experiment,
on the basis of eight separate fluctuation tests for
each strain (14).

Mutator
allele
Wild type
mutY
mutS
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Relative mutation rate
Nonadapted
background

Adapted
background

1
3.3
34.9

1
3.3
32.4
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ten be subject to diminishing returns, as the
extent of clonal interference increases with
the number of beneficial mutations produced
in an interval. This effect can be so pronounced that the rate of adaptation reaches an
effective “speed limit” (6).
Consider an asexual population that is small
and spends most of its time waiting for the next
beneficial mutation. An increment in either mutation rate or population size should shorten the
waiting time and thereby accelerate adaptive
evolution. However, a further increase in the
supply of beneficial mutations (because of
changes in either parameter) should yield less
acceleration as a consequence of more clonal
interference (8). Now consider the effect of
starting out with a different genotype, one better
adapted to the selective environment. This population should spend more time waiting for
beneficial mutations than one that is poorly
adapted, all else equal, and thus clonal interference should be less important. Well-adapted
populations may therefore experience a proportional acceleration of their adaptive evolution
over the same range of mutation rates and
population sizes that reveal a speed limit in
populations founded by an inferior genotype.
We tested these hypotheses by examining
how mutation rate, population size, and the
level of adaptedness affect the rate of adaptive evolution in asexual populations of the
bacterium E. coli. Forty-eight populations
evolved for 1000 generations in a simple
laboratory environment (9). We manipulated
initial adaptedness by using two founding
strains: One had not previously experienced

Fig. 1. Fitness trajectories of wild-type and
mutator populations, founded by the nonadapted strain, during experimental evolution.
Points indicate the average fitness of four populations in each treatment relative to the corresponding ancestor; error bars show standard
errors. Circles are wild type, squares mutY, triangles mutS. (A) Small effective population size
(5 6.6 3 105). (B) Large effective population
size (5 3.3 3 107).

the selective environment, whereas the other
had already adapted to that environment for
10,000 generations (10). We manipulated
mutation rates by moving repair-deficient
mutY and mutS alleles into repair-proficient
genetic backgrounds (11). We manipulated
effective population size by varying the bottleneck during propagation of the evolving
populations (12). The rate of adaptive evolution was determined by measuring changes in
competitive fitness relative to the corresponding ancestral strain and in the same simple
environment (13). Fluctuation tests (14) indicate a moderate increase in mutation rate for
the mutY strains and a greater increase for the
mutS strains (Table 1). Each combination of
mutation rate (wild-type, mutY, or mutS), effective population size (6.6 3 105 or 3.3 3
107), and evolutionary history (nonadapted or
adapted) was replicated fourfold.
Fitness increased under each combination
of mutation rate and population size in the
nonadapted strains (Fig. 1). For each population, we calculated its time-averaged rate of
adaptation from the regression of fitness
against time. We then regressed these rates
against the product of relative mutation rate
and effective population size, which equals
the mutation supply rate, using two different
models (Fig. 2A). The first is a linear model,
in which the rate of adaptation is directly
proportional to the mutation supply rate. The

Fig. 2. Effect of mutation supply rate on rate of
adaptive evolution. Mutation supply rate is the
product of mutation rate and effective population size; values are expressed relative to the
treatment with the lowest rate and are shown
on a log-transformed scale to spread the treatments along the x axis (statistical regressions
use untransformed values). Open symbols are
small populations, filled symbols large populations; circles are wild type, squares mutY, triangles mutS. (A) Populations founded by nonadapted strains. The curve is a hyperbolic regression, which fits the data better than a linear
regression (P , 0.0001). (B) Populations founded by previously adapted strains. The curve is a
linear regression (P 5 0.0234), which appears
exponential because of the logarithmic scale. A
hyperbolic regression provides no significant
improvement (P 5 0.4565).

second is a rectangular hyperbola, such that
the rate of adaptation is subject to an upper
limit because of clonal interference. The y
intercept is fixed at 0 in both models, because
an asexual population with no mutations cannot adapt genetically. The linear model indicates that the rate of adaptation increases with
the mutation supply rate (F1,23 5 7.47, P 5
0.0118). But the additional degree of freedom
required for the hyperbolic model provides a
substantial improvement over the linear model (F1,22 5 397.53, P , 0.0001) (15). Our
experiment thus demonstrates a speed limit
on adaptive evolution in asexual populations,
which was predicted by a population genetic
model with clonal interference (6).
This model also predicts that the speed
limit should be shifted to much higher values
of the mutation supply rate for a founding
strain that is so well-adapted that it spends
most of its time waiting for further beneficial
mutations. The rate of adaptation was much
slower for the 24 populations founded by the
adapted strain (Fig. 2B) than for those founded by the nonadapted strain (Fig. 2A). Even
so, the rate of adaptation in these well-adapted populations increased significantly with
mutation supply rate, on the basis of linear
regression with the y intercept held at 0 (F1,23
5 5.90, P 5 0.0234). But the hyperbolic
model provides no statistical improvement
for the well-adapted populations (F1,22 5
0.57, P 5 0.4565), in contrast to the strong
improvement for the nonadapted populations.
Thus, the contrasting predictions for the effects of the mutation supply rate on the rate of
adaptation in well-adapted versus poorly
adapted populations are supported.
Our findings have three evolutionary implications. First, higher mutation rates need
not accelerate the pace of evolutionary adaptation in asexual populations. Acceleration
proportional to the mutation rate occurs only
in limited circumstances, such as small effective population size, where an evolving population spends most of the time waiting for
beneficial mutations (16). This is particularly
relevant to bacterial pathogens that may experience severe population bottlenecks during colonization of the host (17). Second,
mutators are common in asexual populations
under conditions of rapid adaptive evolution
because such conditions provide numerous
opportunities for mutators to hitchhike to
high frequency with beneficial mutations to
which they are linked (3, 5). Mutators need
not—and often will not—substantially accelerate adaptive evolution. Third, clonal interference imposes a speed limit on adaptive
evolution in asexual populations, because
two or more beneficial mutations that arise in
different lineages cannot be combined into
the same lineage. An advantage of sex is that
it allows beneficial mutations to be combined
into the same lineage, minimizing clonal in-
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terference and removing the speed limit on
adaptive evolution that constrains asexual
populations (7, 18, 19).
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