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In this paper, the first robust experimental evidence of in vitro and in vivo concentration-dependent selection
of low-level antibiotic-resistant genetic variants is described. The work is based on the study of an asymmetric
competition assay with pairs of isogenic Escherichia coli strains, differing only (apart from a neutral chromo-
somal marker) in a single amino acid replacement in a plasmid-mediated TEM-1 beta-lactamase enzyme, which
results in the new TEM-12 beta-lactamase. The mixture was challenged by different antibiotic concentrations,
both in vitro and in the animal model, and the selective process of the variant population was carefully mon-
itored. A mathematical model was constructed to test the hypothesis that measured growth and killing rates
of the individual TEM variants at different antibiotic concentrations could be used to predict quantitatively the
strength of selection for TEM-12 observed in competition experiments at these different concentrations.

The bacterial development of antibiotic resistance is one of
the best-documented examples of contemporary biological
evolution. After half a century of massive, largely uncontrolled
release of industrial antibiotics around the world, microbial
populations have developed a wide variety of mechanisms of
resistance. TEM-1 (and TEM-2) beta-lactamases were de-
tected among resistant gram-negative organisms in the 1960s,
shortly after the introduction of ampicillin in the clinical arma-
mentarium (9). During the last two decades, nearly 60 new mo-
lecular variants of these early enzymes, showing altered sub-
strate specificity, have been described (http://www.lahey.org
/studies/temtable.htm). This variety represents a unique exam-
ple of protein evolution in “real time” (26). Such diversifica-
tion was probably a consequence of an equivalent diversifica-
tion of selective challenges resulting from the introduction of
multiple beta-lactam antibiotic molecules designed to resist
hydrolysis by the TEM-1 enzyme, in particular broad-spectrum
cephalosporins (such as cefotaxime) and beta-lactamase inhib-
itors.

Among the more efficient new TEM variants that have
evolved to hydrolyze cefotaxime are those which differ from
the earlier molecules by several amino acids. Assuming that
mutation rates in Escherichia coli are on the order of 10210 per
base pair per generation, it is unlikely that two or more point
mutations would appear simultaneously in a beta-lactamase
gene. Therefore, if the TEM-1 beta-lactamase is the ancestor
of these multiply mutated variants, it is most likely that the
variants arose by a process of sequential point mutation and
selection of singly mutated intermediates. For such a scenario
to be plausible, each mutation would need to confer a selective
advantage over the ancestral strain. In many cases, strains with
monomutated TEM-1 enzymes (such as TEM-12, resulting from

a single substitution of arginine for serine at position 164) ex-
hibit only a very small increase in resistance to cefotaxime.
Typically, TEM-1-producing E. coli is inhibited by 0.008 mg/ml,
and TEM-12-producing E. coli is inhibited by 0.015 mg/ml.
Despite such a small phenotypic difference, TEM-12-contain-
ing strains may have been selected by cefotaxime use, thereby
providing the genetic background for double-mutated, more
efficient enzymes, such as TEM-10 (in which glutamic acid re-
places lysine at position 240), which confers resistance at cefo-
taxime concentrations up to 0.25 mg/ml (6).

The hypothesis that the selection of resistant genetic vari-
ants is driven by precise selective antibiotic concentrations
occurring at particular spatial locations (selective compart-
ments) has been previously proposed by our group (1, 2, 3, 24).
In the work described in this report, we hypothesized that
selection of strains with increased levels of resistance to a drug
will occur at a particular drug concentration in proportion to
the difference in the growth (or killing) rates between the two
strains at that concentration and in proportion to the duration
of exposure. Furthermore, we hypothesized that independent
measurements of the growth and killing rates of two bacterial
strains could be used to predict quantitatively the selective
increase in the more resistant strain when the strains were
competing at a particular drug concentration. One prediction
of these hypotheses is that there would be a range of concen-
trations, corresponding to the maximum differences in bacte-
rial growth and killing rates, at which selection would be the
most intense; we call this range of concentrations a “selective
window.” This paper describes experimental and mathematical
modeling work designed to test these hypotheses. The first
robust experimental evidence of in vitro and in vivo concen-
tration-dependent selection of low-level antibiotic-resistant ge-
netic variants was obtained.

MATERIALS AND METHODS

Bacterial strains and plasmids. For in vitro studies, the baseline strain was
E. coli B REL606, which has been used in several other evolutionary studies (17,
18, 19, 30). This strain is prototrophic but unable to grow on L-arabinose (Ara2).
A spontaneous Ara1 mutant, REL607, was previously obtained by Lenski (18).
The Ara2 and Ara1 clones form red and light-pink colonies, respectively, on
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tetrazolium-arabinose (TA) indicator plates (19), making it easy to score the
relative frequencies of these markers when a mixed population is plated. The
neutrality of the arabinose marker in our experimental conditions was con-
firmed; as in the original work of Lenski (18), the ratio of fitnesses between
the two clones was 1.00 6 0.01 (95% confidence interval). The baseline plasmid
was the nonconjugative plasmid pBGS192 (30); the derivatives pBGTEM-1 and
pBGTEM-12 were obtained, respectively, carrying the blaTEM-1 and blaTEM-12
beta-lactamase genes. pBGTEM-1 was constructed by cloning a BamHI-BamHI
fragment from the plasmid pKT254V-Ap (11) containing the blaT1 (TEM-1
beta-lactamase) gene from Tn3 into the BamHI site of the phage M13mp19. An
EcoRI-SalI fragment from the hybrid phage M13mpV-Ap was cloned in plasmid
pBGS192, digested with the same restriction enzymes. This new hybrid plasmid
was named pBGTEM-1. The Arg1643Ser (pBGTEM-12) mutant was construct-
ed by site-directed mutagenesis (4). The plasmids pBGTEM-1 and pBGTEM-12
were transformed into both the REL606 and the REL607 strains. The cefotaxime
MICs for these REL606 and REL607 derivatives were repeatedly studied (in
eight independent experiments) by conventional susceptibility testing procedures
(23); for strains containing TEM-1, MICs repeatedly were 0.008 mg/ml, and for
TEM-12 strains, MICs were 0.015 to 0.03 mg/ml. A different pair of E. coli strains
was used for animal experiments. The thigh model (see below) of infection in
mice required a challenge with E. coli derivatives lacking the capsular K1 antigen
in order to reduce massive bacterial invasion and mortality. The K12 strain
E. coli CAB281 (a K1-K12 chimera) (28), which is nalidixic acid-susceptible
(Nals), and its nalidixic acid-resistant derivative CAB281 (Nalr) were trans-
formed with the plasmids pBGTEM-1 and pBGTEM-12, respectively. The ce-
fotaxime MICs for the resulting strains were 0.12 and 0.25 mg/ml, respectively.

Effect of cefotaxime on bacterial growth rate in vitro. To measure the activ-
ity of different cefotaxime concentrations on the growth rates of REL606
(pBGTEM-1) and REL607(pBGTEM-12), overnight cultures of both strains in
Mueller-Hinton broth (Oxoid Ltd., Basingstoke, England) were prepared. Two
250-ml flasks containing 40 ml of Mueller-Hinton broth and cefotaxime concen-
trations increasing in twofold increments from 0.004 to 0.5 mg/ml (and the
appropriate control without antibiotic) were inoculated with 106 CFU/ml and
incubated with shaking (170 rpm) at 37°C for 6 h. Every hour, aliquots were
obtained, appropriately diluted, and plated onto TA indicator plates. After 24 h
of incubation at 37°C, the colonies were counted. Resulting colony counts for the
2-, 3-, 4-, and 5-h time points, corresponding to the exponential phase of the
organisms grown with and without antibiotic, were converted into growth rates,
calculated as the linear regression of the natural logarithm of bacterial density
versus time. Exactly the same procedure was applied to the OmpF2 derivatives
of REL606(pBGTEM-1) and REL607(pBGTEM-12) that were obtained during
the experiment.

In vitro selection models. In the basic selection assays, the two compet-
ing REL606 and REL607 E. coli strains, containing either pBGTEM-1 or
pBGTEM-12, were grown separately overnight in Mueller-Hinton broth, reach-
ing ca. 5 3 108 CFU/ml. After this time, the mixtures were prepared. The
proportions of the mixtures were intended to reflect the predominance of the
wild TEM-1-harboring population, with a lesser representation of the single-
mutated TEM-12 population (volumetric ratio, 99:1). Tubes containing 5 ml of
Mueller-Hinton broth with different cefotaxime concentrations (range: 0 [con-
trol] and 0.004 to 0.5 mg/ml) were inoculated with 0.1 ml of a dilution of the
bacterial mixture to obtain an inoculum of approximately 106 CFU/ml. In a series
of experiments, the two competitors were allowed to grow together for 4 h at
37°C to mimic the expected mean contact period of bacterial populations with
such a range of concentrations in the human body. Note that very low concen-
trations are expected to be maintained for a much longer time than high con-
centrations after a single antibiotic dosage. A 200-ml aliquot was taken, and
selection as measured by changes in the frequencies of TEM-1- and TEM-12-
bearing strains was then scored as described below. The original mixture was
maintained in antibiotic-containing culture tubes (and controls) for a total of
24 h. Cultures were propagated during 5 days by transferring daily 0.1 ml from
each tube to fresh Mueller-Hinton tubes containing the same cefotaxime con-
centrations. At the fifth day, aliquots were obtained, and selection was scored.
Selection was measured as follows. At each time point (4 h and 5 days), a 200-ml
aliquot from each tube was taken and treated with 100 mU of beta-lactamase
type IV from Enterobacter cloacae (Sigma Chemical) for 20 min to prevent
antibiotic carryover effects. The surviving cells of the original populations were
then allowed to grow overnight in a fresh, antibiotic-free Mueller-Hinton me-
dium to obtain countable numbers of cells. This amplification period might
imitate the expected recolonization process after chemotherapy. After 18 h of
incubation (in the 4-h case), and subsequently after every 24 h of incubation (in
the 5-day case), the relative densities of each competitor were estimated by
seeding dilutions of the mixed culture on TA indicator plates. The differences in
survival rates among competitors were estimated in percentages of each Ara1

and Ara2 strain and expressed as total selection rates (r) for TEM-12-harboring
strains, calculated according to the formula:

r 5 ln Fd12~t!
d1~t!

G 2 ln Fd12~0!

d1~0!G (1)

where d1 and d12 represent the densities of TEM-1- and TEM-12-bearing bac-
teria, respectively. Because of the practical limitations in colony counting, the

maximal observable r value (100 colonies of one of the competitors and less than
1 colony from the other) was considered to be 9.2. The data were obtained from
six replicate experiments at each concentration.

Every experiment was done in a direct and an inverse way, using the mixtures
of E. coli strains REL606(pBGTEM-1) 1 REL607(pBGTEM-12) and REL606
(pBGTEM-12) 1 REL607(pBGTEM-1), to ascertain the neutrality of bacterial
hosts and plasmids. Moreover, these strains were cocultivated (at a 1:1 volumet-
ric ratio) and transferred daily for 5 days in antibiotic-free Mueller-Hinton broth;
no significant change from the original densities was detectable. In each exper-
iment, a control tube was incubated without antibiotic, and the original 99:1
proportion was also maintained after the different periods of observation (4 h
and 5 days). In a complementary and independent four-series experiment, di-
rected to evaluate the effect of the initial inoculum density, the initial cell density
was reduced from 104 to 103 CFU/ml in the strains harboring pBGTEM-12 and
from 106 to 105 CFU/ml in the strains with pBGTEM-1. Finally, in a two-series
experiment, the same bacterial mixtures were allowed to grow on cefotaxime-
containing tubes for 24 h, and then 0.1 ml from each tube was transferred directly
to fresh tubes containing the same antibiotic concentrations; this procedure was
repeated for three days. At 4, 24, 48, and 72 h, 0.2 ml from each tube was treated
with beta-lactamase (to prevent carryover), appropriately diluted, and then
plated on TA plates. The same basic protocol was applied to control the strains
to be used in the animal model, now using experiments that were replicated three
times. The E. coli CAB281 strain and its nalidixic acid-resistant derivative
CAB281 Nalr harbored the plasmids pBGTEM-1 and pBGTEM-12, respectively.
Also, in this case, the nalidixic acid resistance marker proved to be essentially
neutral for in vivo competition experiments.

Characterization of strains after cefotaxime challenge. Samples of at least 10
colonies isolated from cultures exposed to each of the different cefotaxime
concentrations (five Ara1 and five Ara2) were screened for the OmpF2 phe-
notype. A reduction of at least 30% of the diameter of the inhibition zone around
a cefoxitin 30-mg disk (Oxoid) in comparison with the original strain was con-
sidered a presumptive OmpF2 phenotype. In these strains, diminished suscep-
tibility to microcin B17 (this antibiotic peptide requires OmpF for internaliza-
tion) and phage TuIa (OmpF is the phage receptor in the bacterial outer
membrane) were also screened as secondary markers (8, 21). Inhibition-resistant
cultures are expected to be OmpF2. In all cases, known OmpF2 and OmpF1

control strains were used. For a comprehensive sample of 20 presumptive mutant
strains, direct detection of absence of the OmpF band in polyacrylamide gel
electrophoresis of outer membrane preparations (25, 27) was performed. With
these strains, plasmid DNA was obtained and transformed in the wild-type
REL606 or REL607 strain to exclude the presence of changes in cefotaxime
and/or ceftazidime susceptibility that may result from new mutations in the
TEM enzyme. With an identical purpose, with at least two strains that were
recovered from the three higher cefotaxime concentrations of each experiment,
isoelectric focusing of extracted beta-lactamases was performed. A pattern of
decreased susceptibility to cefoxitin, cefotaxime, and ceftazidime, in the absence
of an OmpF2 phenotype (see above), was considered as indicative of AmpC
hyperproduction. Both the REL606 and the REL607 strains are OmpC2 (31), so
changes in phenotype cannot be attributed to this porin. With a pair of
well-characterized OmpF2 mutants of the REL606 strain containing either
pBGTEM-1 or pBGTEM-12, growth rates in the presence of different cefo-
taxime concentrations were determined, in a way identical to that reported
above.

In vivo selection experiments. To test the effect of concentration-dependent
selection in vivo, competition experiments were performed in ICR outbred mice.
A mixture of approximately 108 CFU of CAB281(pBGTEM-1) and approxi-
mately 105 CFU/ml of CAB281Nalr (pBGTEM-12) (ratio, 1,000:1) was inocu-
lated into the right thighs of four mice per group, and the exact inoculum
composition was verified by selective plating. Six doses of cefotaxime sodium
were administered intraperitoneally at 2-h intervals following the inoculation.
Doses ranged from 1.56 mg to 6.4 mg q2h, in fourfold intervals, corresponding to
doses of 0.06 to 256 mg/kg of body weight. Six hours after the last dose, each
mouse was sacrificed, and its entire right gastrocnemius muscle was removed
aseptically and homogenized in 2 ml of 0.85% saline. Bacterial densities in this
suspension were estimated by serial dilution. Antibiotic efficacy against each
strain (containing either TEM-1 or TEM-12) at each concentration was calcu-
lated as the difference in the natural logarithm of bacterial density in animals
given each antibiotic concentration compared to controls. Selection was calcu-
lated as the change in the natural logarithm of the ratio of TEM-12- to TEM-
1-bearing bacteria in the ex vivo samples compared to the inoculum.

The mathematical model. A mathematical model was used to determine the
extent to which differential growth and killing rates for the TEM-1 and TEM-12
variants, measured separately, could account for the outcomes observed in the
selection (competition) experiments. The growth rates were estimated as ordi-
nary regression coefficients of ln (cell density) versus time measured for TEM-1
and TEM-12 growth in Mueller-Hinton broth with antibiotics at various concen-
trations. Time points from 2, 3, 4, and 5 h were used to obtain exponential growth
rates, free from the effects of lag or resource depletion. The resulting growth
rates are shown in Fig. 4. Analogous experiments and calculations were per-
formed for TEM-1 OmpF2 and TEM-12 Omp-F2 variants.

Competition experiments were modeled by assuming initial densities of
TEM-1 and TEM-12 bacteria of 106 and 104, respectively. At the start of the first
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day of the serial transfer “experiment,” bacteria were assumed to begin growing
(or dying) immediately at rates specified by the parameter estimates described
above (lag time was ignored) and to continue until the end of the transfer (24 h)
or until they reached a total density of 109 bacteria. Serial transfer was simulated
by a reduction of 50-fold in both bacterial populations, which were then restarted
in the same volume of medium. Stochastic loss of rare subpopulations was
simulated by setting any population whose size was less than 1 at the time of
transfer equal to 0 (extinction).

Total selection coefficients were calculated in the mathematical model for both
4 h and 5 days, using equation 1.

The lack of fit of this basic model with the data from 5 days, in conjunction
with the observation of OmpF2 bacterial mutants in many of the experiments at
higher concentrations, led us to expand the model to include the possibility of
emergence of such mutants under cefotaxime selection. In the expanded model,
the TEM-1 and TEM-12 populations each consisted of a majority subpopulation
of OmpF1 cells and a minority population, present at a frequency of 1024, of
OmpF2 cells. Concentration-dependent growth (or killing) rates for the TEM-1
OmpF2 and TEM-12 OmpF2 cells were estimated from growth experiments as
before, and their growth rates were incorporated into the competition model, so
that four separate populations were competing at each concentration. As before,
selection was calculated at 4 h and 5 days, this time using the total TEM-1-
bearing cells (OmpF2 and OmpF1) and the total TEM-12-bearing cells
(OmpF2 and OmpF1).

RESULTS

Selective window: a short range of cefotaxime concentra-
tions selects TEM-12- over TEM-1-harboring strains after 4 h
of challenge. The strains REL606(pBGTEM-1) and REL607
(pBGTEM-12) were mixed at a 99:1 proportion, and the mix-
ture was challenged with different cefotaxime concentrations.
The same experiment was done in reverse, mixing REL607
(pBGTEM-1) with REL606(pBGTEM-12) at a 99:1 propor-
tion. Increases in the proportions of the E. coli organisms
carrying TEM-12 were observed at all concentrations after a
challenge of 4 h with the antibiotic, followed by 18 h of cul-
turing in drug-free medium. In contrast, control cultures with-
out antibiotic challenge maintained the original proportions of
the inoculum. Selection of the TEM-12-bearing strain was par-
ticularly strong at very low antibiotic concentrations (0.008 to

0.015 mg/ml) (Fig. 1a). At these concentrations, the original
percentage of strains carrying pBGTEM-12 in the final popu-
lation rose from 1 to about 50 (r 5 4 to 6). At a slightly higher
cefotaxime concentration, 0.03 mg/ml, the selection of
pBGTEM-12-harboring strains appeared to be much less ef-
fective, and the pBGTEM-1-harboring population was main-
tained at a very high proportion in the mixture. The TEM-1-
harboring strain remained predominant at higher cefotaxime
concentrations, up to 0.5 mg/ml. Below the selective concen-
trations, at 0.004 mg/ml, pBGTEM-12 strains also were se-
lected with low efficiency. Overall reproducibility of the results
was good, not only in direct and inverse experiments but also
among the six replicate experiments carried out with each pair
of strains. A qualitatively identical effect was obtained with
the pair of E. coli CAB281 strains harboring pBGTEM-1 or
pBGTEM-12 (Fig. 1c). In this case, the TEM-12-containing
population was selected within a short range of cefotaxime
concentrations of 0.03 to 0.12 mg/ml. These experiments con-
firm the existence of selective windows, which may differ for
different strains and genotypes, for resistant populations that
were originally in the minority. Within these windows, small
phenotypic differences between competing populations can be
selected with extremely high efficiency. The appearance of a
single sharp selective peak appears to be distinctive of the
antibiotic selective window for a particular mutant strain.

A second peak of selection of the TEM-12 strain may emerge
after prolonged challenge with higher cefotaxime concen-
trations. As one would expect, 5-day passages of the mixed
REL606 and REL607 populations harboring TEM-1 or TEM-
12 in tubes containing cefotaxime resulted in heavier selection
of the strain with TEM-12 at the selective window concentra-
tions (0.008 to 0.015 mg/ml). At these concentrations, there was
an almost complete replacement of TEM-1 strains by TEM-12
strains. Some selection of the TEM-12 variant also occurred at
the concentrations just below and just above this window, 0.004

FIG. 1. The top graphs show selection rates for an E. coli strain (REL606 or REL607) harboring the plasmid pBGTEM-12 (size of inoculum, 104 CFU/ml) in
competition with the isogenic strain harboring pBGTEM-1 (REL607 or REL606; size of inoculum, 106 CFU/ml) in the presence of cefotaxime. For each antibiotic
concentration, 12 replicated experiments are represented (6 for the direct and 6 for the inverse competitions). (a) Selection after 4 h of cefotaxime exposure. (b)
Selection after 5 days of continuous challenge with each cefotaxime concentration. The bottom graphs show selection rates for the E. coli CAB281Nalr strain harboring
pBGTEM-12, in competition with CAB281Nals harboring pBGTEM-1. (c) Selection after 4 h of cefotaxime exposure. (d) Selection after 5 days of continuous challenge
with each cefotaxime concentration.
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and 0.03 mg/ml, albeit at lower rates (r 5 6 to 7). (Fig. 1b).
Unexpectedly, a second peak of high-efficiency selection of the
TEM-12 strain appeared at higher cefotaxime concentrations
(0.12 to 0.25 mg/ml). The first version of the mathematical
model (see below) totally failed to predict the appearance of
this second peak, using just the growth parameters of the
original TEM-1- and TEM-12-bearing strains. According to
the selective window hypothesis, such a second peak should
correspond to the selection of a different bacterial subpopula-
tion with a higher level of antibiotic resistance than the original
TEM-1- or TEM-12-harboring strains. A similar result was
obtained with the CAB281 strains (Fig. 1d). Experiments were
carried out to ascertain the dynamics of emergence of this
second TEM-12-harboring population. The degree of selection
for TEM-12 over time in the presence of cefotaxime is shown
in Fig. 2. The secondary peak is already evident after 24 h of
exposure with relatively high cefotaxime concentrations (0.12
to 0.5 mg/ml) and tends to move to the left with further incu-
bation in the presence of the antibiotic.

The second peak of selection of the TEM-12 strain corre-
sponds to a new subpopulation formed by OmpF2 secondary
mutants. If the second peak of selection originated from the
progressive enrichment of a minority subpopulation of second-
ary mutants among the original TEM-12-harboring popula-
tion, a reduction in the original density of this population
should diminish the probability of emergence of the second-
ary peak. Competition experiments were repeated with smaller
starting inocula of the mixture of E. coli REL607(pBGTEM-
12) plus REL606(pBGTEM-1) that was reduced 10 times, re-
spectively, from 104 1 106 to 103 1 105. Under these cir-
cumstances, the first REL607(pBGTEM-12) selection peak
at 0.004 to 0.015 mg/ml was again reproduced, after a challenge
of 4 h (Fig. 3). After 5 days of continuous challenge at the same

cefotaxime concentrations, the first peak of TEM-12 selection
was maintained, but the second peak of selection at higher
antibiotic concentrations (0.12 to 0.25 mg/ml) completely dis-
appeared in the low-population-density bacterial mixture, con-
sistent with the hypothesis of the secondary mutant subpopu-
lation.

To further test this hypothesis, a comprehensive sample (see
Materials and Methods) of REL606 and REL607 strains har-
boring pBGTEM-12 and corresponding to the first and second
peaks of selection was examined for the presence of the
OmpF2 phenotype using a cefoxitin susceptibility screening
test. All positive cases were confirmed by testing for reduced
susceptibility to microcin B17 and phage TuIa. The absence of
the OmpF band in electrophoretic analysis of outer membrane
proteins was documented in all 20 strains that were analyzed
among those exhibiting the OmpF2 phenotype. All strains with
the OmpF2 phenotype had reduced cefoxitin susceptibility.
Conversely, no reduction in cefoxitin (or cefotaxime and cefta-
zidime) susceptibility was found among strains lacking the
OmpF2 phenotype, indicating that AmpC hyperproduction
was not responsible for the observed decrease in susceptibility.
All transformants in REL606 or REL607 wild strains har-
boring pBGTEM-1 or pBGTEM-12 plasmids obtained from
OmpF2 strains retained the original susceptibility. No changes
in the original pI of the beta-lactamase in experimental strains
recovered from the three higher cefotaxime concentrations
were detected, and therefore the presence of mutations in the
original TEM enzyme was ruled out. In conclusion, every iso-
late obtained from any TEM-12-harboring population at the
second peak of selection (but not at the first peak) was an
OmpF2 variant. Thus, the second peak corresponds to the
selection of a new bacterial genotype.

Growth rates of TEM-1- and TEM-12-harboring strains chal-
lenged by low cefotaxime concentrations. Hourly cell counts of
the strains REL606(pBGTEM-1) and REL607(pBGTEM-12)
challenged with different cefotaxime concentrations were ob-
tained during the period corresponding to exponential phase
(2 to 5 h), and the results were expressed as growth rates (k)
(Fig. 4). This experiment clearly shows a differential activity of
cefotaxime against REL strains harboring TEM-1 and those
harboring TEM-12 that occurs exclusively along a narrow
range of low-level antibiotic concentrations (0.008 to 0.06 mg/
ml). Two secondary confirmed OmpF2 REL mutants present-
ed a different growth curve profile. The REL606(pBGTEM-
1)-OmpF2 strain was able to survive at one dilution higher
than REL607(pBGTEM-12). The OmpF2 derivative of REL606
(pBGTEM-12) was much more fit and maintained a constant
growth rate along the studied cefotaxime concentrations. The
MIC of cefotaxime for this variant strain (equivalent to a 0
growth rate) was 4 mg/ml.

FIG. 2. Evolution in time of the selection rates for E. coli REL606 strains
harboring pBGTEM-12 in competition with REL607 harboring pBGTEM-1 in
the presence of cefotaxime. Proportion in the original inoculum was 104/106

CFU/ml. Black circles, 4 h of exposure; black squares, 24 h; white circles, 48 h;
white squares, 72 h.

FIG. 3. Effect of a low inoculum on selection rates of E. coli strain REL606 harboring the plasmid pBGTEM-12 (size of inoculum, 103 CFU/ml), in competition
with the isogenic REL607 strain harboring pBGTEM-1 (size of inoculum, 105 CFU/ml) in the presence of different cefotaxime concentrations. Selection rates after 4 h
of challenge (a) and after 5 days of continuous challenge (b) with cefotaxime are shown. For each antibiotic concentration, results from four replicated experiments
are represented.
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Mathematical model: predictions and realities. A math-
ematical model was initially constructed simply to predict
changes in TEM-1- and TEM-12-bearing populations in com-
petition experiments based on their growth rates in separate
cultures (as shown in Fig. 5). The model qualitatively predicted
the window selection of the TEM-12-harboring strain after 4 h
of antibiotic exposure but totally failed to predict the emer-
gence of a second peak of selection after 5 days of cefotaxime
challenge (model results not shown). This result indicated that
the initial model was too simple, and it was part of the impetus
to look further for heterogeneity in the bacterial populations.
When the OmpF2 strains were identified and their growth
rates were measured, these were incorporated into the model,
under the assumption that a single OmpF2 mutant was present
in the TEM-12 population at the start of the experiments (a
mutation rate corresponding to 100 such mutants in the TEM-
1 population). The predicted selection rates at 4 h and 5 days
from this expanded model are shown in Fig. 5a and 5b, respec-
tively, along with the experimental values.

With the addition of the OmpF mutants, the model quali-
tatively predicts the single large peak at low concentrations
after 4 h, and it also correctly predicts the second peak after 5
days, which represents the ascent of the TEM-12 OmpF vari-
ants. The region between the peaks at 5 days represents a
narrow range of concentrations at which OmpF variants are
selected in both the TEM-1 and TEM-12 populations. In this
range, although the TEM-12 OmpF variants have a higher
degree of fitness than the TEM-1 OmpF variants, their fitness
advantage is not sufficient after 5 days to compensate fully for
their initial numerical disadvantage.

While the fit of the model at 5 days is satisfactory (albeit

largely in a range near the limits of detection), the fit at 4 h is
qualitative only, rather than quantitative. In particular, the
model predicts more selection than actually occurs, and it
begins to show a second peak of selection at high concentra-
tions even by 4 h. This overestimation of the amount of selec-
tion is not surprising, since the model does not take into ac-
count the lag time which typically occurs before bacterial
growth and before beta-lactams begin killing. While this lag
may be negligible over a period of days, it may be a substantial
portion of 4 h.

TEM-12 is selected over TEM-1 in an animal model, with
evidence of a selective window. Mice inoculated in the right
thigh with an approximately 1,000:1 mixture of TEM-1- and
TEM-12-carrying CAB281 strains were treated every 2 h from
2 to 14 h postinoculation with defined doses of cefotaxime. The
extent of selection of TEM-12 was calculated as in equation 1
as the change in the natural logarithm of the ratio of TEM-12
to TEM-1 variants among bacteria recovered from the thigh at
20 h postinoculation, compared to the inoculum. Figure 6a
shows the average in vivo selection coefficients (6 the standard
deviation [SD]) for controls and each cefotaxime dose. TEM-
12 variants increased in frequency at all doses in the 4,000-fold
range tested, and selection was greatest at an intermediate
dose, 1 mg/kg. These results are consistent with the existence
of an in vivo selective window, albeit one encompassing a wider
range of concentrations than the selective window observed in
vitro (12).

Figure 6b shows the change in the final count of log10
CFU/ml of TEM-1- and TEM-12-carrying CAB281 organisms
obtained at different concentrations, relative to results for the
controls. Interestingly, at doses of 0.25 and 1 mg/kg, there was
approximately a 10-fold increase in the absolute number of
TEM-12 variants over that of the controls. This would be
unexpected from the action of the antibiotic alone; one would
expect that low concentrations of antibiotics would reduce
growth rates of both populations but would preferentially re-
duce the growth rate of TEM-1 organisms. These results sug-
gest that total in vivo bacterial growth was limited by factors
other than the antibiotic at low concentrations and in controls,
so that antibiotic-mediated killing of TEM-1 bacteria permit-
ted absolute increases in the number of TEM-12 bacteria.

DISCUSSION

The usual pattern for natural selection is to act on very small
differences in fitness (29). The evolution of the mechanisms
involved in bacterial resistance to antibiotics has probably oc-

FIG. 4. Growth rates of the strains REL606(pBGTEM-1) (black rhombus),
REL607(pBGTEM-12) (black squares), REL606(pBGTEM-1) OmpF (dashed
line and black triangles), and REL607(pBGTEM-12) OmpF (dashed line and
black squares) at different cefotaxime concentrations. The points correspond to
the means of two separate experiments.

FIG. 5. Comparison of selection coefficients of the strain containing TEM-12 as predicted for the mathematical model (squares) and those obtained from data of
experimental competition experiments. Competition between homologous E. coli strains containing either pBGTEM-12 or pBGTEM-1 was done in the presence of
cefotaxime for 4 h (a) and 5 days (b). Mean (6 1 SD) experimental selection rates for six experiments with TEM-1 in REL606 (triangles) or REL607 (circles) are shown.
White squares, model predictions.
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curred in many cases by sequential selection of small differ-
ences. Unfortunately, clinical microbiologists have frequently
disregarded small differences in susceptibility, believing that if
the phenotypic effect of a mutation is low, its contribution to
the selective advantage should be similarly low, or at best
believing that “we do not know how small an effect constitutes
a selective advantage” (13). Results presented in this paper
indicate that weak selective processes (low antibiotic concen-
trations) are indeed strong in changing gene frequencies when
acting on small differences (small increases in the MIC). It is
clear that the environmental pressure of new beta-lactam
agents has probably been the cause for the current multiple-
enzyme polymorphism in TEM beta-lactamases (5, 21). Nev-
ertheless, the kind of selection pressures involved in the fixa-
tion of the different alleles remains obscure. We suggest that
they may have occurred within particular selective compart-
ments in the environment, where particular antibiotic concen-
trations have selected the most fit variant genotypes (1, 2, 3).
Such concentrations may occur in the human body during
antibiotic therapy.

The experimental results obtained in this work indicate that an
E. coli strain harboring a monomutated variant of TEM-1
beta-lactamase, giving rise to the enzyme TEM-12, may be
heavily selected over a majority ancestor TEM-1 population
along a very short range of very low cefotaxime concentra-
tions after a 4-h exposure. At these cefotaxime concentrations
(ranging from 0.008 to 0.015 mg/ml), the strain with TEM-12
maintains a constant growth rate (Fig. 4). At slightly higher
concentrations (0.06 to 0.12 mg/ml), the growth rate of the
TEM-12 strain also decreases, and the selective activity of
cefotaxime has ceased. If at the starting time the TEM-1 strain
was in excess (99:1 in the experiments), this susceptible popu-
lation could still predominate after 4 h of exposure at cefo-
taxime concentrations that are decreasing in an equivalent way
the growth rates of the TEM-1 and TEM-12 strains. When the
surviving cells are allowed to recover in drug-free medium
after a challenge, the susceptible population will be dominant
over the resistant one, in a paradoxical way, at the higher
concentrations tested. In short, antibiotic selection is only ex-
erted at precise concentrations (selective concentrations, form-
ing a selective window). During antibiotic therapy, the period
during which the antibiotic concentration falls below the MIC
provides selective windows in which resistant variants can out-
compete their sensitive wild-type counterparts. Indeed, very
low antibiotic concentrations may exert a selective effect in
wide compartments of the human body after most administra-
tions of an antibiotic. These compartments, where the concen-
trations correspond to the selective windows, can be consid-
ered selective compartments.

Prolonged exposure at the same cefotaxime concentrations
increased the proportion of the TEM-12 strain at the selective
concentrations and also extended the window in which selec-
tion is exerted. After a contact period of 24 h, a second peak of
cefotaxime selection emerged at higher concentrations (0.12 to
0.5 mg/ml). This peak corresponded to the TEM-12 strain in
which a new mutation arose, now impeding the penetration of
the antibiotic throughout the cell outer membrane (OmpF2).
This mutation significantly increases the effectiveness of TEM
enzymes hydrolyzing beta-lactam agents (4, 27). The emer-
gence of this new mutant population is probably the result of
the selection of a preexisting OmpF2 variant among the orig-
inal TEM-12 population. This is supported by the fact that a
10-fold decrease in the starting TEM-12 strain inoculum com-
pletely prevents the emergence of the second peak of OmpF2

mutants. The rate of mutation for the OmpF phenotype (which
may result from mutations in various independent genes) from
wild strains is variable, but certainly high, within the range of
1025 and 1027. We obtained OmpF mutants by cefoxitin se-
lection (plates containing 8 mg/ml) at this range, confirming
classic results (14). OmpF2 mutants are also obtained at the
same rate, using microcin B17 as selector (16). In the basic
experiments described in this paper, total cell numbers of the
TEM-12-harboring population in the tubes may be approach-
ing the required number. Moreover, we recently observed that
increased rates of mutation may occur in E. coli under stress by
sublethal concentrations of broad-spectrum cephalosporins
(preliminary results), and such a factor cannot be ruled out
from our experiments, in particular at the concentrations
where the TEM-12 strain was driven (or nearly driven) to total
extinction, precisely where the OmpF mutants produce the
second peak. The valley between TEM-12 peaks is probably
formed by the concentrations at which OmpF2 variants from
the TEM-1-harboring strain are selected.

The selection of the different TEM genotypes was consid-
ered here as a concentration-dependent phenomenon. Indeed,
pharmacodynamics of beta-lactam drugs shows that the anti-
bacterial activity of these compounds is proportional to the
time at concentrations above the MIC or to the area under the
concentration-time curve above the MIC (7). As shown in Fig.
1, extinctions did not occur in 4 h of challenge with 0.5 mg of
cefotaxime per ml but happened after prolonged exposure. As
shown in Fig. 2, the shift to the left of the peak composed by
the OmpF2 TEM-12-harboring population probably occurred
because of the differential inhibition of the OmpF2 TEM-1
population by more than 24 h of exposure to 0.06 or 0.12
mg/ml. Similarly, the shift to the left of the first OmpF1 TEM-
12 population peak shows that low cefotaxime concentrations
(such as 0.004 mg/ml) exert a killer effect on the OmpF1 TEM-

FIG. 6. (a) Selection coefficients r (calculated according to equation 1) 6 the SD of the E. coli CAB281NalR-TEM-12 strain under in vivo competition experiments
with CAB281-TEM-1. Cefotaxime doses are given as mg/kg/dose; six doses were administered q12h. (b) Changes (log10 CFU) in bacteria containing TEM1 (black bars)
and TEM12 (white bars) 6 the SD at various cefotaxime doses, relative to controls. Most bars are negative, indicating that fewer bacteria were recovered in treated
animals. Positive bars indicate that more TEM-12 bacteria were recovered from treated animals than from controls at specified concentrations.
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1 population when maintained for more than 48 h. Neverthe-
less, the basic concept proposed here is that for every fixed
period of time, selection of resistant variants is not a linear
function of the drug concentration but occurs at certain selec-
tive concentrations, which are specific for each particular ge-
notype.

During antibiotic therapy, gradients of antibiotic concentra-
tions are formed in the human body. These gradients are due
to pharmacokinetic factors, such as the different rates of dif-
fusion into various cells or tissues, metabolization, local bind-
ing or inactivation, or variation in the rate of elimination from
different body compartments. Antibiotic-detoxifying microbial
mechanisms (such as beta-lactamases) also contribute to the
gradient formation. Due to the extreme compartmentalization
of the human body, a diversity of environmental antibiotic
pressures is expected to occur in different places, creating
different selective compartments, which may lead to the emer-
gence of spatial genetic polymorphisms (2). We have recently
suggested (5) that drug concentration heterogeneity may facil-
itate the evolution of drug resistance, because relatively narrow
windows of drug concentrations may allow the local evolution
of resistant variants. The concept of the role of selective anti-
biotic concentrations in the evolution of bacterial drug resis-
tance was previously presented by our group (1, 2, 3, 24) and by
others (10), but this work shows the first experimental evidence
of strong concentration-dependent selection of a monomu-
tated variant with small phenotypic differences from the wild-
type strain.

Some practical consequences may be inferred from our
results. The evolution of TEM beta-lactamases provides a
relevant example of stepwise increases in resistance, in which
consecutive amino acid substitutions code for progressive in-
creases in minimal inhibitory concentrations of broad-spec-
trum cephalosporins (21). Multistep resistance depends on
the selection of intermediate variants with very small pheno-
typic differences from each previous genetic ancestor. Antibi-
otic dosages that produce low antibiotic concentrations in par-
ticular (colonized) body compartments will be sufficient to
select these intermediates. Even though our data were ob-
tained with models and not under standard clinical conditions,
the prediction of our work is that antibiotic dosages should be
optimized (i.e., should be sufficiently high and continuous)
during therapy to avoid selection of low-level resistant variants.
Indeed, the evolution of antibiotic resistance during treatment
depends on a temporal variation of drug concentration (19).
Low concentrations of antibiotics may serve as stepping-stones
for the ascent of clinical resistance. In more general terms, our
results suggest that the study of selection of very small differ-
ences may provide some clues about the evolution of complex
biological systems when a fine-grained variation between indi-
viduals exists.
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