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Antibiotic resistance can be achieved by horizontal acquisition of resistance genes (carried by plasmids or transposons),
by recombination of foreign DNA into the chromosome, or by
mutations in different chromosomal loci (15). In studies of
molecular evolutionary biology, the term mutation rate is applied to estimations of the rate (per generation) of mutation
per nucleotide, per locus, or, eventually, for the whole genome,
and selectively favorable, unfavorable, or neutral mutations
are considered. Differing with this concept, the frequency of
mutation measures all the mutants present in a given population, irrespective of whether the mutation events occurred
early or late during the growth of the population. In this respect, the frequency of mutants is a cross section of the bacterial population at a given time and reflects not only the
mutation rate but also the history of the population before
selection is applied.
In the case of antibiotic resistance, the mutation rate is
frequently defined as the in vitro frequency at which detectable
mutants arise in a bacterial population in the presence of a
given antibiotic concentration. Note that we are recording the
number of mutant cells and not the number of mutation
events. Therefore, we are recording only the selectively favorable mutations for the bacteria that lead to a visible antibiotic
resistance phenotype. Such a determination is widely considered an important task for the prognosis of the emergence of
antibiotic-resistant bacteria. In the scientific jargon regarding
antibiotics, a “mutation rate” is frequently presented in a characteristically naive way that can sometimes be understood as
an intrinsic property of a new antimicrobial drug in its interaction with the target bacteria, with a “low mutation rate”
being considered an advantage of this drug over its competitors. “This drug induces (?) a low mutation rate” is a familiar
but fully mistaken expression. The intention of this review is to
reconsider the multiple dimensions of the concept of “mutation rate” from the perspective of reaching a better understanding of its intrinsic complexity and trying to encourage
research for more advanced methods of predicting the emergence of mutational resistance to antibiotics.
From the pioneering works of Luria and Delbrück (35), it
became clear that evaluation of mutation rates is not easy. In
fact, the methods for distinguishing the value of the observed
frequency of mutants from the real mutation rate are not easy
to apply (33, 35), and fluctuation tests for analysis of the presence of jackpots of preexisting mutants in the tested popula* Corresponding author. Mailing address: Departamento de Biotecnologı́a Microbiana, Centro Nacional de Biotecnologı́a (CSIC), Campus de la Universidad Autónoma de Madrid, Cantoblanco, 28049Madrid, Spain. Phone: 34-915854515. Fax: 34-915854551. E-mail:
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MUTABILITY AND MUTATION RATES
The probability that a mutation will give an antibiotic resistance phenotype (mutability) influences the mutation rate.
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tions have been developed. In the case of antibiotic resistance,
the problem is complicated by the fact that the phenotype does
not always reflect the same genotypes in all selected mutants,
because mutations in different genes can produce similar antibiotic resistance phenotypes. As an example, when a quinolone resistance mutation rate is determined, this rate is actually
the result of the combination of the mutation rates of the genes
that encode the synthesis of GyrA, GyrB, ParA, ParC, and
several different multidrug resistance (MDR) systems (26, 40).
In this respect, the calculated “phenotypic” mutation rate is
the result of several different “genotypic” mutation events. In
fact, mutations in different loci produce different changes in
MICs, and stable maintenance of heterogeneous antibiotic resistance expression classes in bacterial populations is a wellknown phenomenon (19).
In recent years, an explosion of published work has demonstrated that the mutation process in bacterial populations is not
a static event. On the contrary, a complex network of factors
influence the rate and type of mutants that can be selected
under antibiotic selective pressure. Mutation rates can largely
change for a given antibiotic depending on its concentration
during selection (30). Physiological conditions such as the
availability of a given carbon source (27) or, in general, bacterial stress (21, 70) may regulate the mutation rate in bacteria.
Furthermore, the existence of mutations that produce mutator
phenotypes in bacteria (32, 72) and the capability of some
antibiotics to increase mutability (37, 61) greatly complicate
studies of the effects of population dynamics on the emergence
of antibiotic-resistant mutants in bacteria. These elements of
variability severely challenge the possibility of predicting the
“real” mutation rate just by simple experimental procedures
like those frequently used in laboratory experiments.
In the present work we analyze the most relevant factors
which influence the emergence and selection of antibiotic resistant mutants in bacterial populations (Table 1). Note that
throughout this article we use the term “antibiotic resistance”
for any inheritable increase in MICs, irrespective of whether
the change is small or large. Such a definition qualifies as
“resistant” many organisms that are conventionally considered
as having low levels of susceptibility or even being entirely
“susceptible” according to National Committee for Clinical
Laboratory Standards-type breakpoint-based criteria. Indeed,
we (4) and others think that those low-level mutations (see
below) have an important role in the final emergence of
clinically relevant antibiotic-resistant mutants in bacterial
populations.

MULTIPLE DIMENSIONS OF THE MUTATION RATE
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TABLE 1. Factors that increase antibiotic resistance mutation rates
Factors

Unstable sequences surrounding relevant bases for the resistance
phenotype
Long distance of the R genea to the origin of replication
Large number of sites in the R gene that can give rise to a
resistance and permissive phenotype
Large variety of R genes
Low or high copy number of each R gene, if the mutation is
recessive or dominant, respectively

Bacteria under stress (starvation, antibiotic stress, pathogenic stress)
Contingency (hypermutable) R genes
Transposable elements in the bacterium
Bacteria with hypermutable (mutator) phenotype
Low level of expression of bacterial programmed cell death
Preexisting low-level R gene mutations
Low biological cost of R gene mutations
Antibiotic concentrations in the selective window
Low antibiotic concentrations or short time of exposure
Slow killing ability of the antibiotic
Small phenotypic lag for the expression of R gene mutations
Compartmentalized (structured) physical structure of the selective
habitat
a

R gene, genes in which mutations produce antibiotic resistance.

Mutability will depend on the structure and the number of the
genes in which mutations can produce a selectable phenotype.
Gene structure. The DNA structure of a gene is relevant for
mutability. If all positions have equivalent possibilities for mutation, long genes might be more prone to mutation than small
ones. However, the size of the gene is not the main factor that
is relevant for its mutability, because not every mutation in a
gene that encodes an antibiotic target results in resistance.
Resistance occurs only by mutations which are at the same
time permissive (that are nonlethal or, in broader terms, that
do not lead to an unacceptable decrease in fitness) and able to
produce a resistance phenotype. The probability that an effective resistance mutation will emerge will then be proportional
to the number of such positions. For instance, in Escherichia
coli changes in at least seven positions in the gyrA gene that
result in a quinolone resistance phenotype have been observed,
but changes in only three positions in the parC gene that result
in a resistance phenotype have been observed (26). It could be
expected that the mutation rate for the gyrA gene will be higher
than that for the parC gene, and indeed, gyrA mutants are more
frequently found than parC mutants. On the contrary, in Streptococcus pneumoniae, quinolone resistance results from
changes in two positions of gyrA but results from changes in
five positions in parC, and parC mutants are more frequently
found. In the same organism, the numbers of positions in the
gene that encodes PBP 2⫻, mutations of which can produce
␤-lactam resistance, are 13 for cefotaxime resistance but only 1
for penicillin resistance (25). That may contribute, together
with the different numbers of targets for both antibiotics (see
Cooperative Mutations below), to the higher frequency of mutation toward cefotaxime resistance compared with that toward
penicillin resistance. Also, streptomycin resistance results from

ANTIBIOTIC-CELL INTERACTIONS AND MUTATION
RATES
To inhibit their bacterial targets, antibiotics need to cross
the cellular envelopes and in some cases (such as 5-nitroimidazoles [28] or pyrazinamide [67]) to be activated by bacterial
enzymes before they can gain access to those targets. Bacteria
have protection determinants against the antibiotic effect.
These include antibiotic-inactivating enzymes (such as ␤-lactamases [11]) and MDR efflux pumps (56).
Three main types of intrinsic genes (which preexist in the
genome of the wild-type susceptible population) are relevant
for the emergence of antibiotic-resistant mutants: (i) genes
involved in the synthesis and cell positioning of the antibiotic
target; mutations in these genes can be denominated targetstructural mutations; (ii) genes involved in the access of the
antibiotic to the target (including those required for activation
of the formerly inactive antibiotic), which are needed for the
biochemical access of the antibiotic (see above); mutations in
these genes are named target-access mutations; and (iii) genes
involved in the protection of the target from the drug, including detoxification by antibiotic-modifying enzymes or efflux of
the antibacterial compounds; mutations which activate the expression of those genes (see below) are named target-protection mutations.
A variety of genes can be involved in antibiotic resistance
either because there are several different target, access, or
protection pathways for the antibiotic in the bacterial cell or
because each pathway requires the expression of several genes.
Even for a single target, access, protection pathway, several

Downloaded from http://aac.asm.org/ on December 2, 2020 by guest

Few independent antibiotic targets or target access pathways
Several independent protective mechanisms
Multiple cooperative targets for antibiotic action or cooperative
access pathways
Few cooperative elements in target protection mechanisms

a change in one or a very few nucleotides of the gene that
encodes ribosomal protein S12 (9), and the spontaneous mutation rate is low. The stability of the sequences that surround
the nucleotides involved in the mutant phenotype are also
highly relevant for mutability. It has been described that the
specific mutability for a single base can vary by more than
10,000-fold (17), and long stretches of repeated bases are
prone to deletions or insertions by means of slip-strand mispairing (12). Even the position of the gene in the bacterial
chromosome affects the mutation rate, since genes farther
away from the origin of replication of the chromosome of
Enterobacteriaceae can have a mutation rate approximately two
times that of genes near this origin (71).
Gene multiplicity. Since an antibiotic resistance phenotype
can be due to mutations in different bacterial loci, the emergence of an antibiotic-resistant mutant will be a function of an
overall mutability value that results from the combination of
the independent mutability values for these genes. Classical
genetic analysis indicates that when mutations in either one or
another gene can produce antibiotic resistance, the overall
mutability will be the sum of the independent mutability values. On the contrary, when mutations in both genes are required to reach an antibiotic resistance phenotype, the overall
mutability will be the product of the independent mutability
values for each gene. Let us consider two genes independently
involved in an antibiotic resistance phenotype and with independent mutability values of 10⫺8. If mutations in any of the
genes can render an antibiotic resistance phenotype (see Independent Mutations below), the overall mutability will be 2 ⫻
10⫺8; thus, it is only a little higher than that in the case in which
only one gene involved in the resistance phenotype has a mutation. On the contrary, if mutations in both genes are required
for resistance (see Cooperative Mutations below), the overall
mutability will be 10⫺16, which is much lower than that in the
case in which only one gene is required.
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dent mutations, whereas high antibiotic concentrations should
preferentially select cooperative mutations (see The Antibiotic
Selective Process and Mutation Rates). As an example, lowlevel quinolone resistance can be acquired by independent
mutations in different genes (see above), whereas high-level
fluoroquinolone resistance frequently requires successive mutations in gyrA and grlA (53) and in regulatory sequences of
efflux pumps as well.
Gene copy number. In the case of target-structural mutations in high-copy-number genes, mutations in one of the copies of the gene will produce a mixed population of target
molecules. Some of them will correspond to the mutated allele
of the target, and the majority will correspond to the wild-type
allele. If the mutant target is not functionally dominant, many
wild-type targets will still remain in the bacteria, thus masking
the effect of the mutation. A high copy number of the gene will
reduce the observed emergence of mutants. For instance, mutations in rrn genes, which encode 23S rRNA, probably occur
at a similar rate in E. coli, S. aureus, Mycobacterium, or Helicobacter pylori. In practice, such mutations, which lead to a
macrolide resistance phenotype (55, 73), are detectable only in
the last two organisms, because they have only one or two
available copies of the rrn genes (65, 73). The converse (increased mutation rate) should happen if the mutant allele for
antibiotic resistance is dominant over the wild-type one, because mutations in one or another of the copies that encode
the target gene will produce an antibiotic resistance phenotype. In the case of dominance, a large number of gene copies
will increase mutability. This point is particularly relevant in
the case of target protective mutations. The presence of multiple copies of a detoxification gene frequently produces an
antibiotic resistance phenotype due to a gene-dosing effect
(43). An example of this is plasmid-encoded ␤-lactamases (41).
However, if the amount of the product of the gene is not
enough to fully protect the target or mutations are required to
change the substrate specificity, the presence of multiple copies of the protection gene might increase the overall mutability,
as mutations in one or another copy will render an antibiotic
resistance phenotype. That may have occurred during the evolution of extended-spectrum ␤-lactamases (7, 51).
BACTERIAL PHYSIOLOGICAL BACKGROUND AND
MUTATION RATES
Adaptive mutation. The mutation process has classically
been studied in actively dividing bacteria (33, 35), as it was
assumed that mutations occur as the consequence of errors
during the DNA replication process. However, more recent
work has demonstrated that mutation also occurs in nondividing cells (22, 36, 64, 69). These mutation events are the basis of
the so-called adaptive mutation (or stress-induced mutagenesis) (63). A special feature of stress-induced mutagenesis is the
fact that the mutation rate can increase over time by several
orders of magnitude for cells under starvation conditions (50,
69).
In all of the models of adaptive mutation analyzed so far,
studies have been performed by using nonlethal selection, because it was assumed that a lethal selector will kill bacteria long
before they enter in starvation. Perhaps for this reason regulation of the emergence of antibiotic-resistant mutants under
bacterial stress has been poorly studied. Nonetheless, some
recent work has begun to fill this gap. It has been demonstrated
that quinolones, which are able to induce the SOS mutagenic
response (57), increase the rate of emergence of resistance to
these drugs in E. coli (62). The emergence of MDR mutants
increases in P. aeruginosa under antibiotic challenge (1). E. coli
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genes can be involved in its synthesis, because it may be constituted by several subunits and/or its expression might be
regulated. Regulation is especially relevant in the case of protection determinants, because they are frequently downregulated under standard growing conditions, and antibiotic resistance can be achieved by means of up mutations either in the
promoter sequences or the genes that encode the regulatory
proteins of these systems. Depending on the specific antibioticbacterium interaction at a given antibiotic concentration, antibiotic resistance can result in some cases from single gene
mutations (independent mutations), whereas in other cases
mutations in several genes (cooperative mutations) are required.
Independent mutations. If there are a variety of different
gene mutations which independently result in antibiotic resistance, the mutation rate will be the sum of the independent
mutability values. In the case of target structural mutations, the
most salient example is the presence of several subunits (encoded by different genes) in the target. For instance, mutations
in the genes that encode either the GyrA or the GyrB subunit
of topoisomerase II result in phenotypes of resistance to some
quinolones (54). A similar effect is expected to occur in target
access mutations. If several genes are required for access of the
antibiotic to its target, mutations in each of these genes will
produce an antibiotic resistance phenotype. In the case of
target protection mutations, the presence of multiple independent antibiotic detoxification mechanisms in the same bacterial
cell increases the mutation rate of the bacteria, because mutations that lead to the activation of any of them will increase
the MIC of the antibiotic. For instance, low-level quinolone
resistance in Pseudomonas aeruginosa can be achieved by
means of mutations which activate the expression of different
MDR determinants (30).
Cooperative mutations. If mutations in several different
genes are required for antibiotic resistance, the overall mutability will be the product of the independent mutability values.
For instance, the presence in the bacterial cell of several effective (lethal or inhibitory) targets, each one of which is capable of an independent interaction with the antibiotic, ensures that single mutations (target structural mutations) will
infrequently arise, as the bacteria should be killed because of
the availability of other points of antibiotic action. The spontaneous rate of mutation to cefotaxime resistance in S. pneumoniae is higher than that for penicillin resistance because
cefotaxime has one less penicillin-binding protein target (24).
Another example of this situation is the requirement in both
gyrA and grlA for the acquisition of a phenotype of resistance
to some fluoroquinolones in Staphylococcus aureus (16). Also,
if the antibiotic can be independently and effectively transported through multiple independent access routes, mutation
in all of the access pathways (target access mutations) will be
required to acquire an antibiotic resistance phenotype. If multiple cooperative protection elements are required to effectively protect the target, mutations that result in the expression
of all of them (target protection mutations) will be required for
an antibiotic resistance phenotype and the overall mutability
will decrease. In this respect, it has been shown that both the
chromosomal ␤-lactamase and the MDR system MexABOprM are required for the full protection of P. aeruginosa from
␤-lactam antibiotics (45).
For any specific antibiotic, a combination of target, access,
and protection pathway genes is involved in its interaction with
the bacterial cell. Mutations in one or another of those genes
may produce low-level resistance, whereas high-level resistance frequently requires mutations in more than one gene. In
this respect, low antibiotic concentrations will select indepen-
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may be modulated by systems of programmed cell death in
bacteria. The same stress conditions that trigger the appearance of a mutator phenotype may also regulate the expression
of antitoxin-toxin systems in bacteria which play a role in programmed bacterial cell death (49). The expected consequence
is suicide and a consequent decrease in the bacterial population, reducing the possibility that a mutant will emerge or that
the mutation will be fixed (see below). Nevertheless, a subpopulation of mutators may be maintained in bacterial populations challenged by fluctuating (stressful and nonstressful)
environments. A succession of environmental bottlenecks is
not an unexpected situation in the natural history of many
bacterial organisms and may be particularly frequent among
pathogenic or epidemigenic bacterial clones.
In addition to mutator genes, other elements may contribute
to the general intrinsic mutability of bacterial genomes. For
instance, transposable elements also play a role by increasing
the rate of mutation (29), and the transposition event can be
regulated by the environment, including the presence of antibiotics (75). In such a way, the bacterial genome structure,
together with the presence of mutations in genes involved in
DNA repair, and the growing conditions are major determinants for the general mutability of bacterial populations.
Preexisting low-level antibiotic resistance mutations. As
stated before, the presence of low-level antibiotic resistance
determinants is frequently required, in combination with other
mechanisms, to produce a high-level antibiotic resistance phenotype. A direct effect of preexisting low-level antibiotic resistance mutations will then be a net increase in the mutation rate
when the selection is performed under high antibiotic concentrations. However, it seems that the presence of low-level antibiotic resistance mechanisms might favor the emergence of
clinically relevant antibiotic-resistant bacteria even when the
antibiotic selective concentration allows the growth of mutants
with mutations in a single gene. This hypothesis is backed by
works from Markham (38) and Markham and Neyfakh (39), in
which the investigators demonstrate that reserpine, an inhibitor of the MDR efflux pumps from S. aureus and S. pneumoniae, drastically reduces the mutation rate, leading to quinolone-resistant mutants in these bacterial species (38, 39).
Similarly, tetracycline-selected marO or marR E. coli mutants
have a 1,000-fold higher rate of mutation to fluoroquinolone
resistance (14). This situation may also apply for antibiotics
with an inoculum effect, since the presence of bacteria growing
at a high density can be considered a transient phenotypic
mechanism of low-level antibiotic resistance (60). The implication of this fact for the development of antibiotic resistance
in the course of an infection is clear: the presence of low-level
antibiotic resistance determinants in bacteria will increase the
possibility of the emergence of a clinically relevant antibiotic
resistance phenotype. In the same respect, the presence of
local accumulations of bacteria (or, eventually, biofilm formation) will favor the emergence of antibiotic-resistant mutants
as the consequence of the inoculum effect.
THE ANTIBIOTIC SELECTIVE PROCESS AND
MUTATION RATES
Once a mutation that potentially might render an antibiotic
resistance phenotype has occurred, the bacterium carrying the
mutated allele must compete with the wild-type ancestor bacterial population. The outcome of the competition process
depends on its relative fitness, defined as the efficiency of
multiplication of the mutant cell compared with that of the
wild-type ancestor population (18). Thus, not only the muta-
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exposed to streptomycin displays a hypermutable phenotype
(61). Finally, the mutation rate of Salmonella enterica serotype
Typhimurium for rifampin resistance increases under starvation conditions (27). These observations indicate that bacterial
growth conditions have a dramatic effect on the mutation rate.
Analysis of several model systems have demonstrated that
stress-enhanced bacterial mutation is a regulated phenomenon. The main factors in this process are stress-responsive
error-prone DNA polymerases V (umuCD) and IV (dinB),
which transiently increase the rate of mutation (58). Bacteria
growing in vivo are frequently under stress (20) because they
are starved, under antibiotic treatment, or challenged by the
need to colonize novel environments under the inhibitory effects of host defense mechanisms. We then suggest that the
frequencies of mutation are probably much higher in the
course of an infective process than those that have been determined by in vitro analysis.
Gene-specific regulation of antibiotic resistance mutation
rate. In-host increased mutability is a general situation that
may affect several different bacterial genes. However, regulation of mutability also has a gene-specific component. It has
been pointed out that bacteria have two different sets of genes:
housekeeping genes, which are relevant for basic bacterial metabolism and structure and that mutate at an expected low
frequency, and contingency genes (52), which are important
for bacterial adaptability to changing environments and that
are highly mutable. Indeed, very high rates of mutation may
indicate not a real mutation but, rather, some programmed
recombination event. Examples of such contingency genes are
those involved in phase changes. Phase variation is a longstudied phenomenon by which bacteria can rapidly change
their immunogenic characteristics and hence evade host defenses. This process is characterized by switching between high
and low levels of expression of a particular group of genes.
Switching is the consequence of specific DNA rearrangements
in the genes for regulatory proteins or the promoters of the
genes involved in the phase change. DNA regions involved in
switching present, then, a high mutation rate, which is specific
for these regions and which is tightly regulated (68, 76). Few of
these systems of specific regulation of mutagenesis have been
analyzed so far in relation to antibiotic resistance. For instance,
switching between phenotypes of chloramphenicol resistance
and susceptibility with frequencies in the range 10⫺4 to 10⫺5
have been described for two isolates of Proteus mirabilis (13)
and Agrobacterium radiobacter (42). In both cases a switch in
the expression of a chloramphenicol acetyltransferase (which is
silent in the susceptible populations) was responsible for the
emergence of a resistant population.
Hypermutable (mutator) strains. Recent work has shown
that many bacterial populations harbor a proportion of cells
with a mutator phenotype. These cells have a mutation rate
that is increased from 10 to 50 up to 10,000 times (48), generally as a consequence of a defective methyl-directed mismatch repair system. Because such highly mutable bacteria can
rapidly emerge in a previously homogeneous population, the
overall mutation rate will increase. The mutator phenotype
allows bacteria to develop a large variability of alleles that can
evade (by mutation) stressful environments during the infective process or antibiotic treatment (32, 46). Selection of mutator alleles by antibiotic therapy with different drugs can be
the basis for the emergence of some phenotypes of multiple
antibiotic resistance among bacteria with mutations in more
than one target (32). Mutator bacteria are not expected to be
fixed in the majority of bacterial populations as they tend to be
less fit than organisms with stable genomes in nonstressful
environments. In fact, the emergence of hypermutable cells
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FIG. 1. Patchwork structure of bacterial populations selected at different
antibiotic concentrations. The different bacterial populations that can be obtained upon selection with different concentrations of the same antibiotic are
shown. Six different phenotypes, each one corresponding to mutations either in
different loci or in different positions in the same locus, that render different
MICs are indicated. The rectangles show the compositions of the bacterial
populations selected with the antibiotic concentration fixed by the arrow at the
bottom. The black box at the bottom of all rectangles contains the same amount
of bacterial cells in all populations. Note that for any population maximum
selection is obtained at selective antibiotic concentrations close to the MIC for
the population.

antibiotics) on the time of exposure, this period of time may be
critical to yield one or another mutation rate.
Finally, the dynamics of the antibiotic action on the bacterial
cell may modify the mutation rate. If the bacterial population
is not killed effectively by a given antibiotic, the cells are maintained under stress, which may increase the mutation rate (see
above). On the contrary, some potentially effective resistance
mutations may have a phenotypic lag; that is, the resistance
phenotype is not immediately evident after mutation but appears some time later. If at this time the bacterium is rapidly
killed by the drug, the resistance phenotype will never arise.
Physical structure of selective habitat. We have seen that
both mutability and fitness are relevant for the emergence of
antibiotic-resistant bacteria. However, the capability of a bacterium to compete with other partners depends on the environment in which bacteria grow. Structured and compartmentalized environments (such as surfaces) allow bacteria to
occupy different niches and thus do not compete with each
other. Under these circumstances, all possible alleles in the
population capable of surviving the selective pressure will
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bility but the selective process as well will have a relevant effect
on the final mutation rate values.
Bacterial fitness. Antibiotic resistance changes bacterial fitness (2) usually by decreasing its value (6, 34), which is generally known as the biological cost of resistance, but in some
cases, fitness is increased (8). In time, this reduction can be
compensated by mutations in other loci of the bacterial chromosome (5, 10, 66), so that the antibiotic-resistant bacteria can
present a level of fitness equal to or even higher than those of
the original wild-type strains. If the mutant bacterium has a
lower level of fitness than the wild type, it will be cleared from
the bacterial population during growth prior to selection and
the mutation rate will be underestimated. On the contrary, a
higher level of fitness of the mutant bacteria will produce an
overestimation of the mutation rate. We should remind readers that in vitro-determined bacterial fitness does not necessary
equal in vivo fitness. In this respect, it has recently been described that highly fluoroquinolone-resistant Salmonella strains
might be counterselected in the field (23). Also, different fitness-compensating mutations are selected when antibiotic-resistant bacterial populations are growing in vivo compared with
those selected in in vitro experiments (5). These differences
highlight the need for very careful interpretation of the results
obtained with current in vitro models for the emergence of
antibiotic-resistant mutants in bacterial populations.
Antibiotic concentrations. The concentration of the selector
has an important role in the rate of mutation to antibiotic
resistance. For instance, the rate of selection of low-level quinolone-resistant mutants in P. aeruginosa can range from 1.2 ⫻
10⫺6 to 4 ⫻ 10⫺10, depending on the type and concentration of
the quinolone used for selection (30). As stated earlier, a
phenotype of increased antibiotic resistance may arise from
mutations in different genes. These mutations, however, may
provide quite different levels of antibiotic resistance. In fact,
heterogeneous expression of antibiotic resistance (even by
changes in the same target gene) is a well-known phenomenon
(19). At low selector concentrations, mutations in any of those
genes can effectively protect the bacteria from the action of the
antibiotic and thus be selectable. However, once the antibiotic
concentration rises, the number of selectable mutants decreases (Fig. 1). At certain antibiotic concentrations, combinations of mutations in more than one gene might be required to
provide the resistance phenotype (see above), so that at high
selector concentrations, a sharp decrease in the mutation rate
will occur.
Another important point (3) is that the probability that a
specific type of mutant will emerge is expected to have a maximum at one particular antibiotic concentration close to the
MIC for the organism (Fig. 1). For instance, a specific antibiotic concentration may be sufficient to decrease the growth
rate or to suppress the original ancestor population but may
not be sufficient to affect the resistant variant population. Beyond this concentration, antibiotic concentrations may be able
to reduce or suppress in an equivalent way the growth of both
susceptible and variant populations, and therefore, no selection for the variant is expected to occur. The same applies
when the antibiotic concentration is below the level to which
both populations are susceptible. Therefore, the selection of a
particular antibiotic-resistant variant may happen only in a
narrow range of drug concentrations that define a selective
window. The conclusion is that the observed mutation rate is
very sensitive to changes in drug concentration, and different
rates and types of mutants may be obtained in a discontinuous
way along the range of concentrations. On the other hand, as
the selective effect of the drug may depend (as for ␤-lactam
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CONCLUSIONS AND PERSPECTIVES
In this review, we have stated that the “mutation rate” is not
a simple characteristic of a specific bacterial species-antibiotic
association. On the contrary, the probability of the emergence
of antibiotic-resistant mutants is a complex phenomenon, as
previously recognized by others (44), in which the physiology,
the genetics, the antibiotic-bacterium dynamics, and the historical behavior of bacterial populations, together with the
physical structure of the selective medium, play major roles.
We must assume that the mutation rate determined under
conventional laboratory conditions probably differs greatly
from that in vivo at the site of infection. In such a way, more
than a single mutation rate, bacterial populations may have
multiple different mutation rates. The time has arrived to face
this complexity. We hope that the analysis presented in this
review may contribute to an understanding of the factors influencing these mutation rates (Table 1) with the aim of predicting a theoretical rate of emergence of resistant mutants for
a given antibiotic challenge by the use of appropriate mathematical models. To implement the models, more precise experimental data are urgently required. Before the introduction
of a new antimicrobial agent in clinical practice, it is advisable
to know in advance (phase I trials) the possibilities of development of mutational resistance in different bacterial pathogens. Analysis of both natural and hypermutable populations
under challenge with a variety of close antibiotic concentrations (starting very near the MIC), and preferably with compartmentalized (solid) media, will provide important data that
can be used to predict the frequency and type of resistant
variants that may arise during therapy. Current advances in
genomics and bacterial physiology should provide the basis for
the precise determination of some of the quantitative data
required for the proposed analysis. We encourage the development of such important pieces of research.
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