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Whether or not resistant mutants will be present before the start of antibiotic treatment of an initially
susceptible population of bacteria depends on the size of the infecting population, the rate of mutation to
resistance, and the amount of time that the population has been maintained. In the present investigation, we
argue that for the treatment of chronic infections caused by hypermutable Pseudomonas aeruginosa of the sort
frequently found in cystic fibrosis patients, mutants resistant to all single antipseudomonal drugs will almost
invariably be present in a high proportion at the onset of treatment, and consequently, these strains should be
considered resistant to all agents when they are used as monotherapy. Using a construct of P. aeruginosa strain
PAOL1 with a mutS deletion (strain PAOAmutS), we show that when in vitro populations of less than 5 x 10*
seemingly susceptible hypermutable bacteria are confronted with any of 11 antipseudomonal agents, mutants
for which the MICs and the minimum bactericidal concentrations are in the range of clinical resistance will
almost invariably ascend to dominance within 24 to 36 h. This does not occur for PAO1 without the mutS
deletion. The results of our detailed analysis of this evolution of acquired resistance to two of these antibiotics,
imipenem and ciprofloxacin, indicate that although the rates of mutation to resistance in PAOAmutS are on
the order of 1 X 10™° per generation, resistant mutants are very likely to either be present in cultures of
between 2 X 10* and 4 X 10* bacteria or arise after the bacterial populations are confronted with antibiotics.
We also demonstrate with in vitro experiments that the problem of acquired resistance to treatment with single
antibiotics can be thwarted by combination therapy with pairs of antibiotics of different classes with synergistic

activities. We discuss the clinical implications of our analysis of these observations.

Chronic lung infection with Pseudomonas aeruginosa is the
major cause of morbidity and mortality in cystic fibrosis (CF)
patients (8, 10, 22). While long-term treatment with antipseu-
domonal agents is necessary to avoid a fast decline in the
respiratory functions of the infected patients, mutants resistant
to multiple antimicrobials almost invariably evolve and lead to
treatment failure. P. aeruginosa, unlike many other bacteria,
can generate mutants that are resistant to the clinical concen-
trations of all antimicrobial agents used for therapy by making
changes in single genes (9, 11, 12, 16, 20, 43, 45).

On first consideration it would seem that this problem of
acquired resistance due to chromosomal gene mutations in P.
aeruginosa strains causing infections in CF patients is further
exacerbated by the anticipated presence of strains with ele-
vated mutation rates at high frequencies. The presence of
hypermutable (mutator) P. aeruginosa strains in the lungs of
CF patients at high frequencies has been reported previously
(29). Mutators represented 20% of the total P. aeruginosa
isolates in CF patients and were found in 37% of the patients.
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In those patients, the overall proportion of mutator isolates
was 43%. In that study, it was also found that for all antibiotics
the resistance rates of mutator isolates were substantially
higher than those of nonmutator isolates. The majority of the
mutator P. aeruginosa strains isolated from these CF patients
are deficient in the mismatch repair system, with mutS being
the gene most frequently involved (30).

Are these hypermutable strains responsible for the genera-
tion of the mutants responsible for acquired resistance in the P.
aeruginosa strains infecting CF patients, or are these mutator
strains the product of antibiotic-mediated selection in treated
CF patients? In theory at least, when populations of bacteria
are challenged with novel environmental stresses, like antibi-
otic treatment, selection can favor the evolution of mutator
genes (23, 40, 41). If these two products of antibiotic-mediated
selection, acquired resistance and the evolution of hypermuta-
tion, are broadly applicable, then it is likely that they will act
synergistically. Antibiotic-mediated selection leads to the evo-
lution of mutator genes as well as to the ascent of resistance,
and once they are present, strains with mutator genes augment
the likelihood of the subsequent generation of mutants resis-
tant to additional antibiotics.

In the investigation described here we explored the effects of
hypermutation on the likelihood of acquired resistance in P.
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aeruginosa causing chronic infections in antibiotic-treated
hosts. We show that in vitro, mutants resistant to all single
antipseudomonal drugs are likely to be present in even rela-
tively small populations of hypermutable P. aeruginosa or are
likely to evolve after these bacteria are confronted with anti-
biotics. We also show that this effective resistance to treatment
of seemingly susceptible populations of mutator P. aeruginosa
can be overcome by therapy with multiple antibiotics that act
synergistically. We discuss the clinical implications of these
results and recommend that as a consequence of the antici-
pated presence of hypermutable strains, first-line treatment for
chronic P. aeruginosa infections be with combinations of drugs
rather than single drugs.

MATERIALS AND METHODS

Construction of PAOAmutS strain. A 2.6-kb BamHI fragment containing the
wild-type mutS gene from P. aeruginosa strain PAO1 obtained from plasmid
pMBMS (30) was ligated to plasmid pJQ200mp18 (34) digested with the same
enzyme to obtain plasmid pJQMS, which was transformed into Escherichia coli
XL,Blue made competent by treatment with CaCl,. Transformants were selected
on Luria-Bertani (LB) agar plates with 30 pg of gentamicin per ml. Plasmid
pJQ200mp18 acts as a suicide vector in Pseudomonas and contains the RP4
transfer origin; the sacB gene, which has a lethal effect when 5% sucrose is
present; and a gentamicin resistance (Gm") marker [AAC(3)-I]. Plasmid pJQMS
was digested with Notl, which liberates a 1.5-kb internal fragment of the mutS
gene, and then ligated with a 1.2-kb kanamycin resistance cassette digested with
the same enzyme to obtain plasmid pJOMSKm, which was subsequently trans-
formed into E. coli XL,Blue. Transformants were selected on LB agar plates
containing 50 wg of kanamycin per ml and 30 pg of gentamicin per ml. The
kanamycin resistance (Km") cassette was obtained by PCR amplification of the
Km" gene [APH(3")I] from plasmid pBGS18~ (37) with specific primers con-
taining Notl restriction sites (underlined): 5'-AAGGAAAAAAGCGGCCGCG
TTGTAGGTGGACCAGTTGGTG-3' and 5'-AAGGAAAAAAGCGGCCGC
GAAGTCAGCGTAATGCTCTGCC-3'. Plasmid pJOMSKm was transformed
into E. coli S17\-pir (5), from which it was mobilized by conjugation into P.
aeruginosa strain PAO1. The recombination of the AmutS::Km region of plasmid
pJOMSKm into the PAO1 chromosome was performed in two steps. First,
recombinants with a single crossing over (with the whole plasmid recombined)
were selected after mating experiments by using S17\-pir(pJOMSKm) as the
donor and PAOL1 as the recipient on LB agar plates containing 100 pg of
kanamycin per ml, 50 pg of ampicillin per ml, and 30 pg of gentamicin per ml.
After overnight incubation in LB broth, double-crossing-over recombinants were
then selected on LB agar plates containing 100 g of kanamycin per ml and 5%
sucrose. Growing colonies were checked for gentamicin susceptibility and tested
by PCR amplification with combinations of mutS-specific internal and external
primers.

Complementation of PAOAmutS with PAO1 wild-type gene. The 2.6-kb
BamHI fragment containing the wild-type mutS gene from P. aeruginosa strain
PAO1 was ligated to plasmid pUCP24 (42), which had been digested with the
same enzyme, to obtain plasmid pUCPMS, which was transformed into E. coli
XL,Blue. Transformants were selected on LB agar plates containing 30 pg of
gentamicin per ml. pUCPMS was then electroporated into PAOAmutS, as de-
scribed previously (36). PAOAmutS(pUCPMS) transformants were selected on
LB agar plates containing 50 p.g of gentamicin per ml. Complementation of mutS
deficiency was demonstrated by the reversion of the increased rate of mutation
for rifampin resistance. PAOAmutS(pUCPMS) was used as a control to demon-
strate that the observed phenotype of PAOAmutS was a consequence of the mutS
deletion and not of secondary mutations that may occur during gene replacement
(13).

Determination of MICs, MBCs, and killing kinetics. MICs, minimal bacteri-
cidal concentrations (MBCs), and killing kinetics were determined by the broth
microdilution method according to the recommendations of NCCLS (26, 27).
The bacterial inoculum was prepared by the same procedure; approximately 10°
cells from overnight cultures were inoculated into tubes containing 10 ml of
Mueller-Hinton broth, and the tubes were incubated at 37°C with strong agita-
tion until the mid-log phase of growth (approximately 10% cells/ml). Then, 2 X
10* to 4 X 10 cells from these cultures were inoculated into each microdilution
well (1 X 10° to 2 X 10° CFU/ml). For MBC determination, 100-ul aliquots, as
well as serial 1/10 dilutions, from all wells with no visible growth after 16 h of
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incubation were plated onto Mueller-Hinton agar (MHA) plates, which were
incubated for 24 h. The MBC was defined as the lowest concentration that
brought about a >99.9% reduction in the size of the initial inoculum. Killing
kinetics studies with imipenem (4 and 8 pg/ml) and ciprofloxacin (0.5 and 1
pg/ml) were performed as for determination of MBCs, but aliquots (and serial
1/10 dilutions) were plated on MHA plates at 1, 2, 3, 4, 5, 6, 12, and 24 h. Final
results represent the median values of six independent experiments. For synergy
studies the antibiotics were combined in a ratio proportional to their respective
MICs, and MICs and MBCs were determined as described above.

Estimation of mutation rates. Approximately 10 cells from overnight cultures
were inoculated into 10 tubes, each of which contained 10 ml of Mueller-Hinton
broth, and the tubes were incubated at 37°C with strong agitation for 24 h.
Aliquots from successive dilutions were plated onto MHA plates with and with-
out the different antibiotics. The numbers of colonies growing after 24 h of
incubation were counted, and the mutation rate (number of mutants per cell per
division) was estimated by a method described elsewhere (3). The final result
represents the mean value of two independent experiments. For the definition of
the mutation rates, MHA plates containing 300 pg of rifampin per ml were used
as described previously (29, 30). Additionally, rates of mutation to imipenem (4
and 8 pg/ml) and ciprofloxacin (0.5 and 1 wg/ml) resistance were also estimated
by the same procedure.

Characterization of antibiotic-resistant PAOAmutS mutants. For the charac-
terization of B-lactam-resistant mutants, the chromosomal B-lactamase activity
was quantified by measuring the nitrocefin hydrolysis rates (micromoles of sub-
strate hydrolyzed per minute and per milligram of protein), as described previ-
ously (31). For the characterization of imipenem-resistant mutants, oprD was
amplified by PCR with primers OprDF (5'-CGCCGACAAGAAGAACTAG-3")
and OprDR (5'-GTCGATTACAGGATCGACAG-3'), designed to amplify a
1.4-kb DNA fragment containing oprD from the published genome sequence of
PAOI1 (39). For the characterization of ciprofloxacin-resistant mutants, the quin-
olone resistance-determining regions of gyrA4 and parC were amplified by PCR as
described previously (9). In all cases, two independent PCR products were
sequenced from both strands. The BigDye Terminator kit (PE-Applied Biosys-
tems, Foster City, Calif.) was used for the sequencing reactions, and the se-
quences were analyzed with an ABI Prism 3100 DNA sequencer (PE-Applied
Biosystems).

RESULTS

Strain PAOAmutS was constructed as described in Materials
and Methods. As expected, the deletion of mutS produced an
increase in the spontaneous mutation rate of more than 2
orders of magnitude. As estimated from fluctuation test exper-
iments, the rates of mutation to rifampin (300 pg/ml) resis-
tance were 4.9 X 107° for PAO1 and 1.0 X 107° for
PAOAmutS. Complementation of PAOAmutS with the cloned
wild-type gene restored the mutation rate back to the levels for
PAO1 [mutation rate of PAOAmutS(pUCPMS), 7.4 X 10~°].

Mismatch repair inactivation immediately increases the
MICs and MBCs of antipseudomonal agents for P. aeruginosa.
The MICs and MBCs of 11 antipseudomonal agents used to
treat lung infections in CF patients were determined for strains
PAO1 and PAOAmutS. When the MICs were estimated at
16 h, they were essentially identical for both strains. On the
other hand, while all agents tested were highly bactericidal for
PAOL1 (the MBCs were within 1 dilution of the MICs), for all
the replicates a significant increase in the MBCs (median in-
creases in the MBCs of the different antibiotics, 4- to 16-fold)
was observed for strain PAOAmutS (Table 1). Additionally,
when the turbidities of these cultures were examined after
prolonged incubation (36 h), significant increases in the MICs
of all the antibiotics were observed for PAOAmutS but not for
PAOL (Table 1). The increased resistance was demonstrated
to be dependent on mutS inactivation, since when PAOAmutS
harbored a plasmid (pUCPMS) with the wild-type gene, the
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TABLE 1. MICs and MBCs for PAO1 and PAOAmutS strains

MIC (pg/ml) MBC (jug/ml)
Antibiotic MBC ratio NCCLS breakpoint
PAOT (16 hy* PAOAmuLS PAONmutS PAOIL® PAOAmuLS® (PAOAMutS/PAOT) (SR)
(16 h) (36 hy

Ceftazidime 1 1 16 2 32 16 =8-=32
Cefepime 1 1 4 1 8 8 =8-=32
Imipenem 1 1 16 2 16 8 =4-=16
Meropenem 0.12 0.25 2 0.12 2 16 =4-=16
Ticarcillin 16 16 64 16 128 8 =64-=128
Piperacillin 8 8 64 16 128 8 =64-=128
Tobramycin 0.25 0.5 4 0.5 4 8 =4-=16
Gentamicin 0.25 0.5 8 1 16 16 =4-=16
Amikacin 1 2 32 2 32 16 =16-=64
Colistin 0.25 0.25 0.5 0.25 1 4 ND“
Ciprofloxacin 0.06 0.06 1 0.12 2 16 =1-=4

“No changes in the MICs for PAO1 were observed after 36 h of incubation.

® The values are medians from six different experiments. The estimated MICs at 36 h and the MBCs for PAOAmutS from different replicates varied within 1 dilution.

¢ S-R, standard for nonsusceptibility and resistance breakpoints, respectively.
4 ND, not defined.

MBCs and the MICs for the strain at 36 h were found to be
essentially identical to those for PAO1.

Genetic rather than physiological resistance. To ascertain
whether the higher MBCs and the higher estimates of the
MIC:s for the mutator strain at 36 h were due to a physiological
response or inherited resistance, these parameters were esti-
mated for 10 surviving colonies (from each of three indepen-
dent experiments) isolated from the microdilution wells with
the breakpoint MBCs of the 11 antipseudomonal agents. After
subculture on antibiotic-free medium, the MICs (16 h) for the
selected colonies were equal to or greater than the antibiotic
concentration in the microdilution wells from which they were
isolated. Thus, it is reasonable to interpret these findings as
indicating that the increases in the MICs and the MBCs for
PAOAmutS shown in Table 1 were a consequence of the se-
lection of resistant mutants rather than a physiological re-
sponse.

The level of resistance of PAOAmutS in the MBC experi-
ments and the MIC experiments at 36 h reached or surpassed
the NCCLS breakpoints for nonsusceptibility to 7 of the 11
antibiotics used to challenge the strains (ticarcillin, piperacil-
lin, ceftazidime, imipenem, gentamicin, amikacin, and cipro-
floxacin) and remained just 1 dilution below the breakpoints
for two of these antibiotics (tobramycin and cefepime). Al-
though the meropenem MICs for the PAOAmutS mutants
isolated from these cultures were 16-fold greater than those for
their susceptible ancestors, the MICs for these mutants were 2
dilutions below the NCCLS breakpoints for nonsusceptibility
(Table 1). Finally, the MIC of colistin for the PAOAmutS
mutants isolated was only fourfold greater than that for the
ancestors. At this time, NCCLS has not recommended break-
points for nonsusceptibility to colistin.

To determine if the nature of the resistant mutants selected
during the MBC experiments and the MIC experiments at 36 h
was consistent with that expected from our knowledge of mu-
tational antibiotic resistance mechanisms in P. aeruginosa, a
number of isolates were further characterized. Five colonies
(from five independent experiments) recovered from microdi-
lution wells with 16 g of ceftazidime (as a representative of
B-lactams) per ml, 4 pg of imipenem (as a representative of

carbapenems) per ml, and 0.5 pg of ciprofloxacin (as a repre-
sentative of fluoroquinolones) per ml were characterized after
passage in antibiotic-free medium. The MICs (16 h) of cefta-
zidime for the selected colonies ranged from 64 to 128 pg/ml,
and the colonies showed cross-resistance to ticarcillin, pipera-
cillin, and cefepime, a phenotype consistent with AmpC hy-
perproduction, which is the most frequent mutational mecha-
nism of B-lactam resistance in P. aeruginosa (9). Quantification
of the chromosomal B-lactamase activity revealed that all the
mutants were in fact AmpC hyperproducers. The B-lactamase
activities of the five selected mutants were 81, 40, 22, 272, and
114 times higher, respectively, than that of the parent strain,
PAOAmutS. The MICs (16 h) of imipenem for the selected
colonies ranged from 16 to 32 pg/ml, whereas those of mero-
penem ranged from 4 to 8 wg/ml, a phenotype consistent with
OprD inactivation, the most frequent imipenem resistance
mechanism in P. aeruginosa (32). Sequencing of oprD revealed
that three of the five mutants contained mutations (in bold-
face) that lead to the creation of a premature stop codon:
W339X (TGG to TGA at nucleotide 1017), W277X (TGG to
TAG at nucleotide 830), and W277X (TGG to TGA at nucle-
otide 831). A fourth mutant contained the missense mutation
S278P (TCC to CCC at nucleotide 832), which, to the best of
our knowledge, has not been described previously. Finally, the
last mutant did not contain any mutation in oprD, suggesting
that mutations in regulatory systems affecting oprD expression
could be involved, as has been noted previously for a few
clinical strains (32). The MICs (16 h) of ciprofloxacin for the
selected colonies ranged from 1 to 2 pg/ml. Sequencing of the
quinolone resistance-determining regions of gyrA and parC
revealed no mutations in any of the five selected mutants,
ruling out the possibility that mutation in the topoisomerases is
a fluoroquinolone resistance mechanism. On the other hand,
analysis of the resistance patterns of all five mutants revealed
no modifications in the MICs of ceftazidime, imipenem, mero-
penem, and gentamicin (MICs were within 1 dilution), whereas
a four- to eightfold increase in the MIC of cefepime was
observed. Extended antibiotic susceptibility testing revealed no
modifications of the tetracycline MICs, whereas a significant
(more than twofold dilution) increase in chloramphenicol
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FIG. 1. Killing kinetics for PAO1 (dashed lines and open symbols) and PAOAmutS (solid lines and solid symbols). (A) Imipenem killing
kinetics. Squares, control with no antibiotic; triangles, imipenem at 4 pg/ml; diamonds, imipenem at 8 pg/ml. (B) Ciprofloxacin killing kinetics.
Squares, control with no antibiotic; triangles, ciprofloxacin at 0.5 pg/ml; diamonds; ciprofloxacin at 1 pg/ml.

MICs was noted. This resistance pattern is typical of nfxB-type
mutants and is known to be produced by hyperexpression of
the MexCD-OprlJ efflux system, which has been found to be
selected for by quinolones both in vitro and in vivo (24, 25).

Dynamics of selection process. To explore in more detail the
selection for resistance in the MBC assays and the assays of the
MIC:s at 36 h, killing kinetics experiments were conducted with
PAO1 and PAOAmutS and two representative antipseudomo-
nal agents, imipenem and ciprofloxacin. The two highest con-
centrations of antibiotics at which mutants were selected in the
MIC and MBC experiments were used: 4 and 8 pg/ml for
imipenem and 0.5 and 1 pg/ml for ciprofloxacin. As can be
seen in Fig. 1A and B, the initial killing kinetics were very
similar for strains PAO1 and PAOAmutS, with these antibiot-
ics having marked bactericidal effects in the first few hours.
Starting at approximately 6 h, the number of CFU of the
PAOAmutS mutant but not of the wild-type strain increased in
the antibiotic-containing cultures. As was the case in the orig-
inal MBC experiments and MIC experiments at 36 h, the
colonies isolated after the recovery of PAOAmutS were resis-
tant to clinically achievable concentrations of these antibiotics.
Moreover, as observed in the MBC experiments and the MIC
experiments at 36 h, the killing kinetics for strain PAOAmutS
harboring plasmid pUCPMS were nearly identical to those for
PAOL.

Likelihood of preexisting mutations. Can the ascent of re-
sistant Pseudomonas strains in the MIC, MBC, and Kkilling
kinetics experiments described above with PAOAmutS but not
with PAO1 be attributed to preexisting resistant mutants
among the 2 X 10* to 4 X 10* bacteria used to initiate these

experiments? To address this question, we estimated the rate
of spontaneous mutation of PAO1 and PAOAmutS to imi-
penem (4 and 8 pg/ml) and ciprofloxacin (0.5 and 1 pg/ml)
resistance by fluctuation test experiments and by the method
described in the Appendix. With these estimated mutation
rates and the method described in the Appendix, we calculated
the probability that one or more resistant mutants were
present in these initial inocula.

As would be anticipated, the rate of mutation to resistance
for the mutator strain was substantially greater than that for
the nonmutator strain, with the increase ranging from 2 to 3
orders of magnitude (Table 2). On the basis of these mutation
rates and the calculations presented in the Appendix, the prob-
ability that one or more ciprofloxacin- or imipenem-resistant
mutants were present among the 4 X 10* PAOL1 cells used in
the MBC experiments, the MIC experiments at 36 h, and the

TABLE 2. Estimates of rates of mutation to ciprofloxacin and
imipenem resistance for PAO1 and PAOAmutS

Mutation rate (no. of mutants per cell per

Antibiotic and division)
concn
PAO1 PAOAmutS
Ciprofloxacin
1 pg/ml 1.2x 1078 1.1x107°
0.5 pg/ml 22x10°8 1.9 X 107°
Imipenem
8 pg/ml 6.5x107° 1.1x107°
4 pg/ml 1.3x 1078 1.2x107°
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TABLE 3. MICs and MBCs of selected antibiotic combinations for PAO1 and PAOAmutS strains

MIC (ug/ml) MBC (pg/ml) . MBC rafio for
Antibiotic combination PAOL P AOATIS . A%IZC ra;‘l’,g’él,, PAOAmutS (individual/
PAO1 PAOAmMULS mutS| combination)”
(16 h) (16 h)
Ceftazidime with:
Ciprofloxacin 1/0.06 1/0.06 2/0.12 4/0.25 2 8
Tobramycin 1/0.25 1/0.25 1/0.25 2/0.5 2 16
Imipenem with:
Ciprofloxacin 1/0.06 1/0.06 1/0.12 2/0.25 2 8
Tobramycin 2/0.5 2/0.5 2/0.5 4/1 2 4
Meropenem with:
Ciprofloxacin 0.12/0.06 0.12/0.06 0.25/0.12 0.5/0.25 2 4
Tobramycin 0.12/0.25 0.25/0.5 0.25/0.5 12 4 2
Ciprofloxacin and tobramycin 0.12/0.5 0.12/0.5 0.12/0.5 0.25/1 2 4

¢ Ratio of MBC for strain PAOAmutS and MBC for strain PAO1 for the selected antibiotic combinations.
b Ratio of the MBC of each agent alone and the MBC of the antibiotic combination for strain PAOAmutS.

killing kinetic experiments was less than 0.001 for both of these
antibiotics at both concentrations. The corresponding proba-
bilities that one or more resistant mutants were present in the
cultures initiated with 4 X 10* PAOAmutS bacteria are 0.99,
0.36, 0.52, and 0.33 for imipenem at 4 pg/ml, imipenem at 8
pg/ml, ciprofloxacin at 0.5 pwg/ml, and ciprofloxacin at 1 pg/ml,
respectively.

To ascertain whether the observed frequencies of PAOAmutS
cultures with one or more imipenem- or ciprofloxacin-resistant
mutants were consistent with those expected from these cal-
culations, we set up 40 microtiter well cultures with between 2
X 10* and 4 X 10* bacteria and either 0.5 or 1 ug of ciprofloxa-
cin per ml or 4 or 8 pg of imipenem per ml. To minimize the
probability that this hypothesis would be rejected due to mu-
tant jackpots (21) in the original inoculum, the bacteria in
these wells were derived from 10 independent overnight cul-
tures, each initiated with a different PAOAmutS colony, that
were used to inoculate four of the cultures containing cipro-
floxacin and imipenem. Of the 40 cultures used for each treat-
ment, the numbers that were turbid at 36 h were 40, 15, 35, and
17 for imipenem at 4 wg/ml, imipenem at 8 pwg/ml, ciprofloxa-
cin at 0.5 pg/ml, and ciprofloxacin at 1 pg/ml, respectively.
Assuming that these cultures were initiated with 4 X 10* cells
and with the above estimates of the expected frequencies of
cultures with one or more resistant bacteria, based on a chi-
square goodness-of-fit test (with 1 degree of freedom with
Yates’ correction), there was only one statistically significant
deviation from the expected number of cultures with one or
more resistant cells. There were too many cultures with one or
more mutants resistant to 0.5 g of ciprofloxacin per ml (P <
0.001). There is evidence that in E. coli ciprofloxacin may
induce resistance mutations among the surviving exposed cells
(35). At this time, we are exploring some form of adaptive
mutation mechanism as the explanation for this greater than
expected number of resistant mutants in the cultures with 0.5
wg of ciprofloxacin per ml.

Use of combinations of antipseudomonal agents to minimize
the selection of hypermutable antibiotic-resistant mutants.
When the activities of the antipseudomonal agents against
strain PAOAmutS are considered, it seems reasonable that no

antimicrobial agent should be used alone for the treatment of
lung infections in patients with CF, in whom the prevalence of
Pseudomonas mutator variants is high, due to the inevitable
selection of resistant mutants and the immediate dominance of
the resulting resistant population. To explore the potential
activities of combinations of antipseudomonal agents against
mutator P. aeruginosa strains, synergy studies were conducted
with strains PAO1 and PAOAmutS. The MICs and MBCs of
several combinations of two antimicrobial agents are shown in
Table 3. No significant modifications of the MICs or the MBCs
for PAO1 were observed with any of the combinations com-
pared with those obtained with the individual antimicrobial
agents (Table 3). On the other hand, the increases in the
MBCs of the individual antibiotics previously found for
PAOAmutS almost disappeared with most of the combinations
of two bactericidal antipseudomonal agents. As shown in Table
3, the MBCs of the antibiotic combinations were 2- to 16-fold
lower than those of the individual agents for strain
PAOAmutS. Nevertheless, a twofold-higher MBC of most
combinations was observed when those for PAOAmutS were
compared with those for PAO1, suggesting that very low (peri-
inhibitory) concentrations of two antibiotics could select for
phenotypes of low-level multidrug resistance (28).

DISCUSSION

In theory at least, if resistant mutants are not initially
present, treatment failure due to the ascent of resistant mu-
tants can be avoided by aggressive treatment with even single
antibiotics (6, 18). This “hit-them-hard” approach to antimi-
crobial chemotherapy, which Paul Ehrlich already recom-
mended early last century (7), is less likely to be effective if
resistant mutants are already present in the treated population
of microbes. The results of this study, together with those
presented elsewhere (29), suggest that in patients with chronic
P. aeruginosa infections, such as those in CF patients, mutants
resistant to virtually all single antipseudomonal agents should
be anticipated to be already present in a high proportion prior
to treatment.

There are several reasons to anticipate the existence of sub-
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stantial numbers of antibiotic-resistant mutants in chronic P.
aeruginosa infections prior to treatment with the selecting an-
tibiotics. The first is the large numbers of P. aeruginosa bacteria
in infecting populations, typically greater than 107 CFU/g of
sputum (44). The second is the likely presence of hypermut-
able strains and, thus, elevated rates of mutation in the bacte-
rial population. The third is the impressive capacity of P.
aeruginosa to adapt to environmental changes by mutation and
selection. Perhaps because of its exceptionally large genome
(6.2 Mb) (39), P. aeruginosa can become resistant to the clin-
ically achievable concentrations of virtually all agents used for
therapy as a result of mutations of single chromosomal genes,
and this often occurs in treated hosts (20). Among the mech-
anisms predisposing P. aeruginosa to inherited resistance to
antimicrobial agents are the impressive number of efflux sys-
tems encoded in its genome. The complex of efflux machinery
provides P. aeruginosa with intrinsic resistance to high concen-
trations of several antibiotics and low-level resistance to many
others. As a consequence of regulatory and other mutations
leading to the hyperexpression of these efflux mechanisms,
these intrinsic low-level resistance mechanisms can result in
inherited resistance to high concentrations of other antibiotics
(25, 33). Another example could be AmpC hyperproduction, at
least compared with the level of production by E. coli. Whereas
AmpC hyperproduction in E. coli depends exclusively on a few
specific point mutations in the B-lactamase promoter region, P.
aeruginosa has many targets that can be mutated for this pur-
pose, including several mutations in ampR (and the ampR-
ampC intergenic region), any inactivating mutation in ampD,
and mutations in other genes that have not yet been charac-
terized, since many AmpC-hyperproducing strains contain no
mutations in these two genes (2).

Finally, the bacteria in a chronic infection replicate as well as
die, and in the course of this birth-death process they produce
antibiotic resistance and other mutations. Save for occasional
purging by selective sweeps, or “periodic selection” (1, 15, 17),
resistant mutants will continue to accumulate even in the ab-
sence of the antibiotics selecting for their ascent. Equilibrium
will be reached when the rate of production of new mutants is
exactly equal to their rate of loss due to mutation to the wild
type and selection against them. For example, if the rate of
mutation to resistance to a particular antibiotic is 10~° and
resistance engenders a 1% fitness cost, then at equilibrium the
relative frequency of resistant mutants would be approximately
10™* (4). Stated another way, in a population of 10° bacteria,
10° would be resistant to that antibiotic prior to its use.

While the present experiments do not directly simulate the
accumulation of mutants in a chronic infection, they do ac-
count for the anticipated increase in the number of mutants in
the course of replication. The reasons for this are beautifully
described in Luria and Delbruck’s classical paper (21) and can
also be seen with a numerical example. The 2 X 10* to 4 X 10*
cells used for the MIC, MBC, and killing rate experiments
were taken from cultures of 10® cells. If the rate of mutation to
resistance was 10, then, on average, the first mutant would
occur when the culture was 10° cells, and in each successive
generation the existing mutants would produce two cells.
Moreover, in each generation new mutants would be produced
from the ancestral cells that dominate the population. Thus,
after one division the population of 10° bacteria with one
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mutant would be 2 X 10° total cells, of which two would be
mutants derived by replication from the original mutant and
two would be produced in the course of cell division by the
ancestral population, for a total of four mutants. In the next
generation, the total population size will be 4 X 10%, the 4
mutants present in the previous generation would become 8 by
cell division, and approximately 4 additional mutants will be
produced from the ancestral population, for a total of 12. This
process continues, and by the time the total number of bacteria
in the population reaches 10® there will be approximately 700
mutants, for a frequency of mutants of 7 X 107°. Thus, in a
sample of 2 X 10* cells there will be, on average, 0.14 mutant
and in a sample of 4 X 10* cells there will be, on average, 0.28
mutant. If we neglect this accumulation, the expected number
of mutants in these cultures would be the product of the mu-
tation rate and the total number of cells, or 0.02 and 0.04 for
samples with 2 X 10* and 4 X 10 bacteria, respectively. In the
Appendix we consider the contribution of this accumulation to
the expected number of mutants in a population as well as the
stochastic nature of the mutation process.

From a clinical perspective, these results and the consider-
ations outlined above suggest that the treatment of CF or other
patients with long-standing chronic Pseudomonas infections
with single antibiotics, or monotherapy, is likely to fail because
of the preexistence and subsequent ascent of resistant mutants.
What about multidrug therapy, that is, treatment with drugs
with synergistic activities, resistance to which requires separate
and independent mutations? Are bacteria with mutations for
resistance to clinically achievable concentrations of multiple
drugs likely to be present in patients with long-standing chronic
infection with P. aeruginosa? Although this possibility cannot
be completely excluded due to the large numbers of bacteria in
the P. aeruginosa populations frequently found in these pa-
tients, treatment with combinations of antibiotics may help, as
found in our synergy testing, minimize the selection and ascent
to dominance of antibiotic-resistant mutants.

In designing the treatment protocols for combination ther-
apy, it is critical to consider the fact that although mutants with
simultaneous high-level resistance to multiple antibiotics may
not be present prior to treatment, they may rapidly evolve
during the course of multidrug treatment. To minimize the
likelihood of that occurring whenever possible, the treatment
protocol should preclude situations in which the antibiotic
concentrations decline to levels at which only one of the two
antibiotics is limiting the growth of the bacterial population.
Under these conditions, mutants resistant solely to the limiting
antibiotic would be favored and may well increase in sufficient
numbers that mutants that are also resistant to the second
antibiotic are generated (18, 19). Another critical point to
consider in the design of multidrug therapy protocols is the fact
that low (peri-inhibitory) concentrations of multiple drugs
could provide conditions for the selection for high-level resis-
tance to one or more of the drugs used. Thus, in the design of
multidrug treatment protocols, dosing intervals should be ad-
justed to minimize and, ideally, prevent the antibiotic concen-
trations from falling to levels below the intrinsic level of resis-
tance to these agents. Finally, our results suggest that
multidrug therapy for lung infections in patients with CF
should probably be applied at any stage of the infective pro-
cess, including any stage in which a low bacterial load is ex-
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pected to occur, and particularly if there is suspicion that the
founder population originated in another patient, in whom
resistant mutants may have accumulated during chronic infec-
tion.

APPENDIX

Expected number of mutants in a sample. As noted in the
Discussion of this report and much earlier by Luria and Del-
bruck (21), as a consequence of the replication of existing
mutants and the production of new ones, the expected number
of mutants in a culture of N bacteria or a sample of Z cells
from that culture (Z < N) will not be equal to the product of
the mutation rate () and the number of cells in the culture or
the sample. If the mutation rate is high and N is large, the
expected number of mutants in a culture or a sample can be
substantially greater than Nw or Zp. Moreover, there will be
considerable variation in the number of mutants produced
among cultures that have the same total number of cells but
that started independently with relatively few cells (21). This
stochasticity is a consequence of the variation in the number of
mutational events occurring in these cultures and the time
during the course of population growth that these mutants
were generated.

The accumulation of existing mutants, the production of new
ones, and the stochasticity of the mutation process are taken
into account in the algorithms used to estimate the mutation
rates from fluctuation test data (14, 21, 38). The expected
number of mutants per culture in an array of ¢ cultures of N
bacteria can be calculated from the estimated mutation rate by
using the transcendental equation in Luria and Delbruck’s
1943 article (21). To our knowledge, however, there is no
formula for estimation of the expected number of mutants in a
culture that takes into account the stochastic nature of the
accumulation of existing mutants, the production of new ones,
and, if appropriate, differences in the growth rates (relative
fitness) of the mutants and their ancestors, as well as other
inconveniences of reality. One can, however, obtain realistic
estimates of the expected number of mutants and the variation
in those numbers with Monte Carlo simulations of fluctuation
experiments. This is how we determined the expected frequen-
cies of cultures with one or more mutations that we used for
the chi-square test described above. Our fluctuation test sim-
ulation was programmed with the Berkeley Madonna software
package and can be downloaded from www.eclf.net.

As input for these simulations we used the estimated muta-
tion rate for resistance presented in Table 2 and set the pa-
rameters (resource concentration and conversion efficiency) so
that when the cultures stop growing due to resource limitations
there are 10° bacteria. Because we had no information to the
contrary, we assumed that mutants and their ancestors were
equally fit. For each mutation rate, we ran two 20-culture
fluctuation test simulations and for each simulation estimated
the expected number of mutations from the median number of
mutants in the 20 cultures. We used the mean of two estimated
medians of the total number of mutants in the simulated cul-
tures, M, to calculate the relative frequency of resistant cells (F
= M/10™°), and from that frequency we calculated the ex-
pected number of mutants, X, in samples of 4 X 10* bacteria [X
= F- (4 X 10%)]. To calculate the probability that a culture of
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4 X 10* cells would have at least one resistant mutant, y > 0,
we assumed a Poisson distribution so that P(y > 0) =1 — ¢*.

To illustrate how we used this method, we consider the
expected number of PAOAmutS cultures with one or more
mutants with mutations for resistance to imipenem at 8 pg/ml.
From the fluctuation test, we estimated the rate of mutation
for resistance to this concentration of imipenem to be 1.1 X
107 per cell per generation (Table 2). The mutation rates
calculated from the two simulations with this empirically esti-
mated mutation rate and 10° bacteria per culture were 1.2 X
107% and 1.1 X 10~°, respectively. The relative frequencies of
mutants in these simulated cultures, F, were substantially
greater than that expected from the product of the mutation
rate and the total number of bacteria, 1.2 X 107> and 1.0 X
1073, for an average of 1.1 X 107>. Thus, in a sample of 4 X
10* PAOAmutS cells, the expected number of mutants resis-
tant to imipenem at 8 pg/ml would be (1.1 X 1077) X (4.0 X
10%), or X = 0.44, and the expected frequency of cultures with
one or more resistant mutants would be 1 — ¢ % = (.36.
Therefore, of 40 independent cultures, we would anticipate
that 14.4 (0.36 X 40) would have one or more resistant mu-
tants.
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