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Twenty-eight human isolates of Escherichia coli from Argentina and Spain and eight veterinary isolates
received from the Ministry of Agriculture Fisheries and Foods in the United Kingdom required 2 to >128 pg
of ciprofloxacin per ml for inhibition. Fragments of gyr4 and parC encompassing the quinolone resistance-
determining region were amplified by PCR, and the DNA sequences of the fragments were determined. All
isolates contained a mutation in gyrA4 of a serine at position 83 (Ser83) to an Leu, and 26 isolates also contained
a mutation of Asp87 to one of four amino acids: Asn (n = 14), Tyr (n = 6), Gly (n = 5), or His (rn = 1). Twenty-
four isolates contained a single mutation in parC, either a Ser80 to Ile (n = 17) or Arg (n = 2) or a Glu84 to
Lys (n = 3). The role of a mutation in gyrB was investigated by introducing wild-type gyrB (pBP548) into all
isolates; for three transformants MICs of ciprofloxacin were reduced; however, sequencing of PCR-derived
fragments containing the gyrB quinolone resistance-determining region revealed no changes. The analogous
region of parE was analyzed in 34 of 36 isolates by single-strand conformational polymorphism analysis and
sequencing; however, no amino acid substitutions were discovered. The outer membrane protein and lipopoly-
saccharide profiles of all isolates were compared with those of reference strains, and the concentration of
ciprofloxacin accumulated (with or without 100 M carbony cyanide m-chlorophenylhydrazone [CCCP]) was
determined. Twenty-two isolates accumulated significantly lower concentrations of ciprofloxacin than the
wild-type E. coli isolate; nine isolates accumulated less then half the concentration. The addition of CCCP
increased the concentration of ciprofloxacin accumulated, and in all but one isolate the percent increase was
greater than that in the control strains. The data indicate that high-level fluoroquinolone resistance in E. coli

involves the acquisition of mutations at multiple loci.

Despite initial optimism, resistance to fluoroquinolone an-
tibiotics among bacteria has increased significantly since their
introduction into medicine and agriculture in the late 1980s
and early 1990s. Consequently, the mechanism of resistance in
fluoroquinolone-resistant bacteria has been the subject of in-
tense research, and in recent years dramatic advances have
been made both in our understanding of these mechanisms
and in the range of species that have been characterized. It is
now clear that a number of factors can contribute to fluoro-
quinolone resistance in both gram-negative and gram-positive
bacteria. In gram-negative organisms, such as Escherichia coli,
the primary target of fluoroquinolone antibiotics is the topo-
isomerase II enzyme, DNA gyrase, which is essential for DNA
synthesis (7). DNA gyrase consists of two A and two B sub-
units, encoded by the gyr4 and gyrB genes, respectively (25).
Alterations in DNA gyrase have been shown to reduce the
affinity of the enzyme for fluoroquinolones and decrease the
susceptibility of the organism to the antibiotics. Most muta-
tions have been shown to reside in a small region near the start
of the gyrA gene, termed the quinolone resistance-determining
region (QRDR), although mutations have also been reported
in gyrB (for a recent review, see reference 27). Recently, topo-
isomerase IV has also been shown to be inhibited by fluoro-
quinolones, and it has been suggested that in E. coli this en-
zyme may be a secondary target for fluoroquinolone action in
the absence of a susceptible DNA gyrase (12). Decreased sus-
ceptibility has also been associated with reduced intracellular
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accumulation of fluoroquinolones because of changes in the
cell envelope (27). In gram-negative bacteria these may include
the loss of outer membrane porins or alterations to the lipo-
polysaccharide (LPS) of the outer membrane, or both (11). In
certain organisms, such as Pseudomonas aeruginosa and Staph-
vlococcus aureus, reduced accumulation has also been associ-
ated with enhanced efflux of fluoroquinolones from the cell
(13, 29). Mechanisms of resistance involving the bacterial cell
envelope frequently confer multiple drug resistance to several
chemically unrelated but clinically important drugs (19, 23).
In E. coli, mutations in marR of the marRAB operon result
in overproduction of the MarA activator, which controls the
expression of a number of loci thought to be involved in mul-
tiple-antibiotic resistance (3). The most important of these has
recently been demonstrated to be acr4B, which encodes a
multiple-antibiotic efflux pump (24).

Despite much research effort into the detailed characteriza-
tion of resistance mechanisms in specific laboratory-derived
mutants, the prevalence and relative contribution of individual
mechanisms with regard to fluoroquinolone resistance in hu-
man and veterinary isolates is far from clear. In order to de-
termine the role of each known resistance mechanism in the
overall phenotype, we characterized 36 fluoroquinolone-resis-
tant isolates of E. coli obtained from humans in Spain and
Argentina and from veterinary sources in the United Kingdom.
For comparison, two National Culture Collection fluoroquin-
olone-susceptible control strains were also analyzed. We have
shown that high levels of resistance are associated with multi-
ple changes affecting the cell envelope and both of the target
enzymes. The likelihood of such multiple mutants arising spon-
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taneously within an infecting population are extremely slim,
suggesting that individual mutations are accumulated by strains
either within one host during prolonged antibiotic exposure
or as they are spread from host to host or that such mutants
arise subsequent to the antibiotic challenge, perhaps because
of adaptive mutagenesis (8).

MATERIALS AND METHODS

Bacteria. Thirty-eight strains of E. coli were examined throughout the study:
19 clinical isolates from Hospital de La Princesa, Madrid, Spain (isolates 1236 to
1254), previously described by Alarcon et al. (2); 9 clinical isolates from Sonia
Arduino, Clinica Independecia, Buenos Aires, Argentina (isolates 1275 to 1283);
8 veterinary isolates (calves and chickens) from the Central Veterinary Labora-
tory, Ministry of Agriculture Fisheries and Food in the United Kingdom (isolates
187 to 194); and 2 control strains, NCTC 10418 (isolate 1113) and NCTC 10538
(isolate 1114). Strain 1152 (PC2909; PhoE™) was used as a positive control strain
for Western blotting (immunoblotting) of PhoE (16). The identities of all isolates
were checked by API 20E strips (Bio-Merieux), and all strains were stored at 4°C
on infusion agar slopes (Southern, Corby, United Kingdom) or at —70°C on
Protect tubes (Technical Services Consultants, United Kingdom).

Media and antibiotics. All strains were cultured in Iso-Sensitest medium
(Unipath, Basingstoke, United Kingdom). Luria-Bertani (LB) medium contain-
ing 300 mM NaCl (high salt) or no added NaCl (low salt) was used to regulate
the expression of OmpC and OmpF outer membrane proteins (OMPs), respec-
tively. All chemicals and antibiotics except ciprofloxacin (Bayer AG), nalidixic
acid (Sterling Winthrop), cefoxitin (Merck Sharpe & Dohme), and amikacin
(Bristol-Myers Squibb), were purchased from Sigma Chemicals (Poole, United
Kingdom).

Determination of antibiotic susceptibility. The MIC of each agent for each
strain was determined by a routine agar plate dilution method with Iso-Sensitest
medium and a final inoculum of 10° CFU. All plates were incubated aerobically
at 37°C overnight. The MIC of the antibiotic was defined as that concentration
(in micrograms per milliliter of agar) at which no more than six colonies were
detected; a slight haze of growth was ignored. In addition, the MIC of cipro-
floxacin was determined on low-salt (no added NaCl) and high-salt (300 mM
NaCl) LB medium by using inocula grown overnight in either high- or low-salt
LB broth, as appropriate.

Measurement of ciprofloxacin accumulation. The concentration of ciprofloxa-
cin that accumulated after 5 min of exposure to drug was measured as described
by Mortimer and Piddock (21). Accumulation was also measured in the presence
of 100 wM carbonyl cyanide m-chlorophenylhydrazone (CCCP), which disrupts
the proton motive force and which has been shown to inhibit active efflux across
the cell envelope of a number of bacteria. CCCP was added after the bacteria
had been exposed to drug for 5 min, and then the concentration that accumu-
lated was determined after sampling at 10 and 15 min.

Analysis of OMPs. E. coli isolates were grown at 37°C in high- or low-salt LB
broth. Outer membranes were prepared by differential centrifugation, sonica-
tion, and Sarkosyl extraction as described by Piddock et al. (28). The protein
concentration was determined by the method of Lowry et al. (20), after which the
membrane suspension was adjusted to a final concentration of 1 pg/ul with
sodium dodecyl sulfate (SDS) loading buffer and boiled for 10 min. Five micro-
liters of each sample was electrophoresed by SDS-polyacrylamide gel electro-
phoresis (PAGE) (17) at 200 V in a minigel apparatus (Atto) and stained with
Coomassie Blue (BDH). The presence of PhoE in the outer membranes was
determined by Western blotting the SDS-PAGE minigels and immunostaining
with anti-PhoE monoclonal antibody (J. Tomassen, Utrecht, The Netherlands).
OmpF and OmpC were identified by expression in high- and low-salt media and
by determining the susceptibility of each strain to the OMP-specific phages SS4
(OmpC) and K20 (OmpF).

Analysis of LPS content. The LPSs of all strains were extracted by digesting a
washed cell suspension with proteinase K at 60°C for 2 h. LPS was identified by
the method of Lesse et al. (18), and gels were silver stained by the method of Tsai
and Frasch (32).

Preparation and amplification of chromosomal DNA. Chromosomal DNA was
prepared and purified by cetyltrimethylammonium bromide (CTAB)-chloroform
extraction (4). Amplification of the QRDR of gyr4 (36) (nucleotides 166 to 355)
was achieved by PCR with the following primers: 5'-ACGTACTAGGCAATG
ACTGG-3'" and 5'-AGAAGTCGCCGTCGATAGAAC-3', the latter of which
was biotinylated at the 5" end and purified on a cartridge oligonucleotide puri-
fication column (Cruachem) prior to use. One microliter (approximately 0.5 mg)
of DNA was added to a total volume of 50 wl of the PCR mixture containing 250
nM (each) primer, 0.2 mM (each) deoxynucleoside triphosphates 3 mM Mg>*,
and 1 U of Taq polymerase by using the reaction buffer supplied (Boehringer),
and the mixture was overlaid with paraffin oil. PCR was carried out with a Hybaid
thermal reactor with an initial denaturing step at 94°C (5 min); this was followed
by 94°C (1 min), 55°C (1 min), and 72°C (1 min) for 30 cycles and a final
extension step at 72°C (10 min).

Amplification of the analogous region from parC (nucleotides 137 to 401) (15,
26) was achieved as described above, but the following primers were used:
5'-TGTATGCGATGTCTGAACTG-3' and 5’-biotin-CTCAATAGCAGCTC
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TABLE 1. Antibiotic susceptibilities of E. coli isolates
investigated in the study

MIC (pg/ml)*

Antibiotic

Range 50% 90%
Nalidixic acid (2) 256-256 256 256
Ciprofloxacin (0.015) 2-128 8 32
Gentamicin (0.06) 1-128 8 128
Kanamycin (2) 4->256 4 >256
Amikacin (2) 24 2 4
Cefoxitin (4) 4-32 8 32
Tetracycline (2) 2->256 128 >256
Chloramphenicol (4) 8-256 128 256

“50% and 90%, MICs at which 50 and 90% of isolates are inhibited, respec-
tively.
b Values in parentheses represent the MICs for the susceptible strain 1113.

GGAATA-3'. Likewise, amplification of gyrB (nucleotides 1223 to 1426) was
achieved with primers 5'-CAGACTGCCAGGAACGCGAT-3" and 5'-biotin-A
GCCAAGTGCGGTGATAAGA-3', and amplification of parE (nucleotides 1498
to 1232) was achieved with primers 5'-TACCGAGCTGTTCCTTGTGG-3" and
5'-biotin-GGCAATGTGCAGACCATCAG-3', based on the published gyrB and
parE sequences, respectively (1, 14).

SSCP analysis. Single-strand conformational polymorphism (SSCP) analysis
of the PCR products was performed on a 0.5X mutation detection endpoint
(MDE) gel (FMC Bioproducts) and in 0.6X TBE (Tris-borate-EDTA) gel at 10
W for 15 h in a thermostable electrophoresis apparatus (Appligene) at 18°C.
Samples were prepared by heating 2 wl of the PCR products with 4 pl of
formamide loading buffer at 95°C for 2 min prior to loading on the gel. The SSCP
patterns were visualized by silver staining (Promega).

Solid-phase sequencing of PCR-amplified DNA. The PCR products were pu-
rified by binding to streptavidin-coated magnetic particles Dyna (M-280; Dynal,
Bromborough, United Kingdom), and the unbound strand was eluted with 0.1 M
NaOH according to the manufacturer’s instructions. Purified bound single-
stranded DNA from a single PCR was resuspended in 15 pl of distilled water.
Sequence determination was performed on 7.5 pl of bound DNA with 250 nM
the unbiotinylated primer and Sequenase 2.0 (United States Biochemicals) ac-
cording to the manufacturer’s protocol, but with the modifications recommended
by Dynal.

pl tation with pl id pBP548. Plasmid pBP548 encodes the wild-
type gyrB gene from E. coli cloned into a low-copy-number vector which also
carries resistance markers for kanamycin, amikacin, and gentamicin (9). pBP548
was introduced by electrotransformation, and transformants were selected on the
basis of their ability to grow on medium containing either kanamycin (50 pg/ml)
or amikacin (25 pg/ml), depending on the resistance phenotype of the host
strains. The presence of pBP548 in the transformants was confirmed by extrac-
tion of plasmid DNA by alkaline lysis and agarose gel electrophoresis.

RESULTS

Susceptibilities to antibiotics. The susceptibilities of all iso-
lates to several antibiotics were determined (Table 1). All
isolates were very resistant to nalidixic acid (MIC, 256 wg/ml)
compared with susceptible control strain 1113 (MIC, 2 pg/ml).
All isolates were also resistant to ciprofloxacin, although the
MICs varied from 2 to 128 pg/ml. Many isolates were also
resistant to some of the other antibiotics tested, particularly
tetracycline and chloramphenicol. At least 27 of the 36 isolates
could be classified as multiply drug resistant (i.e., resistant to at
least two other classes of antibiotic). Nineteen isolates re-
quired a higher concentration of ciprofloxacin for inhibition in
high-salt medium (i.e., under conditions which repress OmpF)
(Table 2); however, this phenomenon was restricted to those
isolates for which MICs in Iso-Sensitest media were =4 pg/ml.

Genetic analysis of gyr4. A 190-bp biotinylated PCR prod-
uct, covering the entire QRDR of gyrA4, was obtained from all
E. coli isolates. Solid-phase sequencing of the amplified DNA
revealed the presence of a mutation at codon 83 in all isolates;
furthermore, in every case this was found to be due to the
substitution of leucine for serine (Table 2). Many of the iso-
lates (26 of 36) also possessed mutations at codon 87, resulting
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TABLE 2. Results of biochemical and genetic characterizations of E. coli strains investigated in the study
Ciprofloxacin MIC . ) Substitution in: Uptake
Strain (pg/ml)* qustltutlon Complementation . OMP* LPS? (SSC [ng/mg of cells]) % Increase
in GyrA of GyrB? in uptake
Iso Low High ParC ParE Without CCCP  With CCCP
1113 0015 <01 <01 wt/ - wt wt F+C+ R 41.9 48.2 15
1114 0.06 <01 <01 wt - wt wt F+ C+ ND 44.8 56.4 26
187 2 2 2 S83L# NT wt wt F€ C- S 13.6 45.8 236
188 2 2 2 S83L - wt wt F€ C— S 16.2 522 222
189 2 2 2 S83L - wt wt F+ C+* S 28.6 50.5 77
190 2 2 2 S83L - wt wt F+ C+* R 19.6 38.4 96
194 2 2 2 S83L NT wt wt F€ C- S 12.8 54.2 323
1239 2 2 2 S83L - wt wt F+ C+ S 25.6 60.1 135
1241 2 2 4 S83L D87G - wt wt F+ C+ S 34.7 88.0 154
1238 4 4 4 S83L - wt wt F€ C— S 11.3 53.2 371
193 4 8 8 S83L NT S80I wt F-C-* R 19.8 339 71
1242 4 8 16 S83L D8N + E84K  wt F+ C+ S 51.4 95.0 85
1250 8 4 8 S83L D87G - S80R wt F- C+ S 40.8 76.6 88
192 8 8 16 S83L D87Y - S80I ND F+C+* S 453 62.3 38
1248 8 4 32 S83L D8N - S80I wt F+ C+* S 43.0 55.9 30
191 8 8 32 S83L D87Y - S80I wt F+ C+ S 32.7 46.2 41
1240 8 8 32 S83L + E84K  wt F€ C- S 254 41.1 62
1243 8 8 32 S83L D8N + S80I wt F+ C+* S 56.5 97.4 72
1245 8 8 32 S83L D8N - S80I wt F-C+* S 20.5 44.9 119
1246 8 8 32 S83L D8N - S80I wt F+ C+* S 20.5 37.1 81
1251 8 8 32 S83L D8N - S80I wt F+ C+ S 50.9 72.8 43
1277 8 8 32 S83L D8N - S80I wt F+ C+ S 35.7 42.0 18
1278 8 8 32 S83L D87Y - S80I wt F+ C+* S 339 57.0 68
1279 8 8 32 S83L D8N - wt wt F-C+* R 26.6 60.2 126
1281 8 8 32 S83L D87Y - S80I wt F+ C+* S 239 38.2 60
1282 8 8 32 S83L D87G - S80I wt F+ C+* S 49.7 73.6 48
1237 16 16 32 S83L - wt wt F€ C— S 46.0 75.3 64
1236 32 32 32 S83L D8N NT E84K  wt F+ C+* S 38.4 73.9 92
1244 32 32 32 S83L D87Y + S80I wt F+ C+* S 57.2 119.3 109
1247 32 32 32 S83L D8N - S80I wt F+ C+* S 37.5 59.0 57
1249 32 32 32 S83L D87G NT S80I wt F+ C+* S 42.1 69.3 65
1276 32 32 32 S83L D87H - S80I wt F+ C+* S 45.8 64.8 41
1252 32 32 64 S83L D87N - S80I wt F+ C+* S 56.5 89.0 58
1280 32 32 64 S83L D8N - S80I wt F+ C+* S 39.0 48.1 23
1283 32 32 64 S83L D87N - wt wt F+ C+* R 42.7 72.9 71
1253 32 32 128 S83L D87N - S80R wt F€ C— S 26.3 85.2 224
1275 32 32 128 S83L D8N - S80I wt F- C+ S 26.7 35.7 34
1254 128 128 128 S83L D8N - wt nd F+ C+ S 19.1 82.3 333

“ Determined in low-salt LB (no added NaCl), high-salt LB (300 mM NaCl), or Iso-Sensitest (Iso) medium.

? Complementation with pBP548 (gyrB). NT, not transformed.

¢ Presence or absence of OmpF (F) and OmpC (C) as determined by SDS-PAGE. *, expression of unidentified 40-kDa protein. FC, consitutive expession of OmpF.

4 Rough (R) or smooth (S) LPS. ND, not determined.

¢ SSC, steady-state concentration after 5 min of incubation with 10 wg of ciprofloxacin per ml with or without 100 uM CCCP.

S wt, wild type.

& The designations indicate the substituted amino acids and the position number; e.g., S83L indicates substitution of a serine for a leucine at position 83.

in substitution of asparagine (n = 14), tyrosine (n = 6), glycine
(n = 5), or histidine (n = 1) for aspartate at this residue.
Interestingly, 30 of the 36 isolates exhibited gyrA sequences
which also differed from the published E. coli gyrA sequence
(36) by three nucleotide changes at nucleotides 255, 273, and
300, none of which result in amino acid substitutions. Suscep-
tible strain 1113 also possessed this alternative sequence, but
strain [114 did not.

Genetic analysis of parC. Mutations within the A subunit of
topisomerase IV have been shown to increase fluoroquinolone
resistance in a number of organisms, including E. coli (6, 15).
A 265-bp product covering the region of parC analogous to the
QRDR of gyrA was amplified and analyzed by direct solid-
phase sequencing (Table 2). Twenty-one isolates were shown
to contain a mutation resulting in a change at the serine at
nucleotide 80, which is analogous to the serine at nucleotide 83
in gyrA. For most isolates (19 of 21) this resulted in the sub-
stitution of isoleucine for serine; however, for two isolates

arginine was substituted. Three isolates showed a change at
glutamate 84 (analogous to aspartate 87 in gyrA mutants),
resulting in replacement with lysine. No double parC mutations
were found in any isolates.

Genetic analysis of gyrB. Alterations in the B subunit of
DNA gyrase, although less common than those in the A sub-
unit, have previously been shown to confer decreased fluoro-
quinolone susceptibility (35). Provision of wild-type gyrB via
introduction of plasmid pBP548 has been shown to result in
the reestablishment of fluoroquinolone susceptibility, because
the wild-type allele is dominant. In contrast, introduction of
the control vector pBP507 has no effect (9). In order to identify
potential gyrB mutants, isolates were transformed with plasmid
pBP548, which expresses the wild-type E. coli gyrB gene. De-
spite repeated attempts five isolates could not be transformed,;
however, for 3 of 31 transformants selected, a greater than
twofold decrease in the MICs of ciprofloxacin were found
(Table 2), suggesting that these isolates may carry in gyrB
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mutations which contribute to the fluoroquinolone resistance
phenotype. A 204-bp fragment covering the QRDR of gyrB was
amplified from the three suspected gyrB mutants as well as
from the five nontransformable isolates; however, direct se-
quencing revealed no codon changes in any of the isolates.
PCR and sequencing were repeated on DNA and whole-cell
samples, but with the same results.

Genetic analysis of parE. Recently, mutations in the top-
isomerase IV B subunit gene, parE, have been implicated in
resistance to fluoroquinolone antibiotics in E. coli (30) at a
position analogous to mutations in gyrB. A 265-bp PCR prod-
uct encompassing the region analogous to the QRDR of gyrB
was amplified from 34 isolates and was analyzed by SSCP
analysis to detect nucleotide changes compared with the DNA
sequences of the two control strains. Despite repeated at-
tempts, no PCR products could be obtained for two isolates
(isolates 1254 and 1282). The two control strains gave different
patterns; sequencing revealed that this was due to three non-
substituting nucleotide changes in 1113 compared with the
nucleotides in [114, which agreed with the published sequence
(14). All but seven isolates showed SSCP patterns identical to
those of either 1113 or I114. Sequencing of the PCR products
from these isolates revealed additional nucleotide changes;
however, none of these resulted in an amino acid substitution.
These results suggest that mutations in parE are not common
in ciprofloxacin-resistant clinical isolates.

Accumulation of ciprofloxacin. Fluoroquinolones are not
subject to enzymatic degradation, so the accumulation of an-
tibiotics within cells is determined by the relative rates of influx
and efflux across the cell envelope. The steady-state concen-
tration of ciprofloxacin taken up by the isolates was measured
after 5 min of exposure to determine whether decreased accu-
mulation may contribute to the fluoroquinolone resistance
phenotype. Uptake measurements were repeated on at least
two separate occasions with duplicate samples, and values were
within the 10% variation consistently observed by this method
(21). The results from one set of experiments are presented in
Table 2. The average concentration of ciprofloxacin accumu-
lated by the wild-type control strains was 43.5 ng/mg (dry
weight) of cells; allowing for a typical experimental error rate
of up to 10%, the range of concentrations of accumulation of
ciprofloxacin in wild-type strains was 39 to 48 ng/mg of cells.
Fourteen isolates accumulated ciprofloxacin to a concentration
of =39 ng/mg of cells. Twenty-two isolates accumulated less
ciprofloxacin than wild-type strains; five accumulated 33 to 39
ng of ciprofloxacin per mg of cells (>75%), eight accumulated
22 to 33 ng of ciprofloxacin per mg of cells (50 to 75%), and
nine accumulated <22 ng of ciprofloxacin per mg of cells
(<50%).

A number of factors can influence the level of cell-associated
drug in such assays, including permeation, efflux, and binding
of the drug to cellular components. In order to determine the
role of energy-dependent efflux on ciprofloxacin accumulation
in the resistant isolates, accumulation was measured after the
addition of the proton gradient disrupter CCCP. The addition
of CCCP increased the steady-state concentrations in all
strains, including the controls, suggesting that an active efflux
mechanism for fluoroquinolones is present in E. coli. The per-
cent increase in accumulation after the addition of CCCP was
greater than the average value for wild-type strains (21%) in all
but one isolate, suggesting that resistant isolates may exhibit
enhanced efflux (Table 2). This was particularly striking in 11
isolates, in which the concentration of ciprofloxacin accumu-
lated more than doubled after the addition of CCCP.

Outer membrane analysis. Outer membranes were prepared
from cells grown overnight in either low- or high-salt medium

HIGH-LEVEL FLUOROQUINOLONE-RESISTANT E. COLI 2383
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FIG. 1. Example of 10% SDS-PAGE showing OMPs of isolates grown in the
presence (+) and absence (—) of 300 mM NaCl. C, OmpC; F, OmpF; X,
unidentified 40-kDa protein.

to induce expression of the outer membrane porins OmpF and
OmpC, respectively. SDS-PAGE revealed several different
OMP profiles among the strains (Table 2 and Fig. 1). OMPs
were identified on the basis of relative mobility, phage suscep-
tibility, and differential expression in high- and low-salt media.
Twenty-one isolates showed complete repression of OmpF in
high-salt medium, similar to that shown by the wild-type strains
1113 and I114; however, repression of OmpC in low-salt me-
dium varied. Eleven isolates lacked either OmpF or OmpC
altogether, and one isolate (isolate 1250) lacked both. Seven
isolates appeared to lack OmpC completely and to overexpress
a protein with a molecular mass similar to that of OmpF,
irrespective of the salt concentration in the growth medium,
suggesting that OmpF may be overexpressed in these strains.
Twenty isolates expressed an additional OMP of approxi-
mately 40 kDa. It was hypothesized that this protein could be
PhoE, an inducible phosphate transport protein; however, this
was shown to be unlikely by its failure to be detected in any of
the isolates by Western blotting with a monoclonal antibody
specific to PhoE, even though PhoE was clearly identified in
the positive control strain 1152. The identity of this 40-kDa
protein remains unknown.

The highest MICs of ciprofloxacin were usually, although
not always, associated with those isolates lacking OmpF. There
was no apparent relationship between MICs and expression of
the 40-kDa protein or the protein with a molecular mass sim-
ilar to that of OmpF. It has previously been demonstrated that
changes in the LPS moiety of the outer membrane can influ-
ence the accumulation of fluoroquinolones (11); thus, the LPSs
of all isolates were analyzed to look for changes in structure.
The majority of isolates exhibited smooth LPS, i.e., with long
side chains; three isolates had rough LPS and accumulated
<50% the concentration of ciprofloxacin compared with the
amount accumulated by the wild-type bacteria; two of the three
isolates also lacked OmpF and had a phenotype resembling
that of a norC mutant.

DISCUSSION

The present study represents the most exhaustive investiga-
tion to date of those factors which contribute to in vivo-select-
ed fluoroquinolone resistance in bacteria. Previous publica-
tions have focused on gyr4 (37), although Vila et al. (33)
reanalyzed their isolates for mutations in gyrB and parC. In the
present study, 36 isolates of E. coli from both clinical and
veterinary sources were analyzed in terms of antibiotic suscep-
tibility, genetics, cell envelope biochemistry, and drug accumu-
lation. The resulting data suggest that the resistance pheno-
type, as represented by the MIC of ciprofloxacin, is determined
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FIG. 2. Schematic diagram showing the characteristics of each isolate (this is not meant to imply the order in which individual characteristics arise). SSC,

steady-state concentration.

by several different factors. Determining the contribution of
each factor to the phenotype is complicated by the number of
variables involved; however, certain patterns can be discerned
(Fig. 2).

All 36 isolates carried a mutation in gyr4, resulting in a
substitution of leucine for serine at codon 83; thus, this would
seem to be a preliminary first step in the acquisition of fluo-
roquinolone resistance in vivo. Eight isolates revealed no fur-
ther mutation in gyrA, gyrB, or parC, and seven of these isolates
showed reduced ciprofloxacin accumulation and required 2
pg/ml for inhibition. Previously, a single mutation has been
shown to confer an MIC of 0.25 pg/ml (34), suggesting that in
these seven isolates reduced accumulation contributes to the
MIC. The remaining isolate, 1237, showed no reduced cipro-
floxacin accumulation but required 16 pg of ciprofloxacin per
ml for inhibition; the mechanism of ciprofloxacin resistance in
this isolate remains unclear and warrants further investigation.
Two of the isolates with a single mutation in gyr4 also had a
single mutation in parC; one, isolate 193, required 4 pg of
ciprofloxacin per ml for inhibition, suggesting that mutation in
parC increased the MIC of ciprofloxacin by 1 dilution. The
other isolate, 1240, required 8 g of ciprofloxacin per ml for
inhibition; however, transformation with pBP548 (wild-type
gyrB) increased the isolate’s susceptibility, suggesting that a
mutation in gyrB further increased the MIC. Surprisingly, se-
quencing of the ggrB QRDR from 1240 and the two other
suspected gyrB mutants identified by complementation with
pBP548 (1243 and 1244) revealed no changes, suggesting either
that introduction of pBP548 had an indirect effect on suscep-
tibility or that these isolates possess a mutation(s) outside the
sequenced region of gyrB. Work is in progress to further char-
acterize these isolates.

Twenty-six isolates had a further mutation in gyr4 resulting
in changes at the aspartate at codon 87, most commonly to a
basic amino acid such as arginine (n = 14). Double mutation in
gyrA alone has previously been shown to confer a ciprofloxacin
MIC of 0.5 pg/ml (31); however, for all four isolates which fell
into this category, MICs were greater than 2 pg/ml, indicating

further mechanisms of resistance. The remaining 22 isolates
with double gyr4 mutations also had a mutation in the top-
isomerase IV A subunit gene, parC (20 isolates in the serine at
codon 80 and 2 isolates in the glutamate at codon 84); of these,
6 revealed neither further mutation in gyrB nor decreased
accumulation and required 8 pg of ciprofloxacin per ml for
inhibition, suggesting that double mutation in gyr4 plus muta-
tion at parC confers this level of resistance. No isolates con-
tained parC mutations at both the serine at codon 80 and the
glutamate at codon 84; this is in contrast to the work of Vila et
al. (33), in which they found several such mutants among the
isolates which they analyzed.

The data suggest there is little selective advantage in the
clinical environment to mutations in parC unless the sensitivity
of DNA gyrase to fluoroquinolones has been reduced to at
least that of the topoisomerase IV enzyme. The minimum
requirement for mutation in parC would appear to be a pre-
vious mutation at the serine at codon 83 of gyrA4; however, all
but one parC mutant also had an additional mutation in gyrA4 at
the aspartate at codon 87 or in gyrB, suggesting that such
changes usually precede a mutation in parC.

Twelve isolates were resistant to higher levels of ciprofloxa-
cin (=16 pg/ml), indicating a further mechanism(s) of resis-
tance. These could include additional mutations in the target
genes outside the QRDR which further decrease enzyme sen-
sitivity or a mutation(s) in parE, the topisomerase IV B subunit
gene. A recent report suggests that mutations in parE can
indeed occur in E. coli and may contribute to fluoroquinolone
resistance (30); however, SSCP and DNA sequence analyses of
parE PCR products from 34 of the 36 isolates revealed no
amino acid-substituting changes, suggesting that such muta-
tions are rare in the clinical setting. Measurement of cipro-
floxacin accumulation showed great variation between isolates,
but in all cases, the addition of 100 uM CCCP resulted in
increased concentrations of ciprofloxacin that were accumu-
lated, supporting the hypothesis that E. coli possesses a mech-
anism(s) for effluxing fluoroquinolones which is at least par-
tially dependent on maintenance of the proton gradient (5).
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Active efflux appeared to be enhanced in virtually all isolates;
however, there was no correlation between the levels of efflux
(as estimated by the percent increase in accumulation after the
addition of CCCP) and MIC.

A lack of OmpF because of transposon insertion in the
structural gene has previously been shown to increase the MIC
of ciprofloxacin from 0.015 to 0.06 wg/ml (22). Although the
loss of OmpF alone is likely to be insignificant in determining
the MIC:s for bacteria possessing mutations affecting the target
proteins, it may be important when combined with an en-
hanced efflux pump. SDS-PAGE analysis of outer membranes
revealed that four isolates lost OmpF; however, the loss of
OmpF in these strains did not correlate with either increased
efflux or an increased MIC. In contrast, measurement of cip-
rofloxacin susceptibility in high- and low-salt media revealed
that the MICs for many isolates were greater under conditions
which repressed OmpF. This would seem to support the role of
OmpF in fluoroquinolone susceptibility; however, OmpF was
either absent or expressed constitutively in many of these iso-
lates, suggesting an alternative mechanism for the effect of
osmolarity on susceptibility. This may involve a direct influence
on DNA gyrase activity, because it is known that DNA super-
coiling is regulated by osmolarity and that this also affects
OMP expression (10).

Twenty isolates constitutively expressed an additional OMP
of 40 kDa. This was shown not to be PhoE by Western blotting,
as proposed previously (22), and its identity remains unknown.
Expression of this protein did not correlate with either cipro-
floxacin accumulation or the MIC.

The present study demonstrates that high-level fluoroquin-
olone resistance is a multifactorial process and that the most
resistant isolates (MICs, >8 g of ciprofloxacin per ml) usually
possess at least three mutations within target genes and show
enhanced efflux. What is not clear is how such strains arise. It
is very unlikely that high-level resistant strains containing mul-
tiple mutations are selected in a single step within a host
organism, because the chances of selecting such a mutant,
carrying just three chromosomal point mutations, from a ran-
dom population would be on the order of 1 in 10?'. Two
hypotheses exist to explain the occurrence of such mutants: (i)
certain bacteria within an infecting population are able to
survive the lethal effects of the antibiotic, allowing advanta-
geous mutations to accumulate via a process of adaptive mu-
tagenesis, such as has been described for various auxotrophic
mutations (8). Those which acquire the right combination of
mutations before becoming nonviable are able to resume
growth. Studies are in progress to examine whether antibiotic
resistance mutations can arise via such a process. Alternatively,
(ii) conditions of low selective pressure allow single mutants
(e.g., (isolates with a change from a serine to a leucine at
position 83 in gyrA) to divide and establish themselves as the
dominant population; continued selective pressure or a new
antibiotic challenge then favors those progeny containing fur-
ther mutations. Such an environment could be fostered by the
use of fluoroquinolone antibiotics in agriculture. The majority
of mutants with single gyr4 mutations characterized in the
present study were isolated from veterinary rather than clinical
sources, suggesting that the digestive tracts of animals may act
as nurseries for mutants with low-level resistance. The worry is
that transfer of such mutants to humans permits the subse-
quent selection of clinically resistant mutants during fluoro-
quinolone therapy. Furthermore, unlike plasmid-mediated re-
sistance, which often disappears in the absence of continued
selective pressure, chromosome-mediated resistance is usually
maintained; thus, it is necessary to eradicate the resistant strain
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to prevent transfer between animals and humans and between
humans.
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