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TABLE 3. Selection of spontaneous norfloxacin resistance
by three antibiotics

. Multiple Frequency of resistance
Selectlye agent of MIC to norfloxacin”
Norfloxacin 2 <1 x 1071
3 <1x 1071
5 <1 x 107
Tetracycline 2 >4.1 x 1077
3 1.1 x 1077
S 49 x 107®
Chloramphenicol 2 1.3 x 1077
3 3.6 x 1078
5 <1 X 10—1()

“ MICs for strain AG100 determined on L-agar gradient plates were as
follows (in micrograms per milliliter): norfloxacin, 0.1; tetracycline, 1.2;
chloramphenicol, 6.9.

" Resistance to norfloxacin for mutants selected on tetracycline or chlor-
amphenicol was determined by replica plating 24 tetracycline- and chloram-
phenicol-resistant colonies from each antibiotic level onto 0.2 ug of norflox-
acin per ml. The final frequency of resistance to norfloxacin was the frequency
of the original survivors on tetracycline or chloramphenicol reduced by the
proportion of survivors not also resistant to norfloxacin; the latter ranged from
0 to 46%.

Once Mar mutants had been obtained, they were able to
mutate to higher levels of resistance to norfloxacin, as
revealed by selection on norfloxacin directly. We were able
to select mutants of AG100-Tc2.5-1, but not of AG100, at a
frequency of approximately 10~7 which grew on 2 pg of
norfloxacin per ml, and at a frequency of approximately
10~°, mutants of the Mar strain appeared on 5 pg of
norfloxacin per ml.

Outer membrane protein analysis. Resistance in Mar mu-
tants could be related, at least in part, to decreased perme-
ation of antimicrobial agents across the outer membrane.
Loss of the outer membrane porin OmpF results in low-level
resistance to tetracycline (26), chloramphenicol (27), and
norfloxacin (15), and strains selected for norfloxacin resis-
tance often show loss of OmpF (16, 19). In a previous study
(4), we found that Mar strains grown in L broth showed a
loss of OmpF and alterations in other outer membrane
proteins but not in OmpC. When cells were cultured in
supplemented M9 minimal medium, they also showed outer
membrane protein changes, including increased OmpC and
reduced amounts of OmpF (Fig. 1, lane 2; Table 4). The
residual band migrating at the OmpF position did not decline
further in Mar strains of greater resistance (data not shown).
Insertion of ompF::Tn5 into strain AG100-Tc2.5-1 elimi-
nated this band, proving that it was indeed OmpF (Fig. 1,
lane 4; Table 4).

The sensitivity of these cells to bacteriophage Tula, which
uses OmpF as its receptor (6), was also examined (Table 4).
The number of plaques on the ompF::Tn5 strain LM218 in
M9 medium was 0.015% of that on the wild-type strain. The
number of plaques formed by Tula on Mar strains was 2 to
4% of that seen on the wild-type strain. Complete removal of
OmpF by insertion of Tn5 in the Mar mutant decreased
plaques to 0.007%. Besides plaque formation, actual binding
of Tula to cells was used to quantitate OmpF. Cells (As;, =
30) and phage (multiplicity of infection, 0.00014) were incu-
bated together for 10 min in M9 medium, and loss of phage
from the supernatant was measured after sedimentation of
the cells at 15,000 x g for 2 min. Wild-type strain AG100
bound 97% of the phage, Mar strain AG100-Tc¢2.5-1 bound
55%, strain LM218 bound 0%, and the Mar revertant inac-
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FIG. 1. Urea-sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis of sodium lauryl sarcosinate-insoluble membrane proteins
from various strains. Each lane contained 8 pl of *‘outer’ membrane
extract derived from 1.6 As;, U (0.48 mg of protein) of cells. Lanes:
1, AG100; 2, AG100-Tc2.5-1; 3, AG100-Tc2.5-1 Kan; 4, AG100-
Tc2.5-1 ompF::Tn5; S, AG100 ompF::Tn5 (LM218). Only part of the
gel is shown, extending from 20% down to 65% of its total length.

tivated by marA::Tn5 bound 96%. In an experiment at an
As3 of 0.6 and a multiplicity of infection of 0.009, the wild
type bound 92%, the Mar strain bound 0%, and the marA::
Tn5 revertant bound 40%. These phage data support the
urea-sodium dodecyl sulfate-polyacrylamide gel electropho-
resis data with regard to relative amounts of OmpF.

The relative amounts of OmpF in various strains were
compared with the levels of susceptibility to tetracycline and
norfloxacin in the same experiment (Table 4). While the Mar
mutant had more OmpF than did the ompF::Tn5 mutant, it
was at least fourfold more resistant to tetracycline and
almost eightfold more resistant to norfloxacin than was the
ompF::Tn5 mutant. The latter, in turn, was 2 to 2.5 times
more resistant than wild-type AG100. Insertion of Tn5 into
ompF in the Mar mutant strain eliminated OmpF but did not
increase resistance to either norfloxacin or tetracycline.
Insertion of TnS into marA in the Mar mutant led to

TABLE 4. Relative OmpF and OmpC contents and antibiotic
susceptibilities of wild-type and mutant E. coli K-12 strains“

Relative
Relative amt of: susceptibility
Strain to:
OmpF Tula® OmpC Nfx Tc
AG100 1.0 1.0 1.0 1.0 1.0
AG100-Tc2.5-1 0.08-0.11 0.02-0.04 3.54.2° 18.0 >8.0
AG100-Tc2.5-1 0.36-0.45 1.3 1.6-2.2¢ 0.8 1.0
Kan
AG100 ompF:: <0.01 0.00015 3.5 2.4 2.0
TnS :
AG100-Tc2.5-1 <0.01 0.00007 3.5 18.0 >8.0
ompF::Tn5

“ All determinations were made in the same experiment. Cells were grown
in supplemented M9 medium. Absolute values for the plaquing efficiency of
Tula on AG100 was 4.0 X 10* PFU/ml. For AG100, the * "~ ~- of norfloxacin
(Nfx) and tetracycline (Tc) were 0.033 and 0.60 pg/t spectively, as
determined by the gradient plate method on supplemen (9 agar, OmpF
and OmpC amounts were determined by scanning stained puiyacrylamide gels
of ‘‘outer’” membranes as described in Materials and Methods. Values for
strain AG100 were considered to be 1.0, against which all other values were
compared.

" Plaquing efficiency for large plaques. In addition, minute plaques were
seen on AG100-Tc2.5-1 at about 10° PFU/ml.

< Values for AG100-Tc2.5-1 and AG100-Tc2.5-1 Kan were based on two
membrane preparations.
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restoration of the outer membrane protein profile, including
partial return of OmpF levels (Fig. 1, lane 3); however, there
was complete restoration of susceptibility to tetracycline and
norfloxacin to that of the wild-type strain (Table 4). These
findings suggested that factors in addition to OmpF contrib-
uted to the expression of resistance by Mar mutants.

We had previously provided evidence that the OmpF
reduction observed in Mar mutants was associated with the
activation of micF expression (4). Studies with strain
SM3001, a micF deletion strain (22), revealed that OmpF
levels in this strain did not decrease when plasmid pmarA,
containing the mutant marA locus, was introduced (4). This
strain thus provided an assay for marA-related changes not
involving OmpF. We compared the resistance of SM3001
and its parental strain, MC4100, with and without pmarA.
The MICs of norfloxacin determined on duplicate gradient
plates after 18 h at 30°C for MC4100(pmarA) and
SM3001(pmarA) were 0.25 and 0.19 pg/ml, respectively.
Both strains lacking the pmarA plasmid had susceptibility
levels of 0.06 pg/ml. These findings showed that 75% of Mar
resistance to norfloxacin was expressed in the absence of
OmpF reduction.

We had also observed changes in other sodium lauryl
sarcosine-insoluble membrane proteins. In L-broth-grown
cells, there had been little change in the amount of porin
OmpC in Mar strains (4). In M9 medium, however, LM218
and Mar mutants had a severalfold increase in OmpC which
was partially reversed in the Mar strain by marA::Tn5 (Fig.
1, lane 3; Table 4). The plating efficiency and plaque size of
phage Tulb, which uses OmpC as its receptor, were similar
on all strains, including LM218, but was low, as expected,
on strain JF701 lacking OmpC (data not shown). We had
previously described a number of ‘‘outer’” membrane
changes evident in Mar mutants when grown in L broth at
30°C (4). In M9 medium, two of these ‘‘outer’’ membrane
protein changes that were partially or completely reversible
by marA::Tn5 were also seen. A protein migrating just above
OmpC, called MrpS (Mar-related protein), increased in Mar
strains in both L broth (4) and M9 medium (Fig. 1). This
protein migrated close to, but slightly faster than, LamB
(data not shown). Band Mrp3 (Fig. 1) also increased in Mar
strains in both media. Neither of these proteins has yet been
identified, nor has an outer membrane location been proven.

Accumulation of [>*H]norfloxacin in whole cells and everted
membrane vesicles. Increased resistance to norfloxacin in
Mar strains might result from decreased drug uptake. We
examined the accumulation of [*H]norfloxacin in wild-type
susceptible E. coli AG100 and its derivatives AG100-Tc2.5-1
and LM218, using the silicone oil method. Norfloxacin
accumulation reached a steady-state level in less than 2 min
in all the strains studied (Fig. 2). Uptake was observed to be
linear when very early time points (15, 30, and 45 s) were
measured (data not shown). The ompF::Tn5 mutant LM218
accumulated approximately 60% as much norfloxacin as did
the wild type (Fig. 2), consistent with other reports (3, 15,
16). The Mar mutants accumulated approximately 35% as
much norfloxacin as did AG100 (Fig. 2). The level of
norfloxacin accumulation in the Mar revertant strain AG100-
Tc2.5-1 Kan was similar to that in AG100 (data not shown).
When DNP, an energy inhibitor, was added to the cultures,
norfloxacin accumulation increased rapidly to approximately
the same final level in all strains (Fig. 2). Similar results were
obtained when the vacuum filtration method was used to
measure cell-associated norfloxacin (data not shown). The
increase of uptake after DNP addition indicated blockage of
an energy-dependent norfloxacin efflux (see below). No
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FIG. 2. Norfloxacin uptake by intact cells. AG100 (O), LM218
(@), and AG100-Tc2.5-1 (A) were incubated (As;, = 6.0) in supple-
mented M9 medium with [*H]norfloxacin (2 wM). Cell-associated
norfloxacin was measured after centrifugation of the sample through
silicone oil. The addition of 2 mM DNP is indicated (7). Values
represent the average of two experiments, with deviation from the
mean of less than 10%.

difference was seen in the accumulation levels between the
Mar mutant isolated on 2.5 pg of tetracycline per ml and the
mutant serially selected stepwise to resistance to 50 pg of
tetracycline per ml (data not shown).

That the energized Mar mutants accumulated even less
norfloxacin than did OmpF-deficient strain LM218 was in
agreement with resistance data (Tables 2 and 4). This finding
implied that some changes in addition to loss of OmpF
accounted for lowered uptake and increased resistance. An
enhancement of the newly described endogenous norflox-
acin efflux system present in susceptible E. coli (3) was one
such possibility. We prepared everted membrane vesicles
from AG100 and AG100-Tc2.5-1 and measured accumulation
of [*Hlnorfloxacin with a 2 pM external drug concentration.
In the absence of energy substrate, the vesicles accumulated
norfloxacin to approximately 3 ng/mg of protein, which
represented equilibrium with the medium, assuming an 8.4-
wl vesicle volume per mg of protein (23). When supplied with
lithium lactate as an energy source, the everted vesicles of
both strains rapidly accumulated three to four times more
norfloxacin. The addition of carbonyl cyanide m-chloro-
phenylhydrazone to the energized preparations lowered ac-
cumulation levels to their preenergized state (data not
shown). The steady-state energy-dependent uptake of nor-
floxacin was measured as a function of increasing norflox-
acin concentration (Fig. 3). Saturation kinetics were similar
for vesicles from AG100 and AG100-Tc2.5-1. In both prep-
arations, the half-maximum uptake occurred at approxi-
mately 200 uM norfloxacin, as determined by a double-
reciprocal plot of uptake versus concentration. These
findings indicated that the Mar mutants did not have an
enhancement or alteration of the endogenous efflux of the
wild-type parental strain.

Effect of fluoroquinolones on DNA synthesis. The fluoroqui-
nolones act by blocking DNA replication (33). The possibil-
ity existed that in Mar mutants an internal target, such as
DNA gyrase, was more resistant to norfloxacin. To test this
hypothesis, we determined the concentration of norfloxacin
necessary to block 50% of DNA synthesis in intact versus
permeabilized cells (see Materials and Methods). We first
compared intact cells of wild-type strain AG100 with those
of AG100-Tc2.5-1, using KF130, a known gyrA mutant
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FIG. 3. Steady-state energy-dependent norfloxacin uptake by
membrane vesicles derived from AG100 (O) and AG100-Tc2.5-1 (@)
with increasing norfloxacin concentrations. Values represent the

average of two experiments, with deviation from the mean of less
than 10%.

whose DNA gyrase is resistant to quinolones (19), as a
control. The mean values and standard deviations obtained
from four experiments (in micrograms per milliliter) were as
follows: AG100, 0.34 = 0.035; AG100-Tc2.5-1, 1.03 = 0.17;
and KF130, 50.5 = 10.5. We then permeabilized AG100 and
AG100-Tc2.5-1 cells with toluene and repeated the determi-
nations, supplying appropriate nucleotides and buffers for
what was essentially an in vitro assay. The thymidine
incorporation in permeabilized cells in the absence of ATP
(repair synthesis) accounted for approximately 10% of the
synthesis measured in the presence of ATP and was sub-
tracted to give the ATP-dependent DNA synthesis. When
permeabilized, both AG100 and AG100-Tc2.5-1 showed sim-
ilar susceptibilities to norfloxacin (Table 5). In contrast,
permeabilized KF130, the gyrA strain, was still 25- to 50-fold
more resistant to inhibition of DNA synthesis by norflox-
acin, compared with AG100 and AG100-Tc2.5-1. In both
AG100 strains, 30% of the ATP-dependent DNA synthesis
was not inhibited by norfloxacin at 100 pg/ml. That residual
resistant DNA synthesis occurs with high concentrations of
norfloxacin is in agreement with findings in studies carried
out with E. coli, using nalidixic acid (2). The finding that the
difference in DNA synthesis inhibition by norfloxacin be-
tween AG100 and AG100-Tc2.5-1 disappeared when the
cells were permeabilized suggested that an intracellular
component (related to DNA synthesis) was an unlikely
mechanism for Mar-specified resistance to fluoroquinolones.

TABLE 5. Inhibition of DNA synthesis by norfloxacin in
toluene-permeabilized cells

Norfloxacin ATP-dependent DNA synthesis“ for strain:
(ng/ml) AG100 AG100-Tc2.5-1
0 100.0 100.0
25 54.7 56.7
10.0 39.8 41.8
50.0 37.8 38.0
100.0 29.2 32.6

“ Values are expressed as the percent ATP-dependent DNA synthesis
relative to synthesis in the absence of norfloxacin. The absolute values in the
absence of norfloxacin were 0.57 and 0.54 pmol of thymidine per mg of cell
protein, respectively, for AG100 and AG100-Tc2.5-1. In toluene-permeabi-
lized gyrase mutant KF130, more than 65% of the ATP-dependent DNA
synthesis was still present in the presence of 100 pg of norfloxacin per ml.
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DISCUSSION

Tetracycline or chloramphenicol selected mutants of E.
coli with cross-resistance to the fluoroquinolones at a greater
than 1,000-fold-higher frequency than did norfloxacin itself.
These Mar mutants arose at frequencies of between 107° and
1077 and were 6- to 18-fold more resistant to fluoroquino-
lones than were the parental strains. Others have obtained
mutants of E. coli resistant to the fluoroquinolones by
selection on norfloxacin (16, 19) and ciprofloxacin (17). In
agreement with the present work, those mutants arose on the
fluoroquinolones at very low frequencies (107 to 107'%)
when selected at two to three times the MIC (16, 17, 19).
Two mutant loci isolated by fluoroquinolone selection, norB
(16) and ¢fxB (17), map close to or within the marA locus and
may in fact be alleles of marA. The greater than 1,000-fold
difference in frequency of selection with tetracycline or
chloramphenicol as opposed to norfloxacin may be related to
the 10°-fold reduction in viable cell numbers observed when
E. coli is initially exposed to norfloxacin (30), since this
would reduce the pool of potential mutants.

Stepwise-selected Mar mutants, showing 10- to 20-fold
increases in resistance to tetracycline or chloramphenicol,
expressed at best a twofold increase in quinolone resistance
above that of the initial selection (Table 2). Thus, resistance
to the fluoroquinolones is mediated by a set of traits different
at least from those for higher resistance to tetracycline or
chloramphenicol. However, Tn5 in marA restored complete
susceptibility to all antimicrobial agents, indicating that
marA is required for expression of all types of resistance.

Our analysis of sodium lauryl sarcosinate-insoluble, and
thus possibly outer membrane, proteins from Mar mutants
revealed that several changes had occurred, including a
significant reduction of OmpF. Recent studies have revealed
that the marA locus causes a reduction in OmpF by enhanc-
ing expression of micF (4), an antisense RNA which inter-
feres with ompF translation (25). We considered initially that
OmpF might play an important role in Mar-associated fluo-
roquinolone resistance, since loss of the OmpF porin chan-
nel was associated with a decrease in susceptibility to, and
uptake of, hydrophilic fluoroquinolones in a number of
different mutants of E. coli (15-19). Upon further investiga-
tion, however, we concluded that loss of OmpF contributes
only partially to increased norfloxacin resistance in Mar
mutants. We found that Mar mutants were significantly less
susceptible to fluoroquinolones and had lower steady-state
accumulation levels for norfloxacin than did LM218, the
ompF::Tn5 mutant. Moreover, LM218 completely lacks
OmpF, whereas Mar mutants retained small amounts of
OmpF. Therefore, changes in addition to the loss of OmpF
play a major role in the reduced susceptibility to and lowered
accumulation of fluoroquinolones by Mar mutants. In sup-
port of these findings, we also observed that Mar strains
which had a deletion of micF and as a result had no OmpF
reduction (4) still possessed 75% of the resistance of an
isogenic Mar strain which contained micF and had reduced
OmpF.

One other change could have been an enh~~~ement of the
endogenous inner membrane fluoroquinolo flux system
present in susceptible E. coli (3). Howeve sing everted
membrane vesicles, we found no such enhancement. We
cannot rule out that a de novo efflux system has been turned
on in Mar cells but was inactive in our vesicle assays. We
had identified a Mar-dependent active efflux system for the
tetracyclines (11). Using everted membrane vesicles from
Mar mutants, we found that tetracycline (up to 0.5 mM) did
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not interfere with norfloxacin uptake, indicating that these
two efflux systems were not the same (unpublished observa-
tions).

The possibility also existed that Mar-associated fluoroqui-
nolone resistance, besides the altered permeability compo-
nent, also involved an intracellular component, e.g., a more
resistant DNA gyrase. The finding that sensitivity of DNA
synthesis to norfloxacin in toluene-permeabilized cells was
no different in wild-type and Mar cells, however, strongly
suggests that a drug-resistant intracellular component was
not involved.

The reduced susceptibility to and lowered accumulation of
norfloxacin by the Mar mutants appear to involve permeabil-
ity changes not related to the loss of OmpF. Although there
is no evidence of a role for OmpC in quinolone transport,
presumably an increase in porin OmpC, as seen in Mar
mutants grown in the minimal medium, would not explain
the higher resistance seen. One or more of the other mem-
brane proteins known to be altered in Mar mutants (Fig. 1) or
altered lipopolysaccharides may play a role in decreased
uptake or enhanced loss through the outer membrane. It
would be necessary to explain why altered outer membrane
permeability would not affect both entry and exit rates
equally and would thus have no net effect. One scenario may
be, as postulated previously (3), that the efflux system
delivers norfloxacin to an exit site in the outer membrane not
identical to the outer membrane entry sites (which would
have lower permeability in Mar mutants).

The Mar phenotype may have relevance in the clinical
setting, since some bacteria there and elsewhere in the
environment where they are frequently exposed to antibiot-
ics may be early Mar mutants. These, unlike wild-type E.
coli, could then mutate (as we showed in the laboratory) at a
clinically significant frequency (10~7) to high-level resistance
to norfloxacin. At least one clinical isolate of E. coli has been
described with high-level resistance to norfloxacin of 6.2
ng/ml. The organism showed multiple-antibiotic resistance,
decreased permeability, and altered gyrase (1). Given the
low frequency of norfloxacin-resistant mutants selected on
norfloxacin and the inability to select high-level-resistance
mutants in a single step, we suggest that high-level-resis-
tance mutants might emerge during fluoroquinolone treat-
ment from among low-level-resistance Mar-like mutants
previously selected by other antibiotics.
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