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Abstract
Quinolones are bactericidal agents that

interfere with the essential prokaryotic
enzyme DNA gyrase. While their mecha-
nism of killing appears to be elucidated, one
interesting feature is represented by the fact
that, under anaerobic conditions, the growth
of bacteria is inhibited but their viability is
not affected by the first generation of
quinolones such as nalidixic acid. More
information about the mode of action of
these drugs in anaerobiosis might be gained
through the availability of strains subjected
to enhanced killing in oxygen-deprived
media. It has been assumed that when a
population of a AB1157(F’lac) strain is
exposed to nalidixic acid, plasmid-free cells
could be recovered from culture treated
with sub-inhibitory concentrations of the
drug (2 mg/L) in aerobiosis, and, at the
same drug level, only from the rare sponta-
neous susceptible mutant(s) in anaerobiosis.
Among plasmid free bacteria found, 1 iso-
late demonstrated the same MIC value to
nalidixic acid in both aerobic and anaerobic
conditions. The mutation was co-transferred
with Tn10 inserted at 28.5 min of the
Escherichia coli genetic map into a wild-
type strain. These transductants revealed the
same phenotypes of the original mutant:
susceptibility to nalidixic acid under anaer-
obic conditions (assessed by time-kill tests)
and elongated cells during the aerobic
growth, generation time about 65 min in
comparison to 25 min of the control. Time
kill experiment under aerobic environment
revealed that the transductant was also sus-
ceptible to ciprofloxacin but not nalidixic
acid in the presence of chloramphenicol (50
mg/L). These results suggest a possible role
of bacterial topoisomerase in the anaerobic
susceptibility to nalidixic acid of the
mutant.

Introduction
DNA gyrase and topoisomerase IV are

essential enzymes involved in the various
phases of bacterial DNA metabolism and
gene expression. These proteins are the tar-
gets of quinolones,1-3 a class of antibacterial
agents largely employed in therapy since
they have been found to be clinically effec-
tive.4 Quinolones and temperature-sensitive
mutants in both DNA gyrase and topoiso-
merase IV subunits have been used for a
variety of physiological studies. In particu-
lar, there is a consistent number of reports
showing that chromosome metabolism
resulted susceptible to quinolone activity or
are affected by mutation that inactive topoi-
somerase enzymes by temperature.
Extrachromosomal genetic elements, on the
contrary, appeared more resistant to these
drugs or thermal inactivation of gyrase
enzymes either for duplication of genetic
materials or for conjugation.5-10

Another interesting feature is represent-
ed by the fact that, under anaerobic condi-
tions, the growth of bacteria is inhibited but
their viability is not affected by the first
generation quinolones such as nalidixic
acid.3-11 However it is reasonable to assume
that more information about the mode of
action of quinolones in anaerobiosis might
be gained through the availability of strains
subjected to enhanced killing in oxygen-
deprived media. Therefore in this paper a
method to isolate a strain showing the same
susceptibility to nalidixic acid in both aero-
bic and anaerobic environment is described.
A preliminary characterization of the genet-
ic localization of this mutation was also car-
ried out.

Materials and Methods
Bacterial strains 

Strains carrying relevant characteristics
for this study are listed in Table 1. Plasmid
F’lac (F’128) was one of the F’ kit, previ-
ously reported 10. This plasmid carrying the
transposon Tn10 that codes for tetracycline
resistance was, it used for strain construc-
tion. Transductions were carried out with P1
vir phage.12

Media and reagents
Microorganisms were cultured in LB

medium.12 Media were supplemented with
antibiotics when necessary, nalidixic acid,
ciprofloxacin, chloramphenicol and tetracy-
cline were obtained from commercial
sources (Sigma, Milan, Italy) and stock

solutions were prepared following manu-
facturer’s instructions.

Methods for plasmid elimination
About 5×103 CFU/ml of log phase of

strain studied were cultured in a series of
tubes containing 1 ml LB and graded con-
centrations of the antibiotic tested. A tube of
drug-free LB was used as a control. After
incubation for 18-20 h under aerobic and
anaerobic conditions at 37°C the concentra-
tion of drugs that prevent visible bacterial
growth were recorded as the MICs. The
anaerobic environment was established by
culturing the test bacteria for 24 h in broth
covered with 2 cm of liquid paraffin.

Time-kill experiments were performed
by adding the drug at concentrations corre-
sponding to 4×MIC, to log-phase bacterial
cultures diluted to 106–107 CFU/ml grow-
ing in 500 ml flasks at 37 °C. Just before the
compounds were added (zero time) and at 2,
4 and 6 h thereafter, bacterial counts were
carried out by determining CFU on agar
plates. Colonies were counted after 48 h of
incubation at 35°C. Time-kill under anaero-
bic conditions were carried out in similar
way with the exception that broth culture
were covered with 2 cm of paraffin oil.
Bacterial samples were collected using a
Hamilton syringe.
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Results 
Considering that the first generation of

quinolones, such as nalidixic acid, exhibits
an increased MIC values and bacteriostatic
activity under anaerobic environment, the
detection of these hypothesized hypersensi-
tive mutants in a population where bacterial
cells are not dividing cannot be carried out
by techniques such as replica plating. To
circumvent this problem, it has been
assumed the quinolone-susceptible
mutant(s) might show the same MIC value
(4mg/L) for nalidixic acid in both aerobic
and anaerobic environment. If this were
true, when a population of a AB1157 strain
carrying (F’lac::Tn10) is exposed to
nalidixic acid, plasmid-free cells could be
recovered from culture treated with sub-
inhibitory concentrations of the drug
(2mg/L) in aerobiosis, and, at the same drug
level, only from the rare spontaneous
nalidixic acid susceptible mutant(s) in
anaerobiosis.

Therefore about 5x103 of AB1157
(F’lac::Tn10) bacteria were cultured in a
series of tubes containing 1 ml LB broth and
graded concentrations of the nalidixic acid
under aerobic and anaerobic conditions. A
tube of drug-free broth was used as a con-
trol. After incubation for 18-20 h at 37°C,
bacteria were diluted in saline and plated on
drug-free McConkey agar plates scoring for
the lactose-negative colonies. Flac free seg-

regants were isolated from cultures kept
either in anaerobiosis as well as in aerobio-
sis (Table 1). Putative F’lac::Tn10 cured
colonies were picked with sterile wooden
toothpicks and gridded on McConkey mas-
ter plates with and without tetracycline (10
mg/L), for purification, after incubation for
18-20 h the lactose-negative, tetracycline
susceptible colonies, were further collected
by toothpick and gridded in quadruplicate
in LB agar containing 20 mg/L of nalidixic
acid a plate of drug free medium was used
as control. The plates were then incubated
under aerobic and anaerobic conditions.
The results obtained demonstrated the pres-
ence of a nalidixic acid susceptible isolate
under anaerobic environment. This strain
was collected and tested in broth by
macrodilution method for susceptibility to
the quinolone in all the experimental condi-
tions. This isolate found exhibited the same
MIC (2 mg/L) to nalidixic acid under both
aerobic and anaerobic conditions thus it was
designed db1771 and considered for further
tests.

Phenotypic characterization of this
mutant revealed that it grew as filaments
mixed with elongated forms which were
equivalent in length to 3-5 cells. The gener-
ation time was about 65 min in comparison
to 25 min of the control microorganism. In
an attempt to identify the chromosomal
location of this mutation a complementation
analysis was carried out using the F’ Kit. It

was found that both F’ 126 and F’ 123 plas-
mids were able to suppress this mutation
restoring the original phenotype to this
strain. The F’123 episome includes the
trpA-topA-cysB region of the E. coli chro-
mosome- Therefore from the Singer collec-
tion we transfer, by P1 transduction and
selecting for tetracycline-resistance, a Tn10
transposon inserted at 28.5 min in the E.
coli map. The donor strain was CAG12028
and the recipient was the strain db1771 that
carries the quinolone susceptible mutation
under anaerobic environment (qsa-1).
Among the transductants found about 70%
manifested the original phenotype indicat-
ing that from the donor strain, together with
the transposon, the recipient received the
genetic information to correct the qsa-1
mutation. Although these results suggest
that the qsa-1 mutation is linked to 28.5 min
of the E. coli genetic map, this particular
chromosomal location provides a significa-
tive evidence of the possible involvement of
the topA gene as responsible of the suscep-
tibility of the strain to nalidixic acid under
anaerobic environment. With the help of the
Tn10 transposon we tried to transfer in a
new cytoplasmic background the qsa-1
gene. To do this P1vir grown on the above
mutant db1985 and carrying Tn10 was used
to infect a C600 strain selecting for tetracy-
cline resistance. Among the transductants
obtained about the 60% received the qsa-1
phenotype of the original mutant. In partic-
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Table 1. List of Escherichia coli strains used in this study.

Strain                          Main characteristics                                                                           Source or reference

Tet, tetracycline; s, susceptible; r, resistant; qsa, quinolone susceptible under anaerobic conditions.

Table 2. Incidence of plasmid-loss obtained in E. coli AB1157 (F'lac) treated with nalidixic acid under aerobic and anaerobic condi-
tions.

Growth conditions
                   Aerobic                                                       Anaerobic                      
MIC (mg/L)    Used dose (mg/L)   N.of plasmid loss /total tested     %           MIC (mg/L)     Used dose (mg/L)      N.of plasmid loss /total tested       %

4                                             2                                           130/1400                           9.3                     128                              64                                              14/2550                               0.5
                                              1                                              7/585                              1.2                                                         32                                                7/550                                 1.3
                                                                                                                                                                16                            0/122                                                 0
                                                                                                                                                                 8                            8/1260                                              0.6
                                                                                                                                                                 4                             3/800                                               0.4
                                                                                                                                                                 2                           96/4500                                             2.1
                                                                                                                                                                 1                           11/1800                                             0.6
                                              0                                                                                                                                                    0                                                 6/900                                 0.7
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ular, in aerobic condition, they exhibited
generation time and morphological alter-
ation, as well as nalidixic acid susceptibility
under anaerobic environment like the
mutant db1771. One randomly chosen of
these strains was designated db1986 and
used for further studies.

Dynamic bactericidal activity of
nalidixic acid and ciprofloxacin with and
without chloramphenicol against qsa-1
mutant, under aerobic and anaerobic condi-
tions.

The qsa-1 mutant strain db1986 was
then further characterized evaluating its
nalidixic acid susceptibility by time-kill

experiment. When, the control strain C600
was exposed to nalidixic acid and
ciprofloxacin under aerobic condition a
lethal effect was registered, the addition of
chloramphenicol, caused a block of the
growth in the cultured treated with nalidixic
acid but did not abolish the lethal activity of
ciprofloxacin (Figure 1A). The same exper-
iments carried out under anaerobic environ-
ment demonstrated that ciprofloxacin still
had bactericidal activity against this strain
while nalidixic acid showed a bacteriostatic
effect. The addition of chloramphenicol did
not alter the number of survivors showing
the same behaviour registered in the bacte-

ria treated with the quinolone. On the con-
trary, the bactericidal activity of
ciprofloxacin was not influenced by the
presence of this protein synthesis inhibitor
(Figure 1B). The two drugs were then tested
against the mutant qsa-1 (db1986) Under
aerobic situation the strain resulted suscep-
tible to ciprofloxacin in all the experimental
combination tested and nalidixic acid also
exhibited lethal activity against this strain in
similar way as registered for the control
strain C600 (Figure 1C). When the same
experiments were repeated under anaerobic
environment, ciprofloxacin, as expected,
showed bactericidal activity irrespectively
of the environmental conditions and in the
presence of chloramphenicol. On the other
hand nalidixic acid was able to kill qsa-1
mutant under these conditions, with the
exception in the experimental situations
where chloramphenicol was present, in this
latter case a bacteriostatic effect was noted
(Figure 1D). 

Conclusions
The use of an original method has

allowed the isolation of a quinolone
(nalidixic acid) susceptible strain under
anaerobic environment. The mutant pre-
sents some physiological perturbations such
as morphological alterations and a long
generation time, but in the presence of chlo-
ramphenicol the lethal activity of nalidixic
acid was still blocked. The chromosomal
location of this defect was found in the
trpA-topA-cysB region of the E. coli genetic
map. The mutation was transduced in
another host and the transductant behaved
like the original mutant, its susceptibility to
nalidixic acid was also confirmed by time-
kill tests. 

In considering the present findings it
should remind that DNA supercoiling of the
bacterial cells is dependent on the aerobic
or anaerobic conditions,14 in addition other
studies reported that strict aerobic or anaer-
obic mutants are defective in topoisomerase
I or gyrase activity respectively.15,16

These results lead us to conclude that
activity of topoisomerase I, associated with
relaxation of chromosomal DNA, is neces-
sary for expression of genes required for
aerobic growth, whereas activity of gyrase,
associated with supercoiling of chromoso-
mal DNA, is necessary for expression of
genes required for anaerobic growth.

Thus the defect in the topoisomerase
activity of the mutant found in this study
suggests a possible role of DNA supercoil-
ing in the expression of susceptibility to
nalidixic acid under anaerobic condition, on
the other hand the presence of chloram-
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Figure 1. Dynamic bactericidal activity of nalidixic acid and ciprofloxacin with and with-
out chloramphenicol against C600 and its transductant db1986 carrying the qsa-1 muta-
tion, under aerobic (A and C) and anaerobic (B and D) conditions. A and B: C600, C and
D: db1986.  control;  chloramphenicol (Cm) (50 mg/L); ∆ ciprofloxacin (Cip) (0.1
mg/L); X nalidixic acid (nal) 50 mg/L. *Cm+Cip; • Cm+nal. Representative of replicate
experiments.
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phenicol block protein synthesis that pre-
vent the production of the ROS pathway
responsible of the cell death.11-17.
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