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Twelve laboratory mutants and 32 ciprofloxacin-resistant isolates of Bacteroides fragilis were examined for
the mechanism(s) of fluoroquinolone resistance. Five mutants had mutations in gyr4. One mutant and two
clinical isolates contained a mutation in gyrB. Eight mutants and five clinical isolates accumulated significantly
less ciprofloxacin than did wild-type isolates; the mutants and clinical isolates were restored to wild-type
characteristics when carbonyl cyanide m-chlorophenylhydrazone was used.

DNA gyrase is the primary target of fluoroquinolones for
most gram-negative bacteria (3, 4, 6). DNA topoisomerase IV
is also a primary target for specific fluoroquinolones in certain
gram-positive bacteria (15, 16). Studies to explore mechanisms
of fluoroquinolone resistance in Bacteroides fragilis have iden-
tified mutations in gyr4 as well as active efflux of norfloxacin (2,
7,9, 10). However, analysis of the literature suggests that gyr4
is a secondary (not primary) target of fluoroquinolones in B.
fragilis (2, 10). The aim of this study was to identify the mech-
anism(s) of resistance in fluoroquinolone-resistant B. fragilis
selected in vitro from agar and a pharmacodynamic (PD)
model compared with those of 32 ciprofloxacin-resistant clin-
ical isolates from the United States.

The MIC of each antibiotic was determined for each strain
with the agar doubling-dilution method described by the Brit-
ish Society for Antimicrobial Chemotherapy (1). Mutants were
selected as described previously (5) from B. fragilis NCTC9343/
ATCC25285 (Z14) on Wilkins and Chalgren agar in a single
step at 2X MIC of trovafloxacin, moxifloxacin, and ciprofloxa-
cin at mutation frequencies of 2.6 X 107!, 6.6 X 10~°, and
4.5 X 107, respectively. In vitro mutants were also selected in
a PD model (11, 12) from Z14, a clinical isolate (Z54), and
ATCC 23745 (Z55). From Z14, three mutants (Z50, Z72, and
773) were selected with trovafloxacin and two mutants (Z69
and Z70) were selected with moxifloxacin. From Z54, one
mutant (Z51) was selected with levofloxacin and one mutant
(Z52) was selected with trovafloxacin. From Z55, two mutants
(Z48 and Z49) were selected with sparfloxacin.

Except for garenoxacin and isolate Z72, the MICs of all
agents were 2- to 16-fold higher for all mutants than those seen
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with their parent strain (Table 1). Mutants selected with trova-
floxacin on agar (isolate Z56) had a smaller decrease in sus-
ceptibility to garenoxacin than mutants selected in the PD
model (Z50 and Z72). To study any role of efflux in fluoro-
quinolone resistance, the efflux inhibitor carbonyl cyanide
m-chlorophenylhydrazone (CCCP) was used. For all parent
strains and mutants (except Z69 and Z70), CCCP lowered the
MIC of ciprofloxacin two- to fourfold. A total of 32 ciprofloxa-
cin-resistant strains isolated in 1999 from a tertiary hospital in
the United States were also investigated. Two isolates were
inhibited by =8 pg of ciprofloxacin/ml, 15 were inhibited by
=16 pg of ciprofloxacin/ml, 10 were inhibited by =32 ug of
ciprofloxacin/ml, and 5 were inhibited by =64 g of ciprofloxa-
cin/ml (Table 1). Compared with the laboratory mutants,
CCCP had a smaller effect on the ciprofloxacin MICs for these
isolates. For comparison, six ciprofloxacin-sensitive isolates
collected in the United Kingdom in 2002 were examined; all
required 4 pg of ciprofloxacin/ml for inhibition.

Amplification of a 267-bp product of gyrA was achieved
using primers BFA1 (5'-ACTACTCCATGTCGGTCATC-3")
and BFA2 (5'-CAGAACCGAAGTTACCTTGC-3"). Amplifi-
cation of a 260-bp product of gyrB was achieved using primers
BFB1 (5'-CTATGTCAGGTGGCGGTCTT-3") and BFB2
(5'-GTCTTCTTCCGTTCCGATAG-3"). The PCR parame-
ters were initial denaturation at 95°C for 5 min followed by 30
cycles of 95°C for 30 s, 52°C for 30 s (gyr4) or 53°C for 30 s
(gyrB), and extension at 72°C for 30 s, with a final extension at
72°C for 10 min. DNA sequences of amplimers were deter-
mined commercially on an LI-COR 4200 automatic DNA se-
quencer (MWG Biotech, Ebersberg, Germany).

The only strains of B. fragilis in the present study to have
mutations in gyrA were the 12 mutants selected in the PD
model. A total of 5 of the 12 mutants had a substitution in
GyrA (Ser82 to Phe; equivalent to Ser83 of Escherichia coli)
and these strains (Z49, Z50, Z51, 752, and Z72) were the
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TABLE 1. Phenotype and genotype of B. fragilis laboratory mutants and clinical isolates

MIC (pg/ml)
Group and strain”

SSC (ng of CIP/mg

Mutation in QRDR of: [dry wt] of cells)

CIP CIP+C NOR TVA MXF CLX SPX LVX GAR A 9B CIP CIP + CCCP
Wild type
Z14 4 2 64 025 05 0.12 2 2 012 WT¢ WT 92.6 = 1.4 135 £ 6.5
Mutants selected on agar
(n =3)
756 (TVA) 16 16 64 1 1 0.12 8 4 012 WT WT 564+46 91452
757 (MXF) 16 8 64 1 1 0.12 4 2 012 WT WT 653+71 88441
758 (CIP) 16 8 128 05 1 0.25 4 2 05 WT WT 61.7+68 93566
Mutants selected in a PD
model (n = 5)
750 (TVA) 32 8 256 8 8 1 16 16 2 Ser82—Phe WT 403+46 76459
772 (TVA) 32 8 128 4 4 2 16 32 0.2 Ser82—Phe WT 448 +36 85858
769 (MXF) 16 16 128 2 2 0.5 4 8 0.25 Asp81—Asn WT 514+71 82672
770 (MXF) 8 8 128 2 1 0.25 4 8 0.5  Asp81—Gly WT 45+38 785*95
Z73 (TVA) 16 8 128 2 2 0.5 4 8 0.5 WT Glu478—Lys 49.6 £5.1  86.4 =89
754 (n = 2) 4 1 64 05 0.5 0.12 2 2 012 WT WT 311 =58 58166
751 (LVX) 32 16 256 8 8 1 16 16 2 Ser82—Phe WT 547+68 69957
752 (TVA) 32 8 256 8 8 1 16 16 2 Ser82—Phe WT 43.7+56  89.7+82
755 (n = 2) 8 2 64 05 0.5 0.25 2 2 025 WT WT 402+69 81435
748 (SPX) 16 8 128 4 4 1 16 3205 WT WT 60.6 =57 86,5 *6.6
749 (SPX) 32 4 256 8 8 1 16 16 05 Ser82—Phe WT 469 +65 73666
Ciprofloxacin-sensitive
isolates (n = 6)
7744 4 2 32025 05 0.06 2 4 012 WT WT 423+54 768 *53
Ciprofloxacin-resistant
isolates (n = 32)
Z19 (n = 14)? 8 8 64 025 05 0.12 2 2 05 WT SM¢ 498 +64 81459
720 16 8 64 025 025 025 1 2 05 WT SM/ 20.8+34 85347
717 16 8 64 1 2 0.25 2 4 05 WT WT 456 =48 786 +59
739 16 8 64 4 4 1 8 32 05 WT WT 35663 802x65
721 (n = 4)* 32 16 64 025 025 0.12 1 1 0.5 WT Leud15—Val 325%57 826 =x4.1
735 32 16 128 025 05 0.12 2 2 05 WT WT 344+35  763x82
746 32 16 64 2 1 0.5 1 8 0.5 WT Leu415—Val 30458 793=*73
729 (n = 4)* 32 16 64 05 0.5 0.25 2 4 1 WT WwT 315+63 786 +4.1
723 64 16 64 1 1 0.5 4 4 1 WT WwT 299+36 744+63
728 64 16 64 1 1 1 4 8 2 WT SM¢ 27.7+54 773x76
Z30 (n = 2)* 64 32 64 025 025 0.12 2 2 2 WT SM/ 30859 762 x46
731 64 16 64 1 1 0.5 2 4 2 WT SM/ 144 +x64 924 =x5.1

“TVA, trovafloxacin; MXF, moxifloxacin; CIP, ciprofloxacin; CIP + C, ciprofloxacin plus 100 nM CCCP; LVX, levofloxacin; SPX, sparfloxacin; NOR, norfloxacin;

CLX, clinafloxacin; GAR, garenoxacin.

> 714 is NCTC 9343/ATCC 252852; Z54 is M97-117 (quinolone-sensitive clinical isolate); Z14 is ATCC 23745. Bold type indicates parent strains or ciprofloxacin-
sensitive clinical isolates. Agents used to select mutants are shown in parentheses.

¢ WT, wild type.

4 Only one mutant or clinical isolate of each phenotype is shown.
¢ Silent mutation at Asp426.

/ Silent mutations at Asp426 and Leu432.

strains most resistant to fluoroquinolones. Two mutants (Z69
and Z70) had different substitutions in GyrA at position 81
(Asp to Asn and Asp to Gly, respectively). The MICs of fluo-
roquinolones for mutants with substitutions at Asp81 were
lower than those for mutants with substitutions at Ser82. Only
one laboratory mutant selected in the PD model, Z73, con-
tained a mutation in gyrB, replacing Gly478 with Lys. Five of
the clinical isolates contained a mutation in gyrB, replacing
Leu415 with Val (Table 1). The increases in fluoroquinolone
MICs for mutants with mutations in gyrB were only increased
two- to eightfold compared to the results seen with the con-
trols. It is hypothesized that as so few ciprofloxacin-resistant
mutants and clinical isolates contained a mutation in the quin-
olone resistance-determining regions (QRDR) of gyr4 or gyrB,
all mutants from the PD model and clinical isolates with mu-
tations in these genes are at least second-step mutants. Previ-
ously reported studies focused upon identifying mutations in

the QRDR of gyr4 in either laboratory mutants or clinical
isolates of B. fragilis (2, 9, 10), with only one of these studies
exploring the QRDR of both gyr4 and gyrB (10). Analyses of
data from all studies indicate that mutations in gyr4 or gyrB are
usually not the first step to resistance.

Topoisomerase IV has been shown to be a secondary target
for fluoroquinolone action in E. coli, in which high-level resis-
tance (ciprofloxacin MICs = 32 pg/ml) is commonly associated
with at least one mutation in gyr4 and another mutation in the
gene encoding the A subunit of topoisomerase IV (parC) (3, 4,
6). In Staphylococcus aureus, however, mutations in the A sub-
unit gene (grl4) can be selected prior to those in gyr4 (16).
Varon et al. (15) also suggested that parC and gyrA of S.
pneumoniae might be interchangeable initial targets of certain
fluoroquinolones, such as ciprofloxacin, sparfloxacin, and
moxifloxacin. Due to the overwhelming amount of data sup-
porting the idea of a role of topoisomerase IV (ParC/ParE) in
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fluoroquinolone resistance in other species, the role of parC
and parE in B. fragilis was investigated. A parC/parE homo-
logue was identified, but as yet no role in fluoroquinolone
resistance has been established (M. L. Peterson and L. J. V.
Piddock, unpublished data).

Both Miyamae et al. and Ricci and Piddock have demon-
strated that B. fragilis actively causes the efflux of norfloxacin
(7, 13). More recently Miyamae et al. described bex4 from B.
thetaiotaomicron (8). The BexA transporter has been shown to
be responsible for the efflux of norfloxacin, ciprofloxacin, and
ethidium bromide and is a member of the multidrug and toxic
compound extrusion family. The concentrations of ciprofloxa-
cin accumulated by all strains in the present study were mea-
sured by a fluorescence assay as previously described (14). All
experiments were performed in duplicate on three separate
days to obtain the mean value, from which the standard devi-
ation was calculated. Differences in accumulation values be-
tween different experiments were analyzed by Student’s ¢ test.
A P value of <0.05 was considered significant.

All mutants selected from isolate Z14 accumulated signifi-
cantly less ciprofloxacin than Z14 (Table 1). Addition of 100
pM CCCEP significantly increased the steady-state concen-
trations (SSC) of ciprofloxacin accumulated by all strains,
including Z14; Z14 accumulated approximately 120 ng of
ciprofloxacin/mg (dry weight) of cells. The concentrations of
ciprofloxacin accumulated by mutants of Z54 and Z55 were
similar to the results seen with the respective parent strains
(data not shown). Six ciprofloxacin-sensitive clinical isolates of
ATCC 23745 (strain Z55) and M97-117 (Z54; ciprofloxacin-
sensitive clinical isolates from the United States) accumulated
significantly less ciprofloxacin (40 to 50 ng of ciprofloxacin/ug
[dry weight] of cells) than did the type strain for the species
NCTC 9343/ATCC 25285 (Z14). Compared with the results
seen with respect to the mean concentration of ciprofloxacin
accumulated by the sensitive isolates, only five ciprofloxacin-
resistant isolates (Z20, Z35, Z23, Z28, and Z31) accumulated
significantly lower concentrations. CCCP increased the SSC
for all isolates (irrespective of susceptibility) to 80 to 100 ng of
ciprofloxacin/mg (dry weight) of cells.

In summary, mutations were observed in gyr4 and gyrB but
for 22 clinical isolates no mutations were revealed. Further
studies are in progress to identify the fluoroquinolone resis-
tance mechanisms in these isolates. Eight laboratory mutants
and five isolates accumulated significantly less ciprofloxacin
than the parent strain. Addition of CCCP significantly in-
creased these concentrations, suggesting that enhanced efflux
might play a role in fluoroquinolone resistance in some strains
of B. fragilis.

ANTIMICROB. AGENTS CHEMOTHER.

In conclusion, mutations were observed in gyrA and gyrB; for
some mutants and isolates, the accumulation data suggest ei-
ther enhanced efflux or decreased uptake. Current work is
characterizing these strains further.

We are grateful to Bayer AG for supporting Vito Ricci in the early
stages of this work and Health Partners Research Foundation for
supporting Marnie Peterson.
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