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Little is known to date about the in vitro activity of fluoroquinolones against Borrelia species. Our study
aimed at determining the in vitro activities of 15 quinolones against nine isolates of the Borrelia burgdorferi
sensu lato complex in addition to one Borrelia valaisiana and one Borrelia bissettii tick isolate. For the
determination of MICs, a standardized colorimetric microdilution method was applied. Determination of
minimal borreliacidal concentrations providing 100% killing of the final inoculum (MBCs) after 72 h and
time-kill experiments were performed by conventional culture in Barbour-Stoenner-Kelly medium in combi-
nation with dark-field microscopy. The rank order of potency on a microgram-per-milliliter basis for the
substances with in vitro activity against B. burgdorferi was gemifloxacin (MIC at which 90% of the isolates
tested are inhibited [MIC90], 0.12 mg/ml) > sitafloxacin (MIC90, 0.5 mg/ml), grepafloxacin (MIC90, 0.5
mg/ml) > gatifloxacin (MIC90, 1 mg/ml), sparfloxacin (MIC90, 1 mg/ml), trovafloxacin (MIC90, 1 mg/ml) >
moxifloxacin (MIC90, 2 mg/ml), ciprofloxacin (MIC90, 2 mg/ml) > levofloxacin (MIC90, 4 mg/ml) > ofloxacin
(MIC90, 8 mg/ml), norfloxacin (MIC90, 8 mg/ml) > fleroxacin (MIC90, >16 mg/ml), and pefloxacin (MIC90, 32
mg/ml) > nalidixic acid (MIC90, 256 mg/ml). After 72 h of exposure, gemifloxacin was borreliacidal (100%
killing) against the isolates investigated at a median MBC of 4 mg/ml. In the other compounds tested, median
MBCs were higher (>8 mg/ml). Results of electron microscopy and time-kill studies clearly support an in vitro
activity of some fluoroquinolones against borreliae. Our study demonstrates for the first time the enhanced in
vitro effectiveness of some of the recently introduced 4-quinolones against B. burgdorferi.

Although the spectrum of antimicrobial agents active against
Borrelia burgdorferi in vitro has been enlarged, therapeutic fail-
ures and a protracted course of the disease continue to be
problems for clinicians in the management of patients suffering
from chronic Lyme disease (12). A major consideration in
selecting appropriate agents for the treatment of Lyme borre-
liosis remains the knowledge of the in vitro antimicrobial sus-
ceptibility of B. burgdorferi (2). Generally speaking, b-lactams,
macrolides, and tetracyclines are recommended for stage-de-
pendent therapy of Lyme borreliosis, whereas borreliae are
resistant to aminoglycosides and primary quinolones, such as
nalidixic acid and pefloxacin (11, 16). To date, there is no
classification scheme for fluoroquinolones that has been gen-
erally accepted, but there have been attempts to group the
quinolones into “generations” or classes according to their
spectrum of antimicrobial activity. For the fluorinated quino-
lones, Naber and Adam (21) recently proposed for descriptive
purposes that the primary 6-fluoro-7-piperazinyl derivatives,
such as pefloxacin and norfloxacin, which preferably inhibit
gram-negative bacteria, as well as ofloxacin and ciprofloxacin,
which also show some activity against Staphylococcus aureus,
be classified as class I and II fluoroquinolones, respectively.
Novel fluoroquinolones with additional substitutions at C-5 or

C-8 and new substituents at C-7 or at C-1, e.g., sparfloxacin
(class III) and moxifloxacin, clinafloxacin, sitafloxacin, gati-
floxacin, and gemifloxacin (class IV), show enhanced activity
against gram-positive organisms and—to a variable extent—
also against anaerobic bacterial species. During the last de-
cade, the modern fluoroquinolones have become widely used
as alternatives to the b-lactam agents in the treatment of a
variety of infections in adults (18). Some of the recently intro-
duced broad-spectrum fluoroquinolones, if effective in vitro
and in vivo, also may prove to be useful agents in the therapy
of certain manifestations of Lyme disease, e.g., erythema mi-
grans and Lyme arthritis, on account of their oral availability,
favorable pharmacodynamic profiles, and high levels in tissue.
Nonetheless, almost nothing is known to date about the phar-
macodynamic interactions of fluoroquinolones with Borrelia
species. As with all antimicrobial agents, initial investigations
involving B. burgdorferi commence with the determination of
MICs and minimal borreliacidal concentrations (MBCs). Our
study aimed at determining the in vitro activities of 15 quino-
lones against 11 isolates of the B. burgdorferi sensu lato com-
plex, including all three genospecies pathogenic for humans, in
addition to Borrelia valaisiana and Borrelia bissettii tick isolates.

MATERIALS AND METHODS

Spirochetes. The B. burgdorferi sensu lato isolates studied included B31 (B.
burgdorferi sensu stricto, tick isolate, United States, ATCC 35210), LW2 (B.
burgdorferi sensu stricto, skin isolate, Germany), PKa-I (B. burgdorferi sensu
stricto, cerebrospinal fluid isolate, Germany), EB1 (Borrelia afzelii, skin isolate,
Germany), FEM1 (B. afzelii, skin isolate, Germany), PKo (B. afzelii, skin isolate,
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Germany), G1 (Borrelia garinii, cerebrospinal fluid isolate, Germany), PSth (B.
garinii, skin isolate, Germany), PTrob (B. garinii, skin isolate, Germany), VS116
(B. valaisiana, tick isolate, Switzerland), and 25015 (B. bissettii, tick isolate,
United States). For MIC determination in all cases except B. burgdorferi strain
B31, low-passage-number isolates (10 to 20 passages) were employed in the test
system. Genospecies were identified by investigating the restriction fragment
length polymorphism patterns of DNA of all isolates after digestion with endo-
nuclease MluI and by application of plasmid analysis as described previously (1,
3). Reference strains tested for methodological and control purposes were S.
aureus ATCC 29213, Enterococcus faecalis ATCC 29212, Escherichia coli ATCC
25922, and Pseudomonas aeruginosa ATCC 27853.

Antimicrobial agents. In the present study, the 15 tested fluoroquinolones
were grouped for descriptive purposes only in classes I to IV of quinolones
(Table 1) as proposed recently (21). In addition, we included ceftriaxone as a
control substance with known activity against borreliae. The antimicrobial agents
were supplied in lyophilized form ready for use by Merlin-Diagnostika GmbH,
Bornheim-Hersel, Germany, and are summarized in Table 1 together with the
respective ranges of concentrations used for susceptibility testing.

Broth microdilution susceptibility testing. For susceptibility testing, a colori-
metric assay was performed as previously described (9, 10). Briefly, borrelial
stock cultures were thawed, cultured in modified Barbour-Stoenner-Kelly me-
dium (BSK) at 33°C until the log phase of growth, and adjusted to 2.5 3 107

borreliae/ml as determined by enumeration with a Kova counting chamber (Hy-
cor, Garden Grove, Calif.) in combination with dark-field microscopy. Final
concentrations of the lyophilized antibiotics were reconstituted by adding 200 ml
of the final inoculum suspension (5 3 106 cells/well) in BSK containing phenol
red (25 mg/ml) as a growth indicator. Cells were cultured at 33°C in 5% CO2.
Kinetic measurement of indicator color shift at 562 and 630 nm with a commer-
cially available enzyme-linked immunosorbent assay reader (PowerWave 200;
Bio-Tek Instruments, Winooski, Vt.) in combination with a software-assisted
calculation program (Microwin 3.0; Microtek, Overath, Germany) was applied to
detect bacterial growth after 0, 24, 48, and 72 h.

Determination of MIC. We recently demonstrated the reliability and repro-
ducibility of our colorimetric microdilution MIC method for the in vitro suscep-
tibility testing of borreliae with a variety of antimicrobial agents (9, 10). Color-
imetric MICs of drugs for isolates were measured in triplicate by the
quantification of growth utilizing a software-assisted (Microwin 3.0) calculation
of growth curves. Growth of samples and controls finally was determined for
each well based on the decrease of absorbance after 72 h (Et72) in comparison

to the initial absorbance values (Et0). In mathematical terms, the well was
reported to be negative for borrelial growth if Et72 . Et0 2 10%. Comparison
of the growth characteristics between test and growth control wells was made in
determining the endpoints for each isolate tested. A 10% threshold value was
chosen in this study to compensate for residual metabolic activity of spirochetes
after 24 to 48 h of incubation prior to the onset of the bacteriostatic and
borreliacidal effects of the quinolones (Fig. 1 and 2).

As a control for antibacterial activity and in order to detect significant MIC
variations due to obvious antibiotic-medium interactions, MICs of drugs for
ATCC reference strains S. aureus ATCC 29213, E. faecalis ATCC 29212, E. coli
ATCC 25922, and P. aeruginosa ATCC 27853 also were determined in triplicate
in the same medium under the same test conditions after 24 h of incubation in
accordance with NCCLS standard protocols (22).

Determination of MBCs. Lyme borreliosis represents a disorder of potentially
chronic proportions, and the survival of small numbers of bacteria may result in
a relapse clinically. We thus determined the drug concentrations providing 100%
killing of the borrelial inoculum under more stringent conditions. MBCs were
determined on three different days. All isolates were investigated after 72 h of
incubation with the antibiotic, and MBCs were reported as the medians of three
experiments. To enhance the sensitivity of MBC determination, after 72 h ali-
quots (20 ml) were taken from all vials lacking detectable growth and diluted 1:75
with fresh BSK to achieve a sample dilution below the MIC. Incubation was
continued at 33°C in 5% CO2 for an additional 3 weeks (10). After gentle
agitation of the subcultures, 5 to 10 high-power fields were examined by dark-
field microscopy for the presence or absence of borreliae. The MBC was defined
as the lowest concentration of the antimicrobial at which no spirochetes could be
detected after 3 weeks of subculture (10).

Time-kill studies. Time-kill studies were performed with borrelial isolates
PKa-I, PSth, and EB1 with ciprofloxacin and gemifloxacin. This was done to
compare the activity of one of the recently introduced compounds with enhanced
effectiveness against borreliae with that of ciprofloxacin, which is regarded as a
marker substance among the commonly used fluoroquinolones. Isolates PKa-I
(B. burgdorferi sensu stricto), PSth (B. garinii), and EB1 (B. afzelii) were used to
determine generation times in BSK and rates of killing on the part of both
antimicrobial agents at four times the respective MICs. Experiments were per-
formed on different days, and cell counts were reported as the means of two
experiments. Growth control experiments were undertaken with all isolates un-
der the same test conditions except for the addition of antibiotics. Inasmuch as
motility strongly corresponds to the viability of spirochetes (4, 24), samples and

TABLE 1. Overall antimicrobial activities of 15 quinolones and ceftriaxone against 11 B. burgdorferi isolates as determined by
colorimetric microdilution technique and conventional subcultures

Antimicrobial
Concn (mg/ml)

Test range MIC range MIC50 MIC90 MBC range Median MBC

Ceftriaxone 0.015–32 #0.015–0.06 0.03 0.03 0.125–4 1

Nalidixic acid 0.5–512 128–.512 256 256 $512 .512

Class I
Norfloxacin 0.03–64 1–16 4 8 8–.64 64
Pefloxacin 0.03–64 4–64 16 32 16–.64 .64

Class II
Fleroxacin 0.008–16 4–.16 .16 .16 $16 .16
Ofloxacin 0.008–16 1–16 4 8 8–.16 .16
Ciprofloxacin 0.008–16 0.25–8 1 2 4–.16 16

Class III
Levofloxacin 0.008–16 0.5–8 2 4 4–.16 16
Sparfloxacin 0.008–16 0.06–8 0.50 1 2–.16 8
Grepafloxacin 0.008–16 0.06–2 0.25 0.50 2–.16 8

Class IV
Gatifloxacin 0.008–16 0.25–2 0.50 1 4–16 16
Trovafloxacin 0.008–16 0.25–2 0.50 1 1–16 16
Moxifloxacin 0.008–16 0.25–2 1 2 4–16 16
Clinafloxacin 0.008–16 0.25–4 0.50 1 1–16 8
Sitafloxacin 0.008–16 0.06–4 0.25 0.50 1–16 8
Gemifloxacin 0.008–16 0.03–0.25 0.06 0.12 0.25–16 4
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controls (200 ml) of the final inoculum suspension (5 3 106 borreliae/well) for
each isolate were investigated for morphologically unaffected motile borreliae
(24) by conventional cell counts (see above). Cell counts were performed on two
different days for each of the isolates tested after 0, 48, 72, 96, and 120 h of
incubation by applying identical test conditions in the presence and absence of
antibiotics.

Electron microscopy. Electron microscopy was performed as previously de-
scribed (14). BSK cultures (10 ml) of PSth (B. garinii; inoculum, 2.5 3 107

borreliae/ml) in the log phase of growth were treated with 0.5, 2, and 8 mg of
ciprofloxacin/ml and 0.06, 0.25, and 2 mg of gemifloxacin/ml for 72 h. Cells
exposed to the antimicrobials and antibiotic-free controls then were harvested by
centrifugation at 5,000 3 g for 30 min at 37°C. Cells were resuspended in 200 ml
of veronal-buffered saline. Fixation was performed by adding an equal volume of
4% glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.4) followed by
incubation at room temperature for 1 h. For thin-section preparation, glutaral-
dehyde-fixed cells were fixed further in OsO4 and then embedded in Spurr’s
resin. Thin sections were contrasted with 2% (wt/vol) aqueous uranyl acetate
(pH 4.8) and lead citrate. All specimens were examined with a model EM 109
microscope (Zeiss, Oberkochen, Germany).

Statistics. There is evidence for a heterogeneity of the borrelial genospecies
with regard to their antimicrobial susceptibility patterns (9, 10). To investigate
possible differences in the susceptibility patterns of the borrelial genospecies
tested, the Kruskal-Wallis test was performed for all MICs and MBCs of the
antibiotics as determined by our experiments with the different borrelial isolates.

RESULTS

MIC determination. The overall antimicrobial activities and
the individual MICs of ceftriaxone and the 15 fluoroquinolones
for the 11 borrelial strains are summarized in Tables 1 and 2.
The following rank order of in vitro activity against B. burg-
dorferi for the tested substances on a microgram-per-milliliter
basis emerged: ceftriaxone (MIC at which 90% of the isolates
tested are inhibited [MIC90], 0.03 mg/ml), gemifloxacin
(MIC90, 0.12 mg/ml) . sitafloxacin (MIC90, 0.5 mg/ml), grepa-
floxacin (MIC90, 0.5 mg/ml) . gatifloxacin (MIC90, 1 mg/ml),
sparfloxacin (MIC90, 1 mg/ml), trovafloxacin (MIC90, 1 mg/
ml) . moxifloxacin (MIC90, 2 mg/ml), ciprofloxacin (MIC90, 2
mg/ml) . levofloxacin (MIC90, 4 mg/ml) . ofloxacin (MIC90, 8
mg/ml), norfloxacin (MIC90, 8 mg/ml) . fleroxacin (MIC90,
.16 mg/ml), and pefloxacin (MIC90, 32 mg/ml) . nalidixic acid
(MIC90, 256 mg/ml). Gemifloxacin proved to be the most po-
tent fluoroquinolone, exhibiting low MICs ranging between
0.03 and 0.25 mg/ml against the isolates tested. For all fluoro-
quinolones except gemifloxacin, grepafloxacin, and sitafloxa-
cin, MIC50 and MIC90 were found to be .0.25 and .0.5 mg/ml,
respectively (Table 1).

Statistical analysis, however, performed on all measured
MICs (n 5 495) to investigate possible heterogeneity of bor-
relial susceptibility patterns for the quinolones showed no sig-
nificant differences with respect to the MICs for the different
genospecies tested.

To ensure that significant MIC deviations attributable to
interactions of the fluoroquinolones with components of the
BSK did not hamper our MIC determinations, MICs of the
drugs for NCCLS reference strains S. aureus ATCC 29213, E.
faecalis ATCC 29212, E. coli ATCC 25922, and P. aeruginosa
ATCC 27853 were determined by using BSK under identical
test conditions. For all four strains, the MIC ranges of the
drugs tested (except trovafloxacin and sitafloxacin) were within
the ranges specified in the NCCLS guidelines (22), when read
in triplicate after 24 h. For trovafloxacin, the measured MICs
were 1 to 2 log2 unit dilutions above the upper limit as pub-

T
A

B
L

E
2.

In
di

vi
du

al
an

tib
io

tic
su

sc
ep

tib
ili

tie
s

of
11

B
.b

ur
gd

or
fe

ri
is

ol
at

es
to

15
qu

in
ol

on
es

an
d

ce
ft

ri
ax

on
ea

Is
ol

at
e

M
IC

(m
g/

m
l)

fo
r

an
tib

io
tic

:

N
al

id
ix

ic
ac

id
N

or
-

flo
xa

ci
n

Pe
flo

x-
ac

in
F

le
ro

x-
ac

in
O

flo
x-

ac
in

C
ip

ro
flo

x-
ac

in
L

ev
ofl

ox
-

ac
in

Sp
ar

flo
x-

ac
in

G
re

pa
flo

x-
ac

in
G

at
ifl

ox
-

ac
in

T
ro

va
flo

x-
ac

in
M

ox
ifl

ox
-

ac
in

C
lin

afl
ox

-
ac

in
Si

ta
flo

x-
ac

in
G

em
ifl

ox
-

ac
in

C
ef

tr
i-

ax
on

e

B
.b

ur
gd

or
fe

ri
se

ns
u

st
ri

ct
o

B
31

25
6

8
16

.
16

4
1

2
0.

50
0.

25
0.

50
0.

50
1

0.
50

0.
25

0.
06

0.
03

L
W

2
25

6
8

16
.

16
8

2
4

1
1

2
0.

12
2

1
0.

50
0.

12
0.

03
PK

a-
I

25
6

8
16

16
8

1
2

1
0.

25
0.

50
0.

50
1

0.
50

0.
25

0.
12

0.
01

5

B
.g

ar
in

ii
PT

ro
b

25
6

4
32

.
16

8
1

4
4

0.
25

0.
50

0.
50

1
0.

50
0.

50
0.

06
0.

03
G

1
25

6
4

16
.

16
4

1
2

0.
25

0.
50

0.
50

0.
50

0.
50

0.
50

0.
25

0.
06

,
0.

01
5

PS
th

25
6

2
8

8
2

0.
50

1
0.

50
0.

12
0.

25
0.

50
0.

50
0.

50
0.

12
0.

06
0.

01
5

B
.a

fz
el

ii
E

B
1

25
6

4
16

.
16

4
1

2
0.

50
0.

50
0.

50
1

1
1

0.
25

0.
12

0.
03

F
E

M
1

12
8

2
8

8
2

0.
50

1
0.

50
0.

25
0.

25
0.

25
1

0.
25

0.
50

0.
06

0.
03

PK
o

12
8

2
4

16
2

0.
50

2
0.

25
0.

25
0.

50
0.

50
0.

50
0.

50
0.

25
0.

06
0.

03

B
.v

al
ai

si
an

a
V

S1
16

51
2

8
32

.
16

8
2

4
0.

50
0.

50
1

0.
50

2
1

0.
25

0.
12

0.
03

B
.b

is
se

tti
i2

50
15

25
6

8
32

16
8

1
2

0.
50

0.
25

0.
50

1
1

0.
50

0.
50

0.
06

0.
03

a
A

nt
im

ic
ro

bi
al

su
sc

ep
tib

ili
tie

s
w

er
e

de
te

rm
in

ed
on

th
re

e
di

ffe
re

nt
da

ys
,a

nd
M

IC
s

fo
r

ea
ch

is
ol

at
e

w
er

e
re

po
rt

ed
as

th
e

m
ed

ia
n

of
th

re
e

ex
pe

ri
m

en
ts

.

2488 KRAICZY ET AL. ANTIMICROB. AGENTS CHEMOTHER.



lished for this agent by the NCCLS. For sitafloxacin, no such
NCCLS ranges are currently available.

MBCs. When determined on three different days, the MBCs
of the antibiotics tested for the same isolate spanned a range of

only 2 to 3 log2 unit dilutions, thereby indicating high repro-
ducibility. The common MBC definition (99.9% killing) means
survival of bacteria at several log2 unit dilutions above the
MIC, depending on the final inoculum and the substance

FIG. 1. Time-kill curves and control experiments for B. burgdorferi sensu lato isolates PKa-I, PSth, and EB1 with concentrations of gemifloxacin
(GMX) four times the respective MICs. Experiments were performed on different days by investigation of growth using conventional cell counts,
and data were reported as the means of two experiments.

FIG. 2. Time-kill curves and control experiments for B. burgdorferi sensu lato isolates PKa-I, PSth, and EB1 with concentrations of ciprofloxacin
(CIP) four times the respective MICs. Experiments were performed on different days by investigation of growth using conventional cell counts,
and data were reported as the means of two experiments.
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tested. Our findings concerning the MBC ranges and the me-
dian MBCs as determined by subculture experiments under
more stringent conditions (100% killing after 72 h) are sum-
marized in Table 1. Ceftriaxone, which was included as a con-
trol substance, under these conditions was borreliacidal at a
median MBC of 1 mg/ml. Against the isolates investigated, only
the class III antibiotic agents sparfloxacin and grepafloxacin
(median MBCs, 8 mg/ml) and the class IV antibiotic agents
clinafloxacin and sitafloxacin (median MBCs, 8 mg/ml) and
gemifloxacin (median MBC, 4 mg/ml) revealed borreliacidal
activity after 72 h of exposition, displaying MBCs (100% kill-
ing) at 2 to 6 log2 unit dilutions above the MIC90. For the other
class III and IV compounds tested, median MBCs were even
higher. In addition, a genospecies-based statistical analysis of
all measured MBCs (n 5 495) was performed. As revealed by
our subculture experiments, the MBCs of grepafloxacin, clina-
floxacin, sitafloxacin, and gemifloxacin for B. burgdorferi sensu
stricto isolates appeared to be significantly higher (range of
MBCs: grepafloxacin, 8 to $16 mg/ml; clinafloxacin, 8 to $16
mg/ml; sitafloxacin, 8 to $16 mg/ml; and gemifloxacin, 2 to 16
mg/ml) than those for B. afzelii, B garinii, B. valaisiana, and B.
bissettii isolates (range of MBCs: grepafloxacin, 0.5 to 16 mg/
ml; clinafloxacin, 0.5 to 16 mg/ml; sitafloxacin, 0.5 to 8 mg/ml;
and gemifloxacin, 0.25 to 8 mg/ml; P ,0.05). As anticipated,
class I and II quinolones did not have any borreliacidal effect
at concentrations of #16 mg/ml.

Time-kill studies. For strains PSth and EB1, exposure to
gemifloxacin, the most potent compound on a microgram-per-
milliliter basis, at four times the respective MICs of the drug
for the strains led to a .3-log10-unit (99.9%) reduction of
morphologically intact motile cells of the final inoculum after
96 to 120 h (Fig. 1). Ciprofloxacin was almost as effective as
was gemifloxacin against isolate EB1 but was less effective
against isolates PSth and PKa-I (Fig. 2). For PKa-I, however,
the number of intact motile spirochetes clearly decreased more
slowly and showed only a ;1-log10-unit reduction of the final
inoculum upon application of both antimicrobials after 120 h
(Fig. 1 and 2). The initial borrelial inoculum, in contrast, tri-
pled in the presence of both antimicrobials, provided that only
one-half of the respective MICs was tested (data not shown),
and in control experiments without the addition of antibiotics
(Fig. 1 and 2). As revealed by our in vitro experiments for
PKa-I, PSth, and EB1, the generation time is approximately 24
to 48 h.

Electron microscopy. Electron microscopy was performed
after exposure of strain PSth to increasing concentrations of
ciprofloxacin and gemifloxacin for 72 h (Fig. 3 and 4). Expo-
sure of borreliae to ciprofloxacin at the MIC (0.5 mg/ml)
showed that significant numbers of the spirochetes remained
ultrastructurally intact (Fig. 3A). Other borrelial cells, how-
ever, showed a beginning lysis, as indicated by outer membrane
lesions, the occurrence of vesicles, and the abundant flagella

released in the cell vicinity. In the presence of 2 and 8 mg of
ciprofloxacin/ml, increasing signs of degeneration or an ad-
vanced stage of lysis of borreliae were evident (Fig. 3B and C).
In the presence of gemifloxacin at the MIC (0.06 mg/ml), the
toxic alterations in the fine structure of borrelial cells were
even more obvious than those seen in samples treated with 0.5
mg of ciprofloxacin/ml (Fig. 3A, 4A, and 4B). After exposure to
gemifloxacin at 0.25 mg/ml (four times the MIC), the cytoplasm
of the majority of cells appeared severely damaged and highly
vacuolated, and protoplasmic cylinders were fragmented (Fig.
4B). Cytotoxic effects were even more pronounced in the pres-
ence of 2 mg of gemifloxacin/ml, and many cells were trans-
formed into large spheroplasts filled with the breakdown prod-
ucts of the protoplasmic cylinder (Fig. 4C). Our observations
clearly indicate a stronger cytotoxic effect on borreliae of gemi-
floxacin than of ciprofloxacin as a result of enhanced in vitro
activity for gemifloxacin even at lower drug concentrations.
Control sections of identically treated antibiotic-free samples
revealed morphologically intact borrelial cells (Fig. 4D) similar
to those described elsewhere in greater detail recently (15). In
cross sections of control cells, the endoflagellae were located in
the periplasmic space, similar to those shown in Fig. 4A (cell
on the left).

DISCUSSION

Up to now, the sparse reports on the effectiveness of 4-quin-
olones against borreliae have been somewhat contradictory.
Whereas most authors report borreliae to be resistant to the
fluoroquinolones (11, 16), others observe some in vitro activity
(5, 20, 25). Owing to the limited in vitro activity of the initial
compounds against borreliae, in particular nalidixic acid and
pefloxacin (11, 16), the fluoroquinolones have not been rec-
ommended drugs of choice to date for the treatment of Lyme
disease. Molecular biological studies, however, indicate the
presence of a target structure for the quinolones, i.e., a func-
tional DNA gyrase consisting of full-length GyrA and GyrB
subunits, which is required for growth of borreliae (25). The
present study, therefore, was specifically designed to systemat-
ically investigate the activities of 15 fluoroquinolones against
11 isolates of the B. burgdorferi sensu lato complex pathogenic
for humans and against other previously designated genospe-
cies (Table 2). Here, direct evidence is provided for the first
time for enhanced in vitro activity of some of the newly devel-
oped antimicrobial agents against borreliae. Moreover, the
range of MICs is clearly class dependent, insofar as class I and
II compounds mostly revealed higher MIC50s and MIC90s than
did class III and IV compounds (Table 1). In our study, the
rank order of potency on a microgram-per-milliliter basis for
the quinolones with enhanced in vitro activity against B. burg-
dorferi was gemifloxacin . sitafloxacin, grepafloxacin . gatiflox-
acin, clinafloxacin, trovafloxacin, sparfloxacin (Table 1). Our

FIG. 3. Representative transmission electron thin-section micrographs of B. garinii isolate PSth after exposure for 72 h to increasing concen-
trations of ciprofloxacin. (A) Borreliae exposed to 0.5 mg of ciprofloxacin/ml (MIC). An essential part of cells remains ultrastructurally intact (e.g.,
cells on the left with endoflagella [F]), whereas others show lesions of the outer membrane (OM), the occurrence of vesicles (V), and abundant
flagella (rF) released in the cell vicinity. (B) Borreliae exposed to 2 mg of ciprofloxacin/ml (four times the MIC). Cell lysis (arrow) is apparent; two
fragments of the protoplasmic cylinders (P) are surrounded by degenerated cell wall layers. (C) Borreliae exposed to 8 mg of ciprofloxacin/ml (16
times the MIC). Borrelial cells become substantially increased in volume and show an advanced stage of lysis. Bar lengths are in micrometers in
all micrographs.
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observations concerning increased in vitro effectiveness of
some of the recently introduced 4-quinolones against borreliae
are in agreement with those of previous investigators who
demonstrated the activity of sparfloxacin and the DNA-gyrase
inhibitor coumermycin A1 against B. burgdorferi (5, 25). Ac-
cording to our data, gemifloxacin proved to be the most potent
fluoroquinolone against borreliae, thereby exhibiting MICs
that ranged between 0.03 and 0.25 mg/ml against the borrelial
isolates tested. In fact, the activity of gemifloxacin, sitafloxacin,
and grepafloxacin is approximately 10 to 100 times higher than
that of the older 4-quinolones but is clearly lower than that of
ceftriaxone, which we included as a control substance with
known activity against borreliae.

Previous investigators report the occurrence of test medium
side effects on almost every antimicrobial agent tested (2, 5).
We performed experiments for quality control purposes ac-
cording to NCCLS protocols to investigate possible antibiotic-
medium interactions. For all four ATCC strains, the MICs of
the fluoroquinolones tested with the exception of trovafloxacin
were all within the NCCLS ranges (22).

With regard to the functions and chemical structures of the
borrelial topoisomerases, little is known at present. For the
borrelial DNA gyrase, it must be kept in mind, however, that
both the naturally occurring protein from B. burgdorferi and
the homologous C-terminal region from E. coli GyrA are bio-
chemically distinct, sharing only 24% identity at the amino acid
level (13). Moreover, the GyrA C-terminal domain from E. coli
is acidic, with a predicted isoelectric point of 4.0, whereas in
contrast, the naturally occurring 34-kDa protein from B. burg-
dorferi is basic, with a predicted isoelectric point of 9.1 (13).
These differences may explain the lower activity of class I and
II derivatives against borreliae than against common gram-
negative bacteria like E. coli.

Available data on gemifloxacin show a high potency of the
antimicrobial against gram-positive anaerobic species but only
moderate activity against gram-negative anaerobes (7). The
finding of higher susceptibilities of B. burgdorferi to class III
and IV quinolones—derivatives exhibiting enhanced activity
against gram-positive species and anaerobes—points to the
fact that the in vitro susceptibility of borreliae probably does
not resemble that of common gram-negative bacteria (6). Sim-
ilarly, vancomycin, which usually does not possess in vitro ac-
tivity against common gram-negative bacteria, displays a sig-
nificant antibiotic effect against B. burgdorferi (6).

Gemifloxacin carries a new 3-aminomethyl-4syn-methoxy-
imino-1-pyrrolidinyl substituent at the C-7 position of the
6-fluoro-1,8-naphthyridone core (23). With nearly equal effec-
tiveness against gram-negative and gram-positive organisms,
gemifloxacin also remains active against resistant mutants car-
rying multiple quinolone resistance mutations in gyrA and parC

(A. Schulte and P. Heisig, Abstr. 39th Intersci. Conf. Antimi-
crob. Agents Chemother., abstr. 819, 1999) and is the most
active fluoroquinolone against borreliae. For Streptococcus
pneumoniae, previous investigations revealed that, in addition
to gemifloxacin’s activity against the pneumococcal DNA gy-
rase, the improved effectiveness of the drug probably is related
to its remarkably high affinity for topoisomerase IV (19). Ac-
cordingly, it can be speculated that a higher affinity for one of
the borrelial topoisomerases may be the cause for enhanced in
vitro activity of gemifloxacin against borreliae as well. With
regard to the results of our time-kill studies (Fig. 1 and 2) and
the electron microscope analysis of quinolone-exposed borre-
liae (Fig. 3 and 4), our findings clearly support the existence of
in vitro activity on the part of the quinolones against borreliae,
which results in a reduction of intact motile cells and in in-
creasing ultrastructural damage of spirochetes in the presence
of higher concentrations of ciprofloxacin and gemifloxacin.
Furthermore, our observations indicate the stronger cytotoxic
effect of gemifloxacin than of ciprofloxacin on borreliae. As
demonstrated in Fig. 1 and 2, little or no bactericidal activity of
ciprofloxacin and gemifloxacin occurred in the isolates during
the first 24 to 72 h of exposure, but killing rates increased
markedly after longer incubation periods. An optimum reduc-
tion of the initial inoculum was reached after 96 to 120 h.
Correspondingly, our conventional subculture experiments
performed under very restrictive conditions also demonstrated
that higher drug concentrations are required for the fluoro-
quinolones for 100% killing (MBC) of borreliae after 72 h of
incubation. These observations are similar to those obtained
previously with E. faecalis: much slower antibiotic killing is
observed in comparison to S. aureus after exposure to cipro-
floxacin and ofloxacin (17). For borreliae, this finding may
result from the longer generation time required for the repli-
cation cycle and cell division. As such, detection of impaired
plasmid relaxation and supercoiling in B. burgdorferi strain B31
due to coumermycin A1 requires at least 2 h, compared to only
about 20 min in E. coli (25).

Careful evaluation of the MBCs determined in our study
revealed that the MBCs of grepafloxacin, clinafloxacin, sita-
floxacin, and gemifloxacin for B. burgdorferi sensu stricto iso-
lates were significantly higher than those for B. afzelii, B garinii,
B. valaisiana, and B. bissettii isolates (P , 0.05) after 72 h of
incubation. The finding of lower killing activities of these sub-
stances for B. burgdorferi sensu stricto isolates than for the
other borrelial isolates investigated was confirmed by the re-
sults of time-kill experiments (Fig. 1 and 2), once again point-
ing to slow killing of borreliae by the quinolones and to pos-
sible differences in the drug interactions with regard to the
tested genospecies of the B. burgdorferi complex.

Regarding the discrepancies reported to date on the part of

FIG. 4. Representative transmission electron thin-section micrographs of B. garinii isolate PSth after exposure for 72 h to increasing concen-
trations of gemifloxacin and of the untreated control. (A) Borreliae exposed to 0.06 mg of gemifloxacin/ml (MIC). Significant ultrastructural
alterations are evident in comparison with the untreated control (see below). OM, outer membrane; F, flagella; CM, cytoplasmic membrane. (B)
Borreliae exposed to 0.25 mg of gemifloxacin/ml (four times the MIC). The outer membrane (OM) often appeared altered or deteriorated. The
cytoplasm of all cells appears severely damaged and often highly vacuolated, and protoplasmic cylinders become fragmented (arrows). Emergence
of cellular ghosts (G) with increasing cell diameter is visible. (C) Borreliae exposed to 2 mg of gemofloxacin/ml. Borreliae were transformed into
large spheroplasts (Sph) filled with breakdown products of the protoplasmic cylinder. Others show a highly vacuolated cytoplasm, vesicles (V), or
nearly empty cells (arrows). (D) Control section of cells treated identically except for the addition of antibiotics. OM, outer membrane; CM,
cytoplasmic membrane.
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the in vitro and in vivo effectiveness of antimicrobials against
borreliae (8), fluoroquinolones cannot be recommended for
the treatment of Lyme disease on account of limited in vivo
experience. Our study, however, is one of the first to supply
evidence for in vitro effectiveness of some of the recently
introduced 4-quinolones against B. burgdorferi. Consequently,
we wish to emphasize the importance of ongoing tests involv-
ing more isolates together with the performance of in vivo
experiments to determine the definitive value of modern fluo-
roquinolones in the therapy of Lyme disease. Such investiga-
tions are under way in our institution to address these ques-
tions.
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