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We have analyzed by gene amplification and sequencing mutations in the quinolone resistance-determining
regions of the gyrd, gyrB, and parC genes of fluoroquinolone-resistant Strepfococcus pneumoniae mutants
obtained during therapy or in vitro. Mutations leading to substitutions in ParC were detected in the two
mutants obtained in vivo, BM4203-R (substitution of a histidine for an aspartate at position 84 [Asp-84—His];
Staphylococcus aureus coordinates) and BM4204-R (Ser-80—Phe), and in two mutants obtained in vitro (Ser-
80—Tyr). An additional mutant obtained in vitro, BM4205-R3, displayed a higher level of fluoroquinolone
resistance and had a mutation in gyr4 leading to a Ser-84—Phe change. We could not detect any mutation in
the three remaining mutants obtained in vitro. Total DNA from BM4203-R, BM4204-R, and BM4205-R3 was
used to transform S. pneumoniae CP1000 by selection on fluoroquinolones. For the parC mutants, transfor-
mants with phenotypes indistinguishable from those of the donors were obtained at frequencies (5 X 1072 to
8 X 107%) compatible with monogenic transformation. By contrast, transformants were obtained at a low
frequency (4 X 10~5), compatible with the transformation of two independent genes, for the gyr4 mutant.
Resistant transformants of CP1000 were also obtained with an amplified fragment of parC from BM4203-R and
BM4204-R but not with a gyr4 fragment from BM4205-R3. All transformants had mutations identical to those
in the donors. These data strongly suggest that ParC is the primary target for fluoroquinolones in S.
pneumoniae and that BM4205-R3 is resistant to higher levels of the drugs following the acquisition of two

mutations, including one in gyr4.

Streptococcus pneumoniae is responsible for high levels of
morbidity and mortality in humans throughout the world. It is
the leading cause of bacterial pneumonia; for instance, more
than a million cases of pneumococcal pneumonia may occur in
the United States each year, with a fatality rate of 5 to 7% (2).
It is also an important cause of otitis media and meningitis. In
view of the pandemic spread of penicillin resistance in this
species (3), there is an urgent need for the development of new
antibiotics effective against penicillin-resistant clinical isolates.
“Old” fluoroquinolones, such as ciprofloxacin and ofloxacin,
show only marginal activity against S. pneumoniae, with the
MIC:s of these agents being either above or at the breakpoint
that delineates the susceptible and resistant clinical categories
(6).

Sparfloxacin, a new fluoroquinolone that has recently be-
come commercially available in Europe, exhibits improved ac-
tivity against gram-positive bacteria, in particular against
S. pneumoniae (MIC at which 90% of isolates are inhibited
[MICy], 0.5 pg/ml) (6). A randomized comparative clinical
trial has established that sparfloxacin is at least as effective as
amoxicillin-clavulanic acid and erythromycin in the treatment
of community-acquired pneumonia (19). This drug may there-
fore represent a useful alternative in the treatment of pneu-
mococcal pneumonia, especially when penicillin-resistant iso-
lates are involved.

However, in vivo selection of fluoroquinolone-resistant
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S. pneumoniae has been reported (5, 27), and a minority of
clinical isolates, e.g., 0.25% in 1993 in France, belonging to
this species have already developed resistance to sparfloxacin
(MICs, =4 pg/ml) (11, 20). One can thus wonder if, as has
been observed with staphylococci and ciprofloxacin, the use of
sparfloxacin will lead to a rapid increase in resistance in pneu-
mococci.

The mechanisms involved in the fluoroquinolone resistance
of S. pneumoniae have not been investigated. In Staphylococcus
aureus resistance appears to be mainly due to mutational al-
terations of the intracellular targets of fluoroquinolones, the
type II DNA topoisomerases gyrase and topoisomerase IV
(topo IV). The latter enzyme is thought to be the primary
target of the drugs in this species, since mutations in the so-
called quinolone resistance-determining region (QRDR) of
the parC gene, which encodes the A subunit of topo IV, confer
low levels of resistance to single-step mutants (8). The occur-
rence of a second mutation in the QRDR of gyrA, which
encodes the A subunit of DNA gyrase, is responsible for higher
levels of resistance (8). Mutations in gyrB, which encodes the B
subunit of DNA gyrase, have also been implicated in the fluo-
roquinolone resistance of certain mutants obtained in vitro
(13). A fourth mechanism of resistance, enhanced active efflux
of hydrophilic quinolones such as norfloxacin, mediated by the
membrane-associated protein NorA, has been found in a few
strains (14).

The aim of the study described here was to analyze the
contributions of mutations in the gyrA4, gyrB, and parC genes to
the fluoroquinolone resistance of mutants of S. pneumoniae
obtained in vivo and in vitro.
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FIG. 1. Pulsed-field gel electrophoresis patterns of Smal-digested genomic
DNA from S. pneumoniae isolates. Lanes: 1, BM4203; 2, BM4203-R; 3, BM4204;
and 4, BM4204-R. Size markers (bacteriophage lambda DNA concatemers) are
indicated on the left.

MATERIALS AND METHODS

Isolation of spontaneous fluoroquinolone-resistant mutants of S. pneumoniae.
Approximately 10° bacteria were plated onto Mueller-Hinton agar (Diagnostics
Pasteur, Marnes-la-Coquette, France) supplemented with 10% horse blood and
containing various concentrations of fluoroquinolones. After 48 h of incubation
at 37°C, the colonies were counted and the frequencies of mutation were deter-
mined relative to the total viable count of organisms that were plated. Resistant
clones were replated once on plates containing the same concentration of fluo-
roquinolone as that used for selection, and quinolone resistance phenotypes were
determined.

Antibiotic susceptibility testing. The MICs of the fluoroquinolones were de-
termined by the agar dilution method on Mueller-Hinton agar supplemented
with 10% horse blood and by using an inoculum of 10* CFU per spot. Cultures
were incubated at 37°C for 24 h in an atmosphere enriched with 10% CO,. The
following antimicrobial agents were provided by the indicated manufacturers:
pefloxacin and sparfloxacin, Rhone-Poulenc Rorer (Vitry-sur-Seine, France);
ciprofloxacin, Bayer AG (Leverkusen, Germany); temafloxacin, Abbott Labora-
tories (Chicago, Ill.); and PD131628, Parke-Davis Pharmaceutical Research
(Ann Arbor, Mich.). The breakpoints used for ciprofloxacin (25) and sparfloxa-
cin (1) were as published previously. Susceptibilities to other classes of antibiotics
were tested on the same medium by the disk diffusion method with disks pro-
vided by Diagnostics Pasteur and an inoculum of 107 CFU/ml.

Analysis of chromosomal DNA by pulsed-field gel electrophoresis. Agarose
plugs were prepared (18) and digested with Smal restriction endonuclease (Unit-
ed States Biochemicals, Cleveland, Ohio) according to the manufacturer’s rec-
ommendations. The software-assisted ZIFE (zero integrated field gel electro-
phoresis) apparatus AutoBase (Techgen, Les Ulis, France) was used with ROM
card no. 2, which optimizes DNA fragment separation in the 8- to 200-kb size
range (34).

DNA amplification and sequencing. We initially amplified by PCR a 310-bp
fragment of gyrA from S. pneumoniae BM4203, from positions 70 to 379 (S. au-
reus coordinates). The degenerate oligodeoxynucleotide primers used, desig-
nated P1 and P2, were designed from conserved regions flanking the QRDR of
gyrA from S. aureus (21) and consisted of the sequences 5'-GAITA(TC)GCIAT
GAG(CT)GT and 5'-CGIGC(TC)TCIGT(AG)TA(AT)CG, respectively (where
1 is inosine). The amplified DNA was purified on Microspin S-400 HR columns
(Pharmacia LKB Biotechnology, Uppsala, Sweden), and the sequences of both
strands were determined directly by the dideoxy-chain termination method (29).
The sequence data were used to design the P3 primer internal to the fragment
amplified by P1 and P2 and consisting of the sequence 5'-AGCACTATCTCC
ATCCATGGA. Oligonucleotides P1 and P3 were used to amplify a 285-bp gyr4
fragment from positions 70 to 354 (S. aureus coordinates). A 334-bp fragment of
gyrB, from positions 1188 to 1521, was amplified with oligonucleotide primers
5-TGCGCGTGAAGTCACACGTA and 5'-GCATCGGTCATCAAAACGAG,
designed from the published sequence of the gyrB gene of S. pneumoniae 533
(24). We also amplified a 254-bp fragment of parC of S. pneumoniae from
positions 109 to 362 (S. aureus coordinates) with the degenerate oligonucleotide
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primers 5'-GG(ACGT)TT(AG)AA(AG)CC(ACGT)GT(ACGT)CAG and 5'-
TC(AT)GT(AG)TA(AT)C(GT)CAT(AT)GC, designed from conserved regions
of the S. aureus parC gene (9).

All amplifications were carried out in a 100-pl volume containing 50 pmol of
each oligonucleotide primer, 50 nmol of each 2’'-deoxynucleoside 5'-triphos-
phate, reaction buffer (Bioprobe Systems, Montreuil-sous-Bois, France), 5 pl of
a template DNA sample (containing 100 ng of DNA), and 2 U of Tag DNA
polymerase (Bioprobe Systems). The reactions were performed in a DNA Ther-
mal Cycler (Perkin-Elmer Cetus, Norwalk, Conn.) for 30 cycles. The conditions
were 30 s at 95°C for denaturation, 30 s at 50°C (gyr4 and parC) or 60°C (gyrB)
for annealing, and 30 s at 72°C for polymerization. The PCR products were
purified and sequenced directly on both strands (29).

Genetic transformation of S. pneumoniae CP1000. Frozen competent cells (22)
were gently thawed, suspended in the transformation medium (26), and incu-
bated at 37°C for 15 min. Chromosomal or purified PCR-amplified DNA (0.1 to
1 pg) was added, and the mixture was incubated at 30°C for 30 min, plated onto
blood agar, and incubated at 37°C for 2 h. Transformants were selected with
ciprofloxacin at 2 pg/ml or sparfloxacin at 1 pg/ml by the overlay procedure.
Transformation of a mutation that confers resistance to rifampin was used as a
control of monogenic transformation. Total DNA from S. pneumoniae 119 re-
sistant to rifampin (rif-r23) (33) was used, and transformants were selected with
rifampin at 2 pg/ml.

Sequence analysis. The programs included in the GCG package (Genetics
Computer Group, Madison, Wis.) were used for the construction of alignments.
Phylogenetic analysis was carried out with the PHYLIP program package, ver-
sion 3.5¢ (University of Washington, Seattle, Wash.).

Nucleotide sequence accession numbers. The nucleotide sequences were sub-
mitted to GenBank and were assigned the accession numbers U49087 (gyrA4) and
U49088 (parC).

RESULTS AND DISCUSSION

Clinical strains. Two fluoroquinolone-susceptible and -re-
sistant matched pairs of clinical isolates of S. pneumoniae,
BM4203-BM4203-R and BM4204-BM4204-R, were exam-
ined. Strain BM4203 was isolated from the pleural fluid of an
84-year-old man admitted for community-acquired pneumonia
and empyema (27). This patient was treated for 4 weeks with
ciprofloxacin (200 mg given intravenously on the first day and
then 500 mg given orally twice a day) and his symptoms re-
solved. Ten days later, the patient was readmitted for recur-
rence of his pleuropulmonary infection, and a fluoroquinolone-
resistant isolate of S. pneumoniae, BM4203-R, was cultured
from the pleural fluid. Strain BM4204 was isolated from the
sputum of a 34-year-old AIDS patient with community-ac-
quired pneumonia. Clinical cure was obtained by therapy with
penicillin G. However, several months after this episode, the
patient was admitted again for pneumonia and a fluoroquin-
olone-resistant isolate of S. pneumoniae, BM4204-R, was ob-
tained from the sputum. Between the two pulmonary episodes,
the patient had been treated with pefloxacin for a cutaneous
staphylococcal infection.

Typing of clinical isolates. The fluoroquinolone-susceptible
and -resistant members of each of the two pairs of clinical
strains belonged to the same serotype: serotype 3 for BM4203—

TABLE 1. Selection of fluoroquinolone-resistant mutants
from S. pneumoniae BM4203 and BM4205

Mutation frequency

Selecting Concn (multiple

agent of MIC) BM4203 BM4205
Ciprofloxacin 2 1.1x 1077 7.9 x 1077
4 1.8 1078 23 %1078

8 <1x107° 1 clone
Temafloxacin 2 7.1 %1078 <1x107°
4 <1x107° <1x107°
PD131628 2 29 %1078 <1x107°
4 <1x107° <1x107°
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TABLE 2. Susceptibilities of S. pneumoniae strains to selected fluoroquinolones and mutations in the gyr4 and parC genes

Selecting agent MIC (pg/ml)*

Amino acid substitution (mutation)”

Strain

(conen [pg/ml]) PEF cIp SPA TEM PD GyrA ParC
BM4203 None 8 2 0.5 0.25 0.25 — —
BM4203-R CIP (in vivo) 32 16 1 2 1 — Asp-84—His (GAT-CAT)
BM4203-R1  PD (0.5) 32 6 1 2 1 — Ser-80—Tyr (TCT-TAT)
BM4203-R2 TEM (0.5) 32 16 1 2 1 — Ser-80—Tyr (TCT-TAT)
BM4203-R3 CIP (4) 16 8 0.5 2 1 — —
BM4204 None 4 1 0.25 0.5 0.25 — —
BM4204-R PEF (in vivo) 16 8 05 1 0.5 — Ser-80—Phe (TCT-TTT)
BM4205 None 8 2 0.5 0.5 0.5 — —
BM4205-R1 CIP (8) 32 8 0.5 1 1 — —
BM4205-R2 CIP (8) 32 16 1 2 2 — —
BM4205-R3  CIP (16) 128 64 4 8 8 Ser-84—Phe (TCC-TTC) -

“ CIP, ciprofloxacin; PD, PD131628; PEF, pefloxacin; SPA, sparfloxacin; TEM, temafloxacin.

® Positions of substitutions are according to the S. aureus coordinates.
¢ —, no change.

BM4203-R and serotype 6 for BM4204-BM4204-R. Capsular
type is not a reliable criterion for determining the genetic
relatedness of S. pneumoniae strains (30). In contrast, pulsed-
field gel electrophoresis of total DNA digested with Smal
allows for the differentiation of strains within serotypes and is
thus suitable for identifying clones of pneumococci (18). The
two members of each pair had indistinguishable Smal-gener-
ated DNA profiles (Fig. 1), indicating that BM4203-R and
BM4204-R were in vivo mutants selected under therapy with
fluoroquinolones.

Selection of fluoroquinolone-resistant mutants. Spontane-
ous fluoroquinolone-resistant mutants were selected by plating
clinical S. pneumoniae isolates BM4203 and BM4205 onto me-
dium containing ciprofloxacin, temafloxacin, and PD131628.
Resistant mutants were selected from both strains on cipro-
floxacin at two and four times the MICs at frequencies of 10~
to 107% (Table 1). In addition, a single resistant mutant of
BM4205, BM4205-R3, was obtained on ciprofloxacin at eight
times the MIC. By using PD131628 and temafloxacin as select-
ing agents, only resistant mutants of BM4203 were obtained at
twice the MIC. Six in vitro mutants, including BM4205-R3,
were selected for further studies.

Susceptibility to fluoroquinolones. The MICs of certain fluo-
roquinolones for the strains are summarized in Table 2. In com-
parison with the other mutants, in vitro mutant BM4205-R3
displayed a higher level of resistance to fluoroquinolones, in-
cluding ciprofloxacin and sparfloxacin. By contrast, the other
mutants had a low degree of resistance to ciprofloxacin and
remained susceptible to sparfloxacin. There were no differ-
ences between the susceptibilities of the parental strains and of
the derived mutants to other classes of antibiotics, as tested by
disk diffusion.

Nucleotide sequence of the QRDRs of gyr4 and parC from S.
pneumoniae BM4203. Two pairs of oligodeoxynucleotide prim-
ers were used to amplify by PCR and sequence the QRDRs of
the gyr4 and parC genes from S. pneumoniae BM4203. The
deduced amino acid sequence of the 285-bp PCR fragment
(Fig. 2) had a higher percentage of identity with portions of
GyrA from S. aureus (84%), Enterococcus faecalis (88%), and
Bacillus subtilis (76%) than with ParC from S. aureus (45%)
(Table 3). Conversely, the derived amino acid sequence of the
254-bp fragment (Fig. 2) showed a higher percentage of iden-
tity with ParC from S. aureus (59%) than with GyrA from
S. aureus (45%), E. faecalis (29%), and B. subtilis (36%) (Table
3). Furthermore, the histidine residue at position 46 (His-46;
S. aureus coordinates) specifically conserved in GyrA and the

glutamine residue at position 42 (Gln-42; S. aureus coordi-
nates) specifically conserved in ParC were also present in the
corresponding sequences from S. pneumoniae (Fig. 2). The
phylogeny of these sequences was determined by the neighbor-
joining (28) and the maximum parsimony (10) methods, and
the topologies of the trees obtained were identical. Analysis of
the statistical significance of the tree topology was performed
by bootstrapping (7). In the tree obtained (Fig. 3), the putative
GyrA sequence of S. pneumoniae was included in a cluster of
GyrA sequences from other gram-positive bacteria, and the
putative ParC sequence of S. pneumoniae was closely related to
that of S. aureus. Taken together, these data indicate that the
285-bp and 254-bp PCR fragments amplified from S. pneu-
moniae BM4203 correspond to the QRDRs of gyr4 and parC,
respectively.

Detection of mutations in the gyr4, gyrB, and parC genes by
amplification and then sequencing. We first tested the possi-
bility that the two fluoroquinolone-resistant mutants obtained
in vivo and the six mutants obtained in vitro carried mutations
in the QRDR of the gyr4 or the parC gene. A mutation was
found in gyr4 of the high-level ciprofloxacin-resistant mutant
BM4205-R3 (Table 2). The position of the resulting Ser—Phe
substitution corresponded to Ser-84 in S. aureus (Ser-83 in
Escherichia coli). Changes at this site are most commonly as-
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FIG. 2. Sequence similarity among the deduced amino acid sequences of the
QRDRs of the gyrA and parC genes. (A) GyrA sequences; the sequence of S.
aureus corresponds to amino acids 43 to 111. (B) ParC sequences; the sequence
of S. aureus corresponds to amino acids 39 to 107. Asterisks indicate the positions
where amino acids are identical in all the sequences.
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TABLE 3. Sequence identity between the deduced amino acid sequences of the QRDRs of the gyrA or parC genes from various species”

% Sequence identity

Sequence

compared SAGYR EFGYR BSGYR ECGYR NGGYR SPPAR SAPAR ECPAR NGPAR
SPGYR 84 88 76 61 51 45 45 59 48
SAGYR 80 76 63 56 45 42 63 56
EFGYR 82 67 52 29 33 64 45
BSGYR 72 63 36 48 59 59
ECGYR 82 26 36 59 45
NGGYR 18 33 56 42
SPPAR 59 14 26
SAPAR 36 42
ECPAR 61

@ Portions of GyrA from S. pneumoniae (SPGYR), S. aureus (SAGYR), E. faecalis (EFGYR), B. subtilis (BSGYR), E. coli (ECGYR), and N. gonorrhoeae (NGGYR)
and of ParC from S. pneumoniae (SPPAR), S. aureus (SAPAR), E. coli (ECPAR), and N. gonorrhoeae (NGPAR) were compared. All the sequences but that of EFGYR
are 69 amino acids in length and correspond to residues 43 to 111 and 39 to 107 of S. aureus GyrA and ParC, respectively. The sequence of EFGYR has a length of

56 amino acids and corresponds to residues 56 to 111 of S. aureus GyrA.

sociated with fluoroquinolone resistance in the two latter spe-
cies (8, 9, 36), as well as in other species that have been
examined (4, 16, 17, 23). The Ser—Phe change is not the most
prevalent substitution at this position, but it has already been
described in B. subtilis (23). Mutations in parC were detected
in the two resistant mutants obtained in vivo (BM4203-R and
BM4204-R) as well as in two (BM4203-R1 and BM4203-R2) of
the six mutants obtained in vitro (Table 2). These mutations
led to Ser-80—Tyr or Phe or to Asp-84—His substitutions
(8. aureus coordinates) that are either identical or similar to
those found in low-level-resistant parC mutants of S. aureus:
Ser-80—Tyr or Phe and Glu-84—Lys or Leu (8, 9).

We also amplified and sequenced the region of gyrB corre-
sponding to codons 400 to 460 (S. aureus coordinates) in which
lie all the mutations associated with quinolone resistance de-
scribed in E. coli (35), S. aureus (13), and Neisseria gonorrhoeae
(31). None of the eight resistant mutants examined had muta-
tions in that portion of gyrB.

Transfer of fluoroquinolone resistance by transformation.
Chromosomal DNA from fluoroquinolone-resistant parC mu-
tants BM4203-R and BM4204-R was used to transform S.
pneumoniae CP1000. When selection for resistance was with
sparfloxacin at 1 pg/ml, no transformants were obtained (trans-
formation frequency, <10~ ° per competent cell). By contrast,
on plates containing 2 pg of ciprofloxacin per ml, transfor-
mants with the same resistance phenotype as that of the donor
(MIC:s of ciprofloxacin, 8 to 16 pg/ml; MICs of sparfloxacin,
0.5 to 1 pwg/ml) were obtained at frequencies of 8 X 103 for
BM4203-R and 5 X 1072 for BM4204-R (Table 4). These
frequencies are similar to that obtained in the control experi-
ment (7 X 107?) performed with total DNA of mutant 119
resistant to rifampin following a single mutational event (33).
Thus, total DNAs from BM4203-R and BM4204-R yielded
transformants at frequencies compatible with monogenic
transformation. In addition, when CP1000 was transformed
with the 254-bp parC PCR fragment from BM4203-R and
BM4204-R, frequencies of transformation (1 X 107> and 4 X
1073, respectively) similar to those obtained with total DNA
were obtained (Table 4). The parC QRDRs of two transfor-
mants from each experiment that was carried out in duplicate
were amplified and sequenced. The eight transformants were
found to harbor the same mutation as that present in the donor
DNA. Control experiments with H,O or total DNA from pa-
rental strain BM4203 did not yield any resistant colony (trans-
formation frequency, <107°). Taken together, these data
strongly suggest that the mutations in parC present in mutants

BM4203-R and BM4204-R obtained in vivo are solely respon-
sible for fluoroquinolone resistance.

Transformation experiments were also performed with total
DNA from high-level fluoroquinolone-resistant gyr4 mutant
BM4205-R3, and two phenotypic classes of transformants were
obtained. The first class of transformants, which were resistant
to low levels of fluoroquinolones (MIC of ciprofloxacin, 16 g/
ml; MIC of sparfloxacin, 1 pg/ml), was obtained on ciprofloxa-
cin at 2 wg/ml and at a frequency (10~>) compatible with mono-
genic transformation. The second class of transformants, which
had the same resistance phenotype as the donor (MIC of
ciprofloxacin, 64 pg/ml; MIC of sparfloxacin, 4 pg/ml), was
obtained on sparfloxacin at 1 pg/ml and at a low frequency
(4 X 107°), compatible with the transformation of two inde-
pendent genes. Two transformants of each class were studied
for the presence of a gyr4 mutation identical to that in the
donor DNA which was found only in the second class of trans-
formants. Furthermore, transformation with the 285-bp PCR
fragment of gyrA from BM4205-R3 did not yield any resistant
colony (transformation frequency, <10~°). A transformant of
the first class was retransformed with either total DNA or the
grA PCR fragment from BM4205-R3. On plates containing
sparfloxacin at 1 pg/ml, transformants with the phenotype of
the second class of transformants and harboring the same
mutation as the donor DNA were obtained in both cases at
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FIG. 3. Phylogenetic tree derived from the alignments presented in Fig. 2
and constructed by the neighbor-joining (28) and maximum parsimony (10)
methods. The line below the alignment indicates the distance corresponding to
approximately 10% sequence divergence.



VoL. 40, 1996

FLUOROQUINOLONE RESISTANCE IN PNEUMOCOCCI

2509

TABLE 4. Transformation of S. pneumoniae CP1000 with total or PCR-amplified DNA

Amino acid substitu- .
Transforming

Transformation frequency ~Amino acid substitu-

Transformation frequency ~ Amino acid substitu-

Donor tion in donor DNA on ciprofloxacin at tion in transformant on sparfloxacin at tion in transformant
(subunit) 2 pg/ml (subunit)” 1 pg/ml (subunit)®

BM4203 None Total <1xX10°° NA*® <1x10°° NA
BM4203-R  Asp-84—His (ParC)? Total 8x 1073 Asp-84—His (ParC) <1x10°° NA
PCR (gyrA)° <1x10°° NA <1x10°° NA
PCR (parC)’ 1x1073 Asp-84—His (ParC) <1X10°° NA
BM4204-R  Ser-80—Phe (ParC)  Total 5%1073 Ser-80—Phe (ParC) <1x10°° NA
PCR (parC) 4x1073 Ser-80—Phe (ParC) <1x10°° NA

BM4205-R3  Ser-84—Phe (GyrA)? Total 1x1073 None 4x10°° Ser-84—Phe (GyrA)
PCR (gyrA) <1x10°° NA <1x10°° NA

“ Values are the means of two independent experiments.
b Two transformants from each experiment were studied.
¢NA, not applicable.

4 S. aureus coordinates.

¢ PCR-amplified 285-bp fragment containing the QRDR of the gyr4 gene of S. pneumoniae.
/PCR-amplified 254-bp fragment containing the QRDR of the parC gene of S. pneumoniae.

frequencies (8 X 107> and 3 X 1073, respectively) compatible
with monogenic transformation. Transformants of the second
class were also obtained at a high frequency (10~3) when the
grA PCR product of BM4205-R3 was used to transform a
parC mutant derivative of CP1000. Taken together, these data
strongly suggest that the fluoroquinolone resistance of
BM4205-R3 is due to the sequential acquisition of two muta-
tions located in different genes: the first one in a gene that is
not yet identified and that causes low-level resistance and the
second one in gyr4 conferring high-level resistance. Surpris-
ingly, these two mutations apparently occurred during a one-
step selection. Strain BM4205-R3 was obtained on plates con-
taining 16 pg of ciprofloxacin per ml, a concentration
corresponding to the MIC for some mutants with single mu-
tations obtained on plates with lower concentrations of cipro-
floxacin (Table 2). Thus, the occurrence of a first mutation may
have enabled the cells to survive the bactericidal effect of
ciprofloxacin and even to grow slowly, whereas a second mu-
tation in gyr4 provided a selective advantage over the mutants
with single mutations. Alternatively, since the resistant clones
obtained after the primary plating were restreaked onto agar
containing the same concentration of antibiotic to ensure re-
sistance, we cannot eliminate the possibility that the second
mutation occurred during replating.

In E. coli, inhibition of topo IV becomes apparent pheno-
typically only when the DNA gyrase is mutated to quinolone
resistance (15). Thus, topo IV is a secondary target in E. coli,
which also seems to be the case in N. gonorrhoeae (4). By
contrast, in S. aureus topo IV appears to be the primary target
for the drugs, since one-step mutants with low-level resistance
always carry a mutation in parC but not in gyr4 (8, 9). Our data
indicate that in S. pneumoniae, the occurrence of a mutation in
the QRDR of the parC gene confers low-level fluoroquinolone
resistance. By contrast, mutations in the QRDR of gyr4 seem
to occur only in strains having previously undergone a muta-
tion in another quinolone resistance gene and are responsible
for higher levels of resistance. Our observations are consistent
with those in the report by Gootz et al. (12), who studied the
presence of parC or gyrA mutations in first- and second-step
mutants of S. pneumoniae obtained in vitro. The 4 first-step
mutants thus examined had a parC but not a gyr4 mutation,
whereas the 12 second-step mutants had mutations in both
genes. All these data strongly suggest that topo IV is also the

primary target for fluoroquinolones in S. pneumoniae. The
observation that the gyrB gene is not implicated in resistance
represents further support for the notion that DNA gyrase is
not a primary target for fluoroquinolones in S. pneumoniae.
It thus appears that, more generally, topo IV is the primary
quinolone target in gram-positive organisms, whereas it is sec-
ondary to DNA gyrase in gram-negative bacteria. This could
result from the fact that gyrases of gram-positive bacteria are
naturally relatively resistant to inhibition by quinolones (32)
or, alternatively, that the topo IV enzymes of these microor-
ganisms are more susceptible to quinolones than are the type
II topoisomerases from other bacterial genera.

In S. aureus, fluoroquinolone resistance is constantly associ-
ated with the presence of mutations in the parC gene (8, 9).
Such mutations were present in the two mutants of S. pneu-
moniae obtained in vivo but in only two of the six mutants
obtained in vitro. These results suggest that acquisition of
fluoroquinolone resistance in S. pneumoniae may result, at
least in vitro, from mutations in other genes. Mutations in the
parE gene, which encodes the B subunit of topo IV, or active
efflux of the drugs (14) could be involved. However, we cannot
rule out the presence of parC mutations outside of the se-
quenced region. The sparfloxacin MICs for the seven low-level
ciprofloxacin-resistant mutants remained unchanged or in-
creased only by a factor of 2, and these strains remained sus-
ceptible to sparfloxacin (MICs, =1 pg/ml). By contrast, high-
level-resistant mutant BM4205-R3, which exhibits two
mutations including one in gyrA, was resistant to sparfloxacin
(MIC, 4 pg/ml). This suggests that pneumococci become spar-
floxacin resistant only after two mutations. The occurrence, in
clinical settings, of sparfloxacin-resistant S. pneumoniae in two
steps is consistent with our previous proposal (5). In conclu-
sion, using gene amplification, sequencing, and transformation,
we have shown that mutations in the parC and gyrA genes play
a role in the fluoroquinolone resistance of S. pneumoniae. As
in S. aureus, topo IV appears to be the primary target for
fluoroquinolones in S. preumoniae.

ACKNOWLEDGMENTS

We thank J.-P. Claverys for providing strain CP1000 and for advice
with the transformation experiments, E. Perez-Trallero for the gift of
strains BM4203 and BM4203-R, and E. Derlot for help with antibiotic
susceptibility testing and obtaining in vitro mutants.



2510

TANKOVIC ET AL.

This work was supported by grant 94BE01 from the Institut National

de la Santé et de la Recherche Médicale and SmithKline Beecham.

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. Acar, J., H. Chardon, P. Choutet, P. Courvalin, H. Dabernat, H. Drugeon, L.

Dubreuil, J. P. Flandrois, F. Goldstein, C. Morel, A. Philippon, B. Rouveix,
J. Sirot, and A. Thabaut. 1995. Communiqué 1995 du Comité de I’Anti-
biogramme de la Société Francaise de Microbiologie. Pathol. Biol. 43:1-8.

. Austrian, R. 1981. Pneumococcus. The first one hundred years. Rev. Infect.

Dis. 3:183-189.

. Baquero, F. 1995. Pneumococcal resistance to B-lactam antibiotics: a global

geographic overview. Microb. Drug Resist. 1:115-120.

. Belland, R. J., S. G. Morrison, C. Ison, and W. M. Huang. 1994. Neisseria

gonorrhoeae acquires mutations in analogous regions of gyr4 and parC in
fluoroquinolone-resistant isolates. Mol. Microbiol. 14:371-380.

. Bernard, L., J.-C. Nguyen Van, and J.-L. Mainardi. 1995. In vivo selection of

Streptococcus pneumoniae resistant to quinolones, including sparfloxacin.
Clin. Microbiol. Infect. 1:60-61.

. Canton, E., J. Peman, M. T. Jimenez, M. S. Ramon, and M. Gobernado.

1992. In vitro activity of sparfloxacin compared with those of five other
quinolones. Antimicrob. Agents Chemother. 36:558-565.

. Felsenstein, J. 1985. Confidence limits on phylogenies: an approach using

the bootstrap. Evolution 39:783-791.

. Ferrero, L., B. Cameron, and J. Crouzet. 1995. Analysis of gyr4 and gri4

mutations in stepwise-selected ciprofloxacin-resistant mutants of Staphylo-
coccus aureus. Antimicrob. Agents Chemother. 39:1554-1558.

. Ferrero, L., B. Cameron, B. Manse, D. Lagneaux, J. Crouzet, A. Famechon,

and F. Blanche. 1994. Cloning and primary structure of Staphylococcus
aureus DNA topoisomerase IV: a primary target of fluoroquinolones. Mol.
Microbiol. 13:641-653.

Fitch, W. 1971. Toward defining the course of evolution: minimum change
for a specified tree topology. Syst. Zool. 20:406-416.

Fremaux, A., G. Sissia, C. Spicq, S. Aberrane, and P. Geslin. 1993. Strepto-
coccus pneumoniae: résistance croisée aux fluoroquinolones étudiée sur 7
molécules, abstr. 367, p. 272. In Program and abstracts of the 13th Interdis-
ciplinary Meeting on Anti-Infectious Chemotherapy. Société Francaise de
Microbiologie, Paris, France.

Gootz, T., R. Zaniewski, J. Tankovic, P. Courvalin, S. Haskell, B. Schmieder,
A. Girard, and D. Girard. 1996. Activity of trovafloxacin (CP-99,219) against
ciprofloxacin-resistant mutants of Streptococcus pneumoniae selected in
vitro, abstr. A-113, p. 153. In Abstractus of the 96th General Meeting of the
American Society for Microbiology 1996. American Society for Microbiol-
ogy, Washington, D.C.

Ito, H., H. Yoshida, M. Bogaki-Shonai, T. Niga, H. Hattori, and S. Naka-
mura. 1994. Quinolone resistance mutations in the DNA gyrase gyr4 and
gyrB genes of Staphylococcus aureus. Antimicrob. Agents Chemother. 38:
2014-2023.

Kaatz, G. W., S. M. Seo, and C. A. Ruble. 1993. Efflux-mediated fluoroquin-
olone resistance in Staphylococcus aureus. Antimicrob. Agents Chemother.
37:1086-1094.

Khodursky, A., E. L. Zechiedrich, and N. R. Cozzarelli. 1995. Topoisomerase
IV is a target of quinolones in Escherichia coli. Proc. Natl. Acad. Sci. USA
92:11801-11805.

Korten, V., W. M. Huang, and B. E. Murray. 1994. Analysis by PCR and
direct DNA sequencing of gyr4 mutations associated with fluoroquinolone
resistance in Enterococcus faecalis. Antimicrob. Agents Chemother. 38:2091—
2094.

Kureishi, A., J. M. Diver, B. Beckthold, T. Schollaardt, and L. E. Bryan.
1994. Cloning and nucleotide sequence of Pseudomonas aeruginosa DNA
gyrase gyrA gene from resistant strain PAO1 and quinolone-resistant clinical
isolates. Antimicrob. Agents Chemother. 38:1944-1952.

Lefevre, J. C., G. Faucon, A. M. Sicard, and A. M. Gasc. 1993. DNA

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

ANTIMICROB. AGENTS CHEMOTHER.

fingerprinting of Streptococcus pneumoniae strains by pulsed-field gel elec-
trophoresis. J. Clin. Microbiol. 31:2724-2728.

Lode, H., J. Garau, C. Grassi, J. Hosie, G. Huchon, N. Legakis, S. Segev, and
G. Wijnands. 1995. Treatment of community-acquired pneumonia: a ran-
domized comparison of sparfloxacin, amoxycillin-clavulanic acid and eryth-
romycin. Eur. Respir. J. 8:1999-2007.

Loo, V. G., J. Lavellée, D. McAlear, and H. G. Robson. 1994. The in-vitro
susceptibilities of 326 Streptococcus pneumoniae isolates to nine antimicro-
bial agents including penicillin and newer quinolones. J. Antimicrob. Che-
mother. 33:641-645.

Margerrisson, E. E. C., R. Hopewell, and L. M. Fisher. 1992. Nucleotide
sequence of the Staphylococcus aureus gyrB-gyrA locus encoding the DNA
gyrase A and B proteins. J. Bacteriol. 174:1596-1603.

Morrison, D. A., M.-C. Trombe, M. K. Hayden, G. A. Waszak, and J.-D.
Chen. 1984. Isolation of transformation-deficient Streptococcus pneumoniae
mutants defective in control of competence, using insertion-duplication mu-
tagenesis with the erythromycin resistance determinant of pAMB1. J. Bac-
teriol. 159:870-876.

Munakata, N., F. Morohoshi, M. Saitou, N. Yamazaki, and K. Hayashi.
1994. Molecular characterization of thirteen gyr4 mutations conferring na-
lidixic acid resistance in Bacillus subtilis. Mol. Gen. Genet. 244:97-103.
Muiioz, R., M. Bustamante, and A. G. de la Campa. 1995. Ser-127-to-Leu
substitution in the DNA gyrase B subunit of Streptococcus pneumoniae is
implicated in novobiocin resistance. J. Bacteriol. 177:4166-4170.

National Committee for Clinical Laboratory Standards. 1992. Methods for
dilution antimicrobial susceptibility tests for bacteria that grow aerobically,
2nd ed. Approved standard M7-A2. National Committee for Clinical Labo-
ratory Standards, Villanova, Pa.

Ottolenghi, E., and R. D. Hotchkiss. 1962. Release of genetic transforming
agent from pneumococcal cultures during growth and disintegration. J. Exp.
Med. 116:491-519.

Perez-Trallero, E., J. M. Garcia-Arenzana, J. A. Jimenez, and A. Peris. 1990.
Therapeutic failure and selection of resistance to quinolones in a case of
pneumococcal pneumonia treated with ciprofloxacin. Eur. J. Clin. Microbiol.
Infect. Dis. 9:905-906.

Saitou, N., and M. Neil. 1987. The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol. Biol. Evol. 4:406-425.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467.
Sibold, C., J. Wang, J. Henrichsen, and R. Hakenbeck. 1992. Genetic rela-
tionships of penicillin-susceptible and -resistant Streptococcus pneumoniae
strains isolated on different continents. Infect. Immun. 60:4119-4126.
Stein, D. C., R. J. Danaher, and T. M. Cook. 1991. Characterization of a gyrB
mutation responsible for low-level nalidixic acid resistance in Neisseria gon-
orrhoeae. Antimicrob. Agents Chemother. 35:622-626.

Tanaka, M., K. Sato, Y. Kimura, I. Hayakawa, Y. Osada, and T. Nishino.
1991. Inhibition by quinolones of DNA gyrase from Staphylococcus aureus.
Antimicrob. Agents Chemother. 35:1489-1491.

Tiraby, G., and M. S. Fox. 1973. Marker discrimination in transformation
and mutation of pneumococcus. Proc. Natl. Acad. Sci. USA 70:3541-3545.
Turmel, C., E. Brassard, R. Forsyth, K. Hood, G. K. Slater, and J. Noolandi.
1990. High resolution of zero-integrated field electrophoresis of DNA, p.
101-131. In E. Lai and B. W. Birren (ed.), Electrophoresis of large DNA
molecules: theory and applications. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

Yamagishi, J.-I., H. Yoshida, M. Yamayoshi, and S. Nakamura. 1986. Nali-
dixic acid-resistant mutations of the gyrB gene of Escherichia coli. Mol. Gen.
Genet. 204:367-373.

Yoshida, H., T. Kogima, J.-I. Yamagishi, and S. Nakamura. 1988. Quinolone
resistance mutations of the gyrA4 gene of Escherichia coli. Mol. Gen. Genet.
211:1-7.



