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Fluoroquinolone resistance (FQ-R) in clinical isolates of Enterobacteriaceae species has been reported with
increasing frequency in recent years. Two mechanisms of FQ-R have been identified in gram-negative organ-
isms: mutations in DNA gyrase and reduced intracellular drug accumulation. A single point mutation in gyr4
has been shown to reduce susceptibility to fluoroquinolones. To determine the extent of gyr4 mutations
associated with FQ-R in enteric bacteria, one set of oligonucleotide primers was selected from conserved
sequences in the flanking regions of the quinolone resistance-determining regions (QRDR) of Escherichia coli
and Klebsiella pneumoniae. This set of primers was used to amplify and sequence the QRDRs from 8 Entero-
bacteriaceae type strains and 60 fluoroquinolone-resistant clinical isolates of Citrobacter freundii, Enterobacter
aerogenes, Enterobacter cloacae, E. coli, K. pneumoniae, Klebsiella oxytoca, Providencia stuartii, and Serratia mar-
cescens. Although similarity of the nucleotide sequences of seven species ranged from 80.8 to 93.3%, when
compared with that of E. coli, the amino acid sequences of the gyr4 QRDR were highly conserved. Conservative
amino acid substitutions were detected in the QRDRs of the susceptible type strains of C. freundii, E. aerogenes,
K. oxytoca (Ser-83 to Thr), and P. stuartii (Asp-87 to Glu). Strains with ciprofloxacin MICs of >2 pg/ml
expressed amino acid substitutions primarily at the Gly-81, Ser-83, or Asp-87 position. Fluoroquinolone MICs
varied significantly for strains exhibiting identical gyr4 mutations, indicating that alterations outside gyr4
contribute to resistance. The type and position of amino acid alterations also differed among these six genera.
High-level FQ-R frequently was associated with single gyr4 mutations in all species of Enterobacteriaceae in this

study except E. coli.

Fluoroquinolones are broad-spectrum antimicrobial agents
effective in the treatment of a wide range of infections. How-
ever, widespread use of this class of agents has resulted in an
increasing incidence of fluoroquinolone resistance (13). Mech-
anisms of resistance to quinolones include alterations in DNA
gyrase and topoisomerase IV and decreased intracellular ac-
cumulation of the antimicrobial agent due to modifications of
membrane proteins (3, 12).

The primary target of fluoroquinolones in gram-negative
bacteria is DNA gyrase, a type II topoisomerase required for
DNA replication and transcription (3). DNA gyrase, which is
composed of two A subunits and two B subunits, is encoded by
the gyr4 and gyrB genes. In these organisms, resistance to
fluoroquinolones has been shown to be associated most fre-
quently with alterations in gyr4 (7, 9, 29). The mutations are
localized at the 5" end of the gene (nucleotides 199 to 318 in
the Escherichia coli gene sequence) in an area designated as
the quinolone resistance-determining region, or QRDR, near
Tyr-122, which binds the transiently cleaved DNA (14, 28).
Genetic characterization of gyr4 mutations associated with fluo-
roquinolone resistance in E. coli has been well defined by DNA
sequence analysis of resistant strains of both clinical isolates
and mutants selected in vitro (4, 11, 17, 24, 28). These muta-
tions are found most frequently in the Ser-83 and Asp-87
codons and in the corresponding codon positions of the gyrA
genes from several other organisms (6, 7, 9, 22, 25). However,
the mechanisms of quinolone resistance for many of the en-

* Corresponding author. Mailing address: Nosocomial Pathogens
Laboratory Branch (G-08), Centers for Disease Control and Preven-
tion, 1600 Clifton Rd., N.E., Atlanta, GA 30333. Phone: (404) 639-
1497. Fax: (404) 639-1381. E-mail: lew9@cdc.gov.

2661

teric species associated with opportunistic infections have not
been well defined.

In this study, the DNA sequences of the gyr4A QRDRs of
fluoroquinolone-resistant clinical isolates representing eight
species of Enterobacteriaceae were determined. Oligonucle-
otide primers selected from conserved gyr4 gene sequences
flanking the QRDR were used to amplify and sequence the 5’
region of gyrA from the American Type Culture Collection
(ATCC) type strain for each species and from 60 fluoro-
quinolone-resistant strains. DNA and deduced amino acid
sequences were aligned, and the similarities and differences
were characterized. Within each species, the amino acid se-
quences of the QRDRs from isolates with decreased fluoro-
quinolone susceptibilities were compared with those of the
type strain, and amino acid substitution profiles were analyzed
for association with fluoroquinolone resistance and for corre-
lation with the ciprofloxacin (CIP) MIC.

(This study was presented in part at the 37th Interscience
Conference on Antimicrobial Agents and Chemotherapy, To-
ronto, Ontario, Canada, 28 September to 1 October 1997.)

MATERIALS AND METHODS

Bacterial strains and determination of antimicrobial susceptibility profiles.
Type strains of Enterobacteriaceae were those designated by the ATCC. Fluoro-
quinolone-resistant and -susceptible clinical isolates were obtained during the
Intensive Care Antimicrobial Resistance Epidemiology (ICARE) study, in which
isolates were collected from 39 hospitals across the United States between June
1994 and April 1997 (1). Strains were selected from among the ICARE isolates
to represent a range of CIP MICs and geographical locations for each species
group. Duplicate isolates from the same patient were excluded.

MICs were determined by the broth microdilution method with cation-ad-
justed Mueller-Hinton broth (Difco Laboratories, Detroit, Mich.) according to
the methods of the National Committee for Clinical Laboratory Standards (18).
CIP was obtained from Bayer Corporation (West Haven, Conn.), ofloxacin
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FIG. 1. PCR amplification of the gyr4 QRDR sequences from type strains of Enterobacteriaceae species. (A) Amplification of the predicted 626-bp fragment
(including primers) from the 5’ end of the gyrA4 gene from various species of the Enterobacteriaceae. In the left-most lane are molecular size markers (100-bp DNA
ladder). (B) Schematic diagram of the gyr4 region amplified by synthetic oligonucleotide primers gyrA6 and gyrA631R (arrows), including the 120-bp QRDR (heavy

line) encoding amino acids 67 to 106 of the E. coli GyrA protein (21).

(OFLX) was purchased from Sigma Chemical Co. (St. Louis, Mo.), and spar-
floxacin (SPAR) was obtained from Rhone-Poulenc Rorer (Collegeville, Pa.).
Antibiotic concentrations in susceptibility testing were as follows: CIP, 0.06 to 8
wg/ml; OFLX, 0.25 to 8 or 0.06 to 32 ug/ml; and SPAR, 0.008 to 2 pg/ml. Quality
control organisms for fluoroquinolone MIC determinations were Enterococcus
faecalis ATCC 29212, Staphylococcus aureus ATCC 29213, E. coli ATCC 25922,
and Pseudomonas aeruginosa ATCC 27853.

Amplification of the 5’ region of gyr4. Oligonucleotide primers were designed
on the basis of homologous regions of gyr4 from E. coli (21) and the gyrA
sequence reported for Klebsiella pneumoniae (8). Primer gyrA6 (5'-CGACCTT
GCGAGAGAAAT-3') corresponds to nucleotides 6 to 23 and gyrA631R (5'-G
TTCCATCAGCCCTTCAA-3") is complementary to nucleotides 631 to 614 of
the E. coli gyrA sequence.

The gyrA gene fragments were amplified from chromosomal DNA present in
crude cell lysates prepared by the method of Conrad et al. (4). Using a GeneAmp
9600 PCR System (Perkin-Elmer, Applied Biosystems Division [PE-ABI], Foster
City, Calif.), amplifications were carried out in 50-pl volumes containing 50 pmol
of each primer, 200 uM deoxynucleoside triphosphates, 1X reaction buffer with
1.5 mM MgCl, (PE-ABI), 1 U of native Taq polymerase (PE-ABI), and 10 pl of
cell lysate, containing approximately 100 ng of chromosomal DNA. An initial
4-min period of denaturation at 94°C was followed by 30 cycles of denaturation
(1 min at 94°C), annealing (30 s at 55°C), and extension (45 s at 72°C) and then
a final cycle of 72°C for 10 min. Amplification products were visualized by
agarose gel electrophoresis and ethidium bromide staining to confirm the sizes of
the gene fragments. PCR products were purified on QIAquick spin columns
(QIAGEN, Chatsworth, Calif.).

DNA sequencing and analysis. Oligonucleotides gyrA6 and gyrA631R were
also used as primers for direct sequencing of the amplified gyr4 gene fragments.
The DNA sequences were determined with ABI Prism Dye Terminator or
dRhodomine Terminator Cycle Sequencing reactions, using an ABI 377 auto-
mated sequencer (PE-ABI). Products from sequencing reactions were purified
on Centri-Sep spin columns (Princeton Separations, Adelphia, N.J.). To elimi-
nate errors caused by amplification artifacts, the forward and reverse sequences
of each QRDR were determined for products from at least two independent
PCRs. The GCG analysis programs (Genetics Computer Group, Madison, Wis.)
were used for DNA and amino acid sequence alignments.

Nucleotide sequence accession numbers. The partial sequences of the gyr4
genes reported in this study were assigned the following GenBank accession
numbers: Citrobacter freundii (ATCC 8090), AF052253; E. coli (ATCC 11775),
AF052254; Enterobacter aerogenes (ATCC 13048), AF052255; Enterobacter clo-
acae (ATCC 13047), AF052256; Klebsiella oxytoca (ATCC 13182), AF052257;
K. pneumoniae (ATCC 13883), AF052258; Providencia stuartii (ATCC 29914),
AF052259; and Serratia marcescens (ATCC 13880), AF052260.

RESULTS

Amplification of the gyr4 genes from eight species of Entero-
bacteriaceae. PCRs with oligonucleotide primers gyrA6 and
gyrA631R amplified the expected 626-bp DNA fragments from
the type strains of C. freundii, E. aerogenes, E. cloacae, E. coli,
K oxytoca, K. pneumoniae, P. stuartii, and S. marcescens (Fig. 1)
and from 60 fluoroquinolone-resistant clinical isolates of these
eight species. No amplification products were detected for Pro-
teus mirabilis or Morganella morganii, indicating that the se-
quences of the 5’ region of gyrA in these two organisms diverge
from the conserved sequences shared by the other species
listed.

Genetic analysis of the gyr4A QRDR. The DNA sequences of
the gyr4 gene fragments for the type strains and clinical iso-
lates extended from nucleotides 24 to 613 (590 bp), including
the QRDR (nucleotides 199 to 319 of the corresponding E. coli
sequence) and excluding the primer sequences. Alignment of
DNA sequences for the QRDRs from the type strains of eight
enterobacterial species with the E. coli sequence revealed nu-
merous nucleotide substitutions in the former (Fig. 2). How-
ever, 87 of the 120 nucleotides comprising the QRDR (72.5%)
were conserved. The greatest degree of similarity to the gyr4
QRDR sequence from E. coli was found in the sequence of the
E. cloacae type strain (93.3% identity) (Table 1), while P. stu-
artii (80.8% identity) displayed the lowest degree of similar-
ity. Comparisons of all eight species revealed that the gyr4
QRDRs of K. pneumoniae and P. stuartii, with 75.8% identical
nucleotides, were the least similar. Significant diversity of gyr4
QRDR sequences was also noted among species of the same
genus. The E. aerogenes and E. cloacae sequences exhibited
88.3% identity, while K. pneumoniae and K. oxytoca showed
87.5% identity in this region, which is a lower degree of simi-
larity than was noted among several species from different
genera.

The gyrA QRDR sequence of the E. coli type strain (ATCC
11775) was also compared with the E. coli K12 gyrA sequence
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FIG. 2. DNA sequence similarities of the gyr4 QRDRs from eight species of Enterobacteriaceae. Dots indicate nucleotide positions identical to the corresponding
E. coli gyrA sequence. Nucleotide positions conserved in all sequences are designated by asterisks. The Ser-83 and Asp-87 codons, in which mutations frequently
associated with fluoroquinolone resistance are found, are indicated by the solid bars above the sequence. Numbers refer to the nucleotide positions in the E. coli gyrA

sequence (21).

reported by Swanberg and Wang (21). Alignment of the two
sequences revealed four nucleotide differences at the following
positions (ATCC 11775 versus K12): 255, C to T; 267, T to C;
273, C to T; and 300, T to C. All of these substitutions were
silent.

When the DNA sequence of the QRDR from the K. pneu-
moniae type strain was compared with the gyrA sequence from
K. pneumoniae M5al reported by Dimri and Das (8), differ-
ences were detected in 15 of 120 nucleotides, and one nucle-
otide substitution resulted in an amino acid change. The sub-
stitution of T for A at nucleotide position 247 in the MS5al
strain altered the deduced amino acid codon for Ser-83 to Thr.
Alignment of the complete 590-bp gyr4 fragment from the
K. pneumoniae type strain and the sequence of the correspond-
ing region from gyrA of strain M5al revealed 76 mismatches
within the 590 bp (data not shown). However, when the
QRDR sequence from the K. oxytoca type strain was compared
with the analogous region of the M5al gyr4 sequence, only
four nucleotide mismatches were detected, all of which were
silent, and only 19 of 590 bp were mismatched in the alignment
with the total K. oxytoca gene fragment. When the amino acid
sequences were compared, Thr-83 was detected in the MS5al
strain and in the type strain and all fluoroquinolone-suscepti-
ble clinical isolates of K. oxytoca, while Ser-83 was detected in
the type strain and all susceptible isolates of K. pneumoniae
(Table 2). These data suggest that the sequence reported for
the M5al strain may actually be from a strain of K. oxytoca and
not from K. pneumoniae.

The DNA sequence of the QRDR from the S. marcescens
type strain (ATCC 13880) was identical to the sequence pub-
lished by Kim et al. (ATCC 14756) (15). In the sequence
flanking the QRDR, one nucleotide difference was found (nu-
cleotide position 321, T to C), with no change in amino acid
sequence. The C. freundii QRDR sequence was identical to
that determined by Nishino et al. (19).

Amino acid sequence analysis. The deduced amino acid
sequences of the QRDRs for the eight enterobacterial species
were highly conserved (Fig. 3). The QRDR amino acid se-
quences of E. cloacae, K. pneumoniae, and S. marcescens were
identical to the E. coli QRDR. Sequence analysis of C. freun-
dii, E. aerogenes, and K. oxytoca strain QRDRs revealed one
conservative substitution, Ser-83 to Thr, which was identified
in all fluoroquinolone-susceptible isolates of these species as
well as the type strains. Only P. stuartii exhibited more than one
amino acid substitution in this region. In this organism, two
conservative changes were detected: Val-69 to Ile and Asp-87
to Glu. In addition, all P. stuartii strains exhibited Leu-92-to-
Met and Met-98-to-Leu substitutions when compared with the
other members of the Enterobacteriaceae family included in
this study.

Detection of mutations in gyr4 sequences amplified from
clinical isolates. After the DNA and amino acid sequences of
the QRDRs from the quinolone-susceptible type strains were
determined, the 5" regions of gyrA4 from ciprofloxacin-resistant
and -susceptible clinical isolates were amplified, sequenced, and
analyzed for mutations leading to amino acid changes associ-

TABLE 1. Similarity of gyr4 QRDR sequences among Enterobacteriaceae species®

% Identity

Species
P E. coli C. freundii E. aerogenes E. cloacae K. oxytoca K. pneumoniae P. stuartii S. marcescens
E. coli 100 89.2 86.7 93.3 86.7 90.0 80.8 84.2
C. freundii 100 92.5 92.5 95.0 87.5 82.5 83.3
E. aerogenes 100 88.3 90.0 88.3 82.5 84.2
E. cloacae 100 89.2 90.8 83.4 83.4
K. oxytoca 100 87.5 79.2 83.4
K. pneumoniae 100 75.8 86.7
P. stuartii 100 81.7
S. marcescens 100

“ DNA sequences from ATCC type strains.
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TABLE 2. Alterations in GyrA and susceptibilities of fluoroquinolone-resistant clinical isolates of Enterobacteriaceae species

MIC (pg/ml) of: Amino acid (codon) change at position®:
Strain
CIP OFLX SPAR 81 83 87
C. freundii
ATCC 8090 =0.12 =0.25 =0.008 Gly (GGT) Thr (ACC) Asp (GAC)
7377 2 8 >2 — Ile (ATC) —
0759 2 8 >2 — Ile (ATC) —
9085 4 8 2 — Ile (ATC) —
9417 8 8 >2 — Ile (ATC) —
1958 =16 =16 >2 — Ile (ATC) Gly (GGC)
5757 =16 =16 >2 — Ile (ATC) Gly (GGC)
9023 =16 =16 >2 — Ile (ATC) —
E. aerogenes
ATCC 13048 0.5 1 0.25 Gly (GGT) Thr (ACC) Asp (GAC)
1747 =0.12 <0.25 0.06 — — —
2786 2 4 2 — Ile (ATC) —
9032 4 4 2 — Ile (ATC) —
5593 8 8 >2 — Ile (ATC) —
9433 8 =16 >2 — Ile (ATC) —
3521 8 =16 >2 — Ile (ATC) —
5590 8 =16 >2 — Ile (ATC) —
2775 =16 32 >2 — Ile (ATC) —
E. cloacae
ATCC 13047 =0.12 =0.25 0.03 Gly (GGT) Ser (TCC) Asp (GAC)
1700 =0.12 <0.25 0.06 — — —
1524 0.25 0.5 0.12 — — Asn (AAC)
1963 2 4 2 — Phe (TTC) —
1286 2 4 1 — Tyr (TAC) —
3529 4 8 >2 — Thr (ACC) —
1544 8 8 >2 — Tyr (TAC) —
1627 8 =16 >2 — Tyr (TAC) —
9028 =16 8 >2 — Ile (ATC) —
1224 =16 8 >2 — Phe (TTC) Asn (AAC)
1251 =16 =16 >2 — Ile (ATC) —
63 =16 =16 >2 — Phe (TTC) —
105 =16 =16 >2 — Phe (TTC) —
1783 =16 =16 >2 — Tyr (TAC) —
9030 =16 =16 >2 — Tyr (TAC) —
9031 =16 >32 >2 — Ile (ATC) —
E. coli
ATCC 11775 =0.12 =0.25 0.03 Gly (GGT) Ser (TCG) Asp (GAC)
748 =0.12 =0.25 0.03 — — —
3535 1 2 2 — Leu (TTG) —
5524 2 8 2 — Leu (TTG) —
9419 =16 32 >2 — Leu (TTG) Gly (GGA)
9421 =16 32 >2 — Leu (TTG) Tyr (TAC)
9425 =16 >32 >2 — Leu (TTG) Asn (AAC)
K. pneumoniae
ATCC 13883 0.5 =0.25 0.06 Gly (GGC) Ser (TCC) Asp (GAC)
570 =0.12 =0.25 0.06 — — —
1961 =0.12 =0.25 0.03 — — —
1361 1 2 0.5 — Phe (TTC) —
1362 1 2 1 — Phe (TTC) —
1177 4 =16 >2 — Phe (TTC) —
682 =16 =16 >2 — Phe (TTC) —
1768 =16 32 >2 — Tyr (TAC) —
1775 =16 >32 >2 — Phe (TTC) Gly (GGC)
1565 =16 >32 >2 — Tyr (TAC) Asn (AAC)
K. oxytoca
ATCC 13182 =0.12 =0.25 0.12 Gly (GGT) Thr (ACT) Asp (GAC)
702 =0.12 =0.25 0.03 — — —
2538 =0.12 =0.25 0.06 — — —
57 0.5 0.05 0.25 — Ile (ATT) —
1577 4 4 2 — Ile (ATT) —
1817 8 =16 >2 — Ile (ATT) —
466 =16 8 >2 — Ile (ATT) —
32 =16 =16 >2 — Ile (ATT) —
1578 =16 =16 >2 — Ile (ATT) —
1612 =16 =16 >2 — Ile (ATT) —
2777 =16 >32 >2 — Ile (ATT) —

Continued on following page
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TABLE 2—Continued
MIC (pg/ml) of: Amino acid (codon) change at position®:
Strain
CIP OFLX SPAR 81 83 87
P. stuartii
ATCC 29914 =0.12 =0.25 =0.12 Gly (GGT) Ser (AGC) Glu (GAG)
1571 0.25 1 0.5 — — —
1284 2 4 2 — Arg (CGC) —
2469 8 =16 >2 — Ile (ATC) —
2783 =16 =16 2 — Arg (AGG) —
9428 =16 =16 >2 — Ile (ATC) —
7375 =16 32 >2 — Ile (ATC) —
2468 =16 32 >2 — Ile (ATC) —
1773 =16 >32 >2 — Arg (AGG) —
S. marcescens
ATCC 13880 0.5 1 1 Gly (GGT) Ser (AGC) Asp (GAC)
1714 0.25 1 1 — — —
9745 2 4 2 — Ile (ATC) —
1221 4 8 >2 Cys (TGT) — —
1969 4 =16 >2 — — Asn (AAC)
1570 8 8 >2 Cys (TGT) — —
5591 8 =16 >2 — Arg (AGA) —
1568 =16 =16 >2 — Arg (CGC) —
“ Versus the ATCC type strain sequence. Numbers correspond to the amino acid positions of E. coli GyrA (21). —, no change.

ated with fluoroquinolone resistance. Clinical isolates from each
species were selected to represent a range of CIP MICs. The
codon and amino acid alterations detected in fluoroquinolone-
resistant and -susceptible clinical isolates and the CIP, OFLX,
and SPAR MICs are summarized in Table 2 (amino acid po-
sitions refer to the corresponding positions in the E. coli GyrA
protein).

In E. coli, a C-to-T substitution at the second position of the
codon, resulting in a Ser-83-to-Leu mutation, was consistent
for all fluoroquinolone-resistant isolates. In strains with double
mutations, the second alteration involved the codon for Asp-87
and the amino acid substitution was Gly, Tyr, or Asn. A single
mutation in codon 83 of gyr4 was associated with decreased
susceptibility or low levels of resistance to fluoroquinolones,
and double mutations (codons 83 and 87) were associated with
high levels of resistance.

All clinical isolates of C. freundii with reduced susceptibility
to fluoroquinolones exhibited Thr-83-to-Ile mutations result-
ing from C-to-T substitutions at nucleotide position 248. Two
isolates, C. freundii 1958 and 5757, had double mutations of
Thr-83 to Ile and Asp-87 to Gly. CIP MICs of =16 pg/ml in
C. freundii were associated with both single and double muta-
tions.

Also, in all E. aerogenes isolates examined, mutations in
codon 83 resulted in Thr-83-to-Ile substitutions. No double
mutations were detected in gyr4 genes from seven strains of
E. aerogenes with reduced susceptibility to fluoroquinolones.

coli
freundii
aerogenes
cloacae
oxytoca
pneumoniae

noRRhEnN

marcescens

stuartii LI

However, CIP MICs for isolates with the single mutation
ranged from 2 to =16 pg/ml.

The gyrA gene fragments from clinical isolates of E. cloacae
exhibited numerous nucleotide substitutions, resulting in changes
of Ser-83 to Phe, Ile, or Tyr. The only substitution detected in
E. cloacae 3529 (CIP MIC = 4) was Ser-83 to Thr, which would
not be expected to result in decreased susceptibility since
Thr-83 is found in susceptible strains of K. oxytoca, C. freundii,
and E. aerogenes. In E. cloacae 1524, the only GyrA alteration
was a change of Asp-87 to Asn. There was no alteration of
Ser-83, and only a marginal decrease in susceptibility to fluo-
roquinolones (CIP MIC = 0.25 wg/ml) was detected for this
strain.

K. pneumoniae isolates exhibited either single or double
mutations involving Ser-83 and Asp-87. All single mutations
involved either a C-to-T or C-to-A change at the second posi-
tion in codon 83, resulting in alteration of Ser to either Phe or
Tyr, respectively. In two double mutants, K. pneumoniae 1775
and 1565, a nucleotide substitution at the first or second posi-
tion of codon 87 resulted in a change of Asp to Gly or Asn. CIP
MICs ranged from 1 to =16 pg/ml, and double mutations were
not required for high-level resistance. In the group of K. pneu-
moniae strains with single mutations, no specific mutation
(Ser-83 to Phe or Tyr) was associated with low or high levels of
fluoroquinolone resistance.

K. oxytoca mutations were confined to the Thr-83 codon and
were consistently C-to-T substitutions in the second position,

67 83 87 106
ARVVGDVIGKYHPHGDSAVYDTIVRMAQPFSLRYMLVDGQ
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FIG. 3. Alignment of deduced amino acid sequences of the QRDRs of Enterobacteriaceae type strains. Amino acid differences are noted, and dots indicate amino
acids identical to the corresponding E. coli sequence. Amino acid positions conserved in all sequences are designated by asterisks. Numbers refer to the amino acid

positions in the E. coli GyrA sequence (21).
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resulting in Thr-to-Ile alterations, similar to C. freundii and
E. aerogenes. CIP MICs associated with this alteration ranged
from 0.5 to =16 pg/ml

Changes in the QRDR of P. stuartii gyrA were also confined
to codon 83; however, the nucleotide substitutions differed.
Single nucleotide substitutions included A to C at the first po-
sition and C to G at the third position, both resulting in Ser-
to-Arg mutations, and G to T in the second position, resulting
in a Ser-to-Ile mutation. CIP MICs ranged from 2 to =16 pg/
ml for P. stuartii isolates with alterations of Ser-83.

The fluoroquinolone-resistant clinical isolates of S. marces-
cens displayed the greatest diversity in mutations, including
Gly-81 to Cys, Ser-83 to Ile or Arg, and Asp-87 to Asn. No
double mutations were detected in the gyrA QRDRs from the
six isolates examined. The GyrA sequences from clinical iso-
lates S. marcescens 1221 (CIP MIC = 4) and 1570 (CIP MIC =
8) revealed only Gly-81 to Cys substitutions, and Asp-87 to Asn
was the only alteration detected in strain 1969.

DISCUSSION

The association of DNA gyrase A mutations with fluoro-
quinolone resistance has been established for both gram-neg-
ative and gram-positive organisms (3). In the family Entero-
bacteriaceae, E. coli is the only species for which mutations in
gyrA leading to fluoroquinolone resistance have been well char-
acterized (4, 10, 23, 28). In E. coli, a single point mutation in
grA results in decreased susceptibility to fluoroquinolones
(27), and high-level resistance is associated with double amino
acid substitutions in the GyrA protein (4, 10, 24). Although
additional factors, such as mutations in the ParC subunit of
topoisomerase IV and decreased intracellular drug accumula-
tion, have been shown to play a complementary role by in-
creasing the level of resistance (17, 26), in vitro studies with
E. coli suggest that the first step in selection for decreased
susceptibility to fluoroquinolones is an alteration of Ser-83
(11).

The similarity of the N-terminal region of the gyr4 sequence
of E. coli (21) to that reported for K. pneumoniae (8) was
exploited to design oligonucleotide primers that amplified 590-
bp gene fragments, including the QRDRs, from type strains of
8 of the 10 Enterobacteriaceae species tested. No amplification
products were detected for M. morganii or Proteus mirabilis.
Based on DNA relatedness studies, species of Proteus, Provi-
dencia, and Morganella are less than 25% related to other
genera of Enterobacteriaceae (2). Therefore, the failure of the
primers to amplify the gene fragments from Proteus mirabilis
and M. morganii was less remarkable than the successful am-
plification of the fragment from P. stuartii and served to em-
phasize the highly conserved nature of the 5’ region of gyrA
sequences among the Enterobacteriaceae.

Although the G+C content of the Enterobacteriaceae ge-
nomes ranges from 38 to 60 mol% (2) and the diversity of the
DNA sequences for the ggrA QRDRs from the type strains,
when compared with the corresponding region in the E. coli
gyrase gene, ranged from 6.7% for E. cloacae to 19.2% for
P. stuartii, the amino acid sequence of GyrA was highly con-
served among the eight species in this study. Nucleotide sub-
stitutions, which were found primarily at the third codon po-
sition, may reflect the preferential codon usage required to
preserve both the amino acid sequence of the gyrase A subunit
and the characteristic moles percent G+C of each species.
When compared with the corresponding region of the E. coli
parC gene, nucleotide sequence similarities of the amplified
gene fragments decreased to 60 to 62% for all species exam-
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ined. Based on these findings, it was concluded that the gene
fragments represented sequences from the gyr4 gene.

The detection of Ser-83 in susceptible strains of K. prneumo-
niae is consistent with the gyr4 gene fragment sequence report-
ed by Deguchi et al. (6). The presence of Thr instead of Ser at
position 83, evident in C. freundii, E. aerogenes, and K. oxytoca,
is also noted in gyr4 genes from susceptible strains of Pseudo-
monas aeruginosa (16) and Campylobacter jejuni (25). Previous
studies of Pseudomonas aeruginosa and Campylobacter jejuni
led to the suggestion that the intrinsically lower quinolone sus-
ceptibilities of these two organisms might be due to the pres-
ence of Thr at position 83 (25). The susceptibility profiles of
fluoroquinolone-susceptible strains of C. freundii and K. oxy-
toca (CIP MICs, =0.12 pg/ml) do not support this premise.
However, the gyr4 sequence from one strain of E. cloacae,
3529, revealed a deduced Ser-83-to-Thr substitution associated
with fluoroquinolone resistance (CIP MIC = 4), a conservative
mutation that would not be expected to lead to a significant
decrease in susceptibility. Similarly, Nishino et al. (19) have
analyzed several clinical isolates of C. freundii, exhibiting de-
creased susceptibility to fluoroquinolones (MICs, 1.56 pg/ml),
in which no mutations were found in gyrdA or parC. As with
these strains, further genetic analysis will be required to deter-
mine the mechanism(s) of resistance in E. cloacae 3529.

Each of the four amino acid substitutions found in the type
strain of P. stuartii is present in the GyrA protein of at least one
other organism. Alignment of 13 microbial GyrA QRDR se-
quences by Tankovic et al. (22) revealed that the Val-69-to-Ile
substitution is common to both gram-positive and gram-nega-
tive species. Glu-87 is typical of gram-positive organisms such
as Streptococcus pneumoniae, Enterococcus faecalis, Bacillus
subtilis, and Staphylococcus aureus but has not been described
previously for a gram-negative organism. The combined sub-
stitutions of Leu for Met-92 and Met for Leu-98 are present in
the GyrA sequence of Aeromonas salmonicida (20).

When the amino acid alterations of the fluoroquinolone-re-
sistant clinical isolates and the corresponding MICs for CIP,
OFLX, and SPAR were evaluated, no specific amino acid
alterations were associated with low- or high-level resistance
profiles. Consistent with previous studies (10, 24, 27), low-level
fluoroquinolone resistance in E. coli was associated with single
mutations in the GyrA protein and high-level resistance re-
quired double mutations. However, for all other species in this
study, there were strains for which high-level fluoroquinolone
resistance was associated with a ggr4 QRDR sequence exhib-
iting a single mutation. The association of low- and high-level
resistance in clinical isolates of the same species with identical
gyrA mutations is consistent with recent reports of gyr4 muta-
tions associated with fluoroquinolone resistance in clinical iso-
lates of C. freundii (19), E. cloacae (5), and S. marcescens (15).

Unlike the consistent single mutation resulting in the alter-
ation of Thr-83 to Ile in GyrA of C. freundii, E. aerogenes, and
K. oxytoca, several different nucleotide substitutions resulting
in diverse amino acid changes were associated with fluoroquin-
olone resistance in S. marcescens. For the six clinical isolates of
S. marcescens having CIP MICs of >2 pg/ml, five different
nucleotide substitutions resulted in four distinct amino acid
alterations at three codon positions, Gly-81, Ser-83, and Asp-
87. In contrast with other enterobacterial species, mutation of
Ser-83 was not required for high-level fluoroquinolone resis-
tance in S. marcescens.

In summary, comparison of the gyr4 gene sequences and
amino acid alterations associated with fluoroquinolone resis-
tance in the Enterobacteriaceae revealed numerous differences
as well as similarities among the eight species examined. The
amino acid sequences of these Enterobacteriaceae species were
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highly conserved, although the nucleotide sequences differed
by as much as 19.2% from that of E. coli gyrA. E. coli was the
only species in which double mutations of gyr4 were required
for high-level fluoroquinolone resistance. With the exception
of S. marcescens, high-level resistance was associated primarily
with alterations of the Ser or Thr at position 83. These data
extend our understanding of the molecular mechanisms of
fluoroquinolone resistance associated with gyr4 mutations to
include E. aerogenes, K. oxytoca, and P. stuartii and provide addi-
tional data on both type strain gyr4 sequences and mutations
associated with fluoroquinolone resistance in clinical isolates of
E. coli, E. cloacae, K. pneumoniae, S. marcescens, and C. freundii.
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