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Denaturing high-performance liquid chromatography (DHPLC) has been used extensively to detect genetic
variation. We used this method to detect and identify Yersinia pestis KIMS ciprofloxacin-resistant isolates by
analyzing the quinolone resistance-determining region (QRDR) of the gyrase A gene. Sequencing of the Y. pestis
KIMS strain gyr4A QRDR from 55 ciprofloxacin-resistant isolates revealed five mutation types. We analyzed the
gyrA QRDR by DHPLC to assess its ability to detect point mutations and to determine whether DHPLC peak
profile analysis could be used as a molecular fingerprint. In addition to the five mutation types found in our
ciprofloxacin-resistant isolates, several mutations in the QRDR were generated by site-directed mutagenesis
and analyzed to further evaluate this method for the ability to detect QRDR mutations. Furthermore, a blind
panel of 42 samples was analyzed by screening for two mutant types to evaluate the potential diagnostic value
of this method. Our results showed that DHPLC is an efficient method for detecting mutations in genes that

confer antibiotic resistance.

Yersinia pestis is a gram-negative bacillus belonging to the
Enterobacteriaceae family. This organism can cause several dif-
ferent forms of disease, including bubonic, pneumonic, and
septicemic plague, depending on the route of exposure (26).
Bubonic plague usually infects one group of lymph nodes, and
infection can travel to the lungs. Pneumonic plague is trans-
mitted by airborne droplets. Infection takes place within hours
and causes bronchopneumonia. Plague pneumonia can be
treated if it is recognized early. Delay of therapy results in high
mortality rates (30), making the organism an effective biolog-
ical warfare agent.

Ciprofloxacin is an antibiotic that has been used to treat
many bacterial diseases, including Enterobacteriaceae infec-
tions (6, 7, 14, 19-21, 27, 32). Ciprofloxacin belongs to the
fluoroquinolone class of antibiotics that inhibit bacterial DNA
replication by inhibiting the activity of DNA gyrase. The major
weakness of this class of compounds is that a single mutation in
the DNA gyrase gene may make the bacteria resistant to an-
tibiotic activity. In the event of a biological attack involving this
agent, rapid detection of antibiotic-resistant bacteria would
have critical importance.

In bacteria, DNA contains a little less than one helical turn
for each 10.4 bp. This leaves the bacterial genome slightly
unwound, and negative supertwists are unfavorable energeti-
cally. Topoisomerases are enzymes that alter the number of
times a DNA strand wraps around itself. In prokaryotes, type
II topoisomerase is a DNA gyrase which cleaves the double
strand and introduces negative supercoils (9). DNA gyrase
consists of two 100-kDa A subunits encoded by the gyr4 gene
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and two 90-kDa B subunits encoded by the gyrB gene (35).
Mutations in either or both of these genes may make an or-
ganism resistant to ciprofloxacin.

Denaturing high-performance liquid chromatography
(DHPLC) is a quick and sensitive method for detecting genetic
mutations and has been used extensively to analyze genes for
mutations (1, 3-5, 11, 12, 17, 18, 23, 24, 31, 38). The method
consists of four steps: amplification of driver and experimental
DNA by PCR, quantification of the amplified PCR product,
hybridization of amplified driver and experimental DNA, and
analysis of the hybridized product. After PCR, heteroduplexes
between driver and experimental amplicons are formed during
hybridization. Mismatches between driver and experimental
DNA sequences disrupt the heteroduplex, and DHPLC re-
solves these differences.

We amplified the quinolone resistance-determining region
(QRDR) (39) and the 3’- and 5'-flanking regions from 55
ciprofloxacin-resistant isolates to determine whether DHPLC
could be used to detect and identify ciprofloxacin-resistant
strains of Y. pestis KIMS. In addition, we tested the capability
of DHPLC to identify other types of mutations by creating four
other mutations in the QRDR by site-directed mutagenesis.
We also tested the potential of DHPLC to identify mutations
in a blind panel. Two mutation types were used as controls and
tested against a panel of 42 samples to demonstrate how this
method may be used for identification purposes.

MATERIALS AND METHODS

Ciprofloxacin-resistant KIM5 mutants and antibiotic sensitivity. The organ-
ism KIMS, an avirulent, pigmentation-negative (pgm-negative) mutant of Y.
pestis, was used as wild type in the present study. KIMS was the parental organ-
ism from which ciprofloxacin-resistant isolates were selected. The organism was
grown on brain heart infusion (BHI) agar (Difco Laboratories, Detroit, Mich.)
plates for 48 h at 30°C or overnight in BHI broth at 30°C with aeration. After
incubation, the bacteria were twice washed with phosphate-buffered saline (150
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FIG. 1. DHPLC peak profiles obtained from Y. pestis strain KIMS and ciprofloxacin-resistant mutants of KIM5. All peak profiles depicted are
from the first lot of samples and were generated from the same column, which was the column used to generate the peak profiles depicted in Fig.
2. (A) KIMS5 homoduplex; (B) KIMS5-mutation type M1 heteroduplex; (C) KIMS-mutation type M2 heteroduplex; (D) KIMS-mutation type M3
heteroduplex; (E) KIMS-mutation type M4 heteroduplex; (F) KIMS-mutation type M5 heteroduplex.

mM NaCl, 1.7 mM KH,PO,, 5 mM Na,PO, [pH 7.4]) and then suspended to a
concentration of 10" CFU/ml. A 100-ul portion of washed bacteria was plated
on BHI agar plates containing 1 to 10 pg of ciprofloxacin (Bayer, Leverkusen,
Germany)/ml. Ciprofloxacin-resistant mutants appeared after 48 to 72 h of in-
cubation at 30°C. Isolated colonies were purified by streaking on fresh BHI agar
plates containing the appropriate concentration of ciprofloxacin. The MIC for
ciprofloxacin was determined by using E-Test (AB Biodisk, Piscataway, N.J.).
Biosafety level 2 and level 3 procedures were followed when we worked with
KIMS and ciprofloxacin-resistant organisms.

Site-directed mutagenesis to create additional QRDR mutations. In vitro-
generated Y. pestis gyrA templates were generated by performing splice overhang
extension (SOE) PCR (13) to generate a 891-bp fragment encoding all of the

GyrA QRDR. Nucleotide changes were chosen such that simple single-base-
pair substitutions would change codons 67, 84, 87, and 106 (Escherichia coli
numbering; GenBank accession no. P09097) to the most common amino acids
found in ciprofloxacin-resistant mutants (29). The outside primers for these
reactions were gyrAupper (AAAAGAATTCCTGGAGGATAGCGGGTGAG)
and gyrAlower (CCCCGAATTCGCACGTGCGCGGATATAGAC). Under-
lined nucleotides indicate EcoRI sites added to facilitate cloning of the final PCR
products into pUC19. The gyrAupper primer was combined with the reverse base
substitution primers to generate the 5’ end of the Y. pestis gyrA sequence. The
reverse base substitution primers were as follows: SOE67R, CACGGGACGAT
TTTTTGTATGG; SOE84R, CGGGCTGTCACCATGCGGG; SOES7R, CGA
TAGTGTTIGTAGACCGC; and SOE106R, GAAGTTACCATGCCCATCCAC.
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FIG. 1—Continued.

The gyrAlower primer was combined with the forward base substitution primer
to generate the 3’ end of the Y. pestis gyrA sequence. The forward base substi-
tution primers were as follows: SOE67F, CCATACAAAAAATCGTCCCGTG;
SOE84F, CCCGCATGGTGACAGCCCG; SOE87F, GCGGTCTACAACACT
ATCG; and SOE106F, GTGGATGGGCATGGTAACTTC. The underlined nu-
cleotides in the base substitution primers represent the position of nucleotide
changes relative to the wild-type Y. pestis KIMS gyr4 sequence. After SOE PCR,
the products were purified (Qiagen, Valencia, Calif.), digested with EcoRI, and
cloned into pUC19. All in vitro-generated mutants were sequenced on an Ap-
plied Biosystems 377XL apparatus by using BigDye (Applied Biosystems) cycle
sequencing to confirm the presence of the expected nucleotide changes and that
no other changes had occurred during PCR.

Amplification of the QRDRs of the gyrase A gene. The primer set YPCPR1U
(5'-TAC CGC AAT ACC CGA CGA A-3'; sense)-YPCPRIL (5'-ATT ATG

CGA TGT CCG TTA TTG TC-3'; antisense) yielded a 419-bp product that
spanned the QRDR in the DNA gyrase gyr4 gene, as well as the 5'- and
3’-flanking regions. Each mutant and wild type was amplified in 100-ul reaction
mixtures containing 1.0 M concentrations of each primer, 40 uM concentra-
tions of each deoxynucleoside triphosphate, 10 ul of 10X PCR buffer II, 5.0 U of
AmpliTaq Gold (Applied Biosystems), and 8.0 pl of 25 mM MgCl, in molecular-
biology-grade water. Cycling conditions were a 10-min preincubation at 95°C to
activate the AmpliTaq Gold, followed by 30 cycles of 1 min at 95°C, 1 min at
60°C, and 1 min at 72°C, and a 10-min final extension at 72°C. All PCRs were
performed on an MJ Research PTC-100 thermocycler.

Quantification of PCR product. PCR yields were quantitatively determined by
reversed-phase high-performance liquid chromatography with Transgenomic
WAVE software and a Transgenomic DNA fragment analysis system. The area
under each peak was measured in millivolts; these units were used for quantifi-
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FIG. 1—Continued.

cation. The mobile phase was composed of buffer A (0.1 M triethylammonium
acetate [pH 7.0], 0.025% acetonitrile) and buffer B (0.1 M triethylammonium
acetate [pH 7.0], 25% acetonitrile). The analytical gradient used for quantifica-
tion was 0.0 min in 45.0% buffer A-55.0% buffer B, 0.5 min in 40.0% buffer A
-60.0% buffer B, 5.0 min in 31.0% buffer A-69.0% buffer B, 5.1 min in 0.0%
buffer A-100.0% buffer B, 5.7 min in 45.0% buffer A-55.0% buffer B, and 6.6
min in 45.0% buffer A-55.0% buffer B at 0.9 ml/min at 50°C. The columns used
for analysis were 50-by-4.4-mm ID DNASep cartridges packed with nonporous
polystyrene divinylbenzene copolymer particles 2.1 = 0.12 wm in diameter. A
total of 15 ul of crude PCR product from each sample was injected onto the
column.

Formation of heteroduplexes. Hybridization reaction mixtures were 200 pl and
contained 10 mM EDTA and equimolar amounts of driver (Y. pestis KIM5 PCR
product) and experimental Y. pestis PCR product, KIMS, or mutant in molecular-

biology-grade water. The quantity of crude PCR product was standardized to
200,000 U as determined by using Transgenomic 4.1 WAVE software. The
hybridization conditions were a 4-min 95°C preincubation followed by cooling at
—1.5°C/min to 25°C over 45 min.

DHPLC analysis of Y. pestis KIMS strain ciprofloxacin-resistant isolates. The
QRDR, as well as the 5’- and 3’-flanking regions in the DNA gyrase gyr4 gene
of 86 Y. pestis KIMS strain ciprofloxacin-resistant samples, was analyzed to
determine whether DHPLC was a suitable method of detecting ciprofloxacin-
resistant organisms. A 15-pl portion of hybridized PCR product was run with the
following analytical gradient: 0.0 min in 47% buffer A-53% buffer B, 0.5 min in
42% buffer A-58% buffer B, 5.0 min in 33% buffer A—67% buffer B, 5.1 min in
0% buffer A-100% buffer B, 5.7 min in 47% buffer A-53% buffer B, and 6.6 min
in 47% buffer A-53% buffer B at 0.9 ml/min.

Several columns were used in the course of the study. Past work in this
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TABLE 1. Nucleotide sequences of the Y. pestis KIMS mutations found in the samples examined in the present study”

Mutation

Sequence

Amino acid substitution”

KIMS (wild type)
M1

AC CAC CCG CAT GGT GAC AGC GCG GTC TAC GAC
AC CAC CCG CAT GAT GAC AGC GCG GTC TAC GAC

None
Gly to Asp at position 81

M2 AC CAC CCG CAT TGT GAC AGC GCG GTC TAC GAC Gly to Cys at position 81
M3 AC CAC CCG CAT GGT GAC ATC GCG GTC TAC GAC Ser to Ile at position 83

M4 AC CAC CCG CAT GGT GAC AGA GCG GTC TAC GAC Ser to Arg at position 83
M5 AC CAC CCG CAT GGT GAC AGG GCG GTC TAC GAC Ser to Arg at position 83
M6 AC CAC CCG CAT GGT GAC AGC CCG GTC TAC GAC Ala to Pro at position 84
M8 AC CAC CCG CAT GGT GAC AGC GCG GTC TAC AAC Asp to Asn at position 87

“ The mutation types are in boldface and underlined. Mutations M1 to M4 were previously described (22). Mutation M5 has not been previously reported in Y. pestis.
Mutations M6 and M8 were generated by site-directed mutagenesis. In addition, two other mutations were generated by site-directed mutagenesis; M7 was an
Ala-to-Ser change at position 67, and M9 was a Gln-to-His change at position 106 (data not shown).

b Position refers to the amino acid residue encoded by E. coli gyrA.

laboratory showed that each column will produce slightly different results (15).
To determine the optimal temperature for identifying mutations, the homodu-
plex was run at 61, 62, 63, 64, and 65°C. After the temperature at which the
homoduplex eluted from the column had been found, a temperature gradient
was run starting at the last temperature at which homoduplex did not run off the
column and increasing it by 0.3, 0.5, and 0.7°C. The warmest temperature at
which the homoduplex did not run off the column was used to identify mutations.

Sequencing of PCR amplicons. The PCR product was purified by using a
Montage PCR cleanup kit (Millipore). Sequencing reaction mixtures were 20 .l
containing 2.5 pM primer, 45 ng of PCR product, 8 ul of BigDye, and molecular-
biology-grade water. The sequence cycling conditions were a 30-s preincubation
at 85°C followed by 25 cycles of 10 s at 96°C, 5 s at 50°C, and 4 min at 60°C, with
a 10-min final extension at 60°C. The sequencing reaction products were purified
with 96-well EX DYE plates (Qiagen). Sequencing was performed on an ABI
Prism 3100 genetic analyzer (Applied Biosystems) according to the manufactur-
er’s instructions. The newly identified Y. pestis KIM5 gyrA mutant had Ser-to-Arg
change at position 83 and was designated M5 (Table 1).

Blind panel analysis. To access the ability of DHPLC to identify particular
KIMS samples, a blind panel of 42 QRDR mutations, with 39 representing seven
different QRDR mutations and 3 representing wild-type KIM5 (Table 2), was
analyzed by using the previously described PCR conditions and analytical gra-
dients. Blind panel samples were analyzed with a new column that was calibrated
to determine optimal temperature for mutation detection by using the method
described above. M1 and M8 heteroduplexes with Y. pestis KIMS5 as driver were
used to generate reference DHPLC peak profiles.

Nucleotide sequence accession number. The nucleotide sequence of the M5
gyrA mutant has been deposited in GenBank under accession no. AF487466.

RESULTS

Analysis by DHPLC to detect mutations associated with
resistance to ciprofloxacin. To determine whether DHPLC can
be used as a method of detecting ciprofloxacin-resistant Y.
pestis, we formed homoduplexes and heteroduplexes among

TABLE 2. Blind panel testing for ciprofloxacin-resistant
mutations M1 and M8

No. of samples

No. of tested positive by:

Mutation -
samples M1 MS

DHPLC DHPLC
M1 15 15 0
M2 3 0 0
M3 11 0 0
M4 6 0 0
M5 2 0 0
M8 1 0 1
M9 1 0 0
Ciprofloxacin-sensitive KIMS 3 0 0

amplified DNAs representing the QRDR of gyr4 and then
analyzed DHPLC adsorbance profiles from these duplexes. To
form a heteroduplex, we hybridized driver amplicons from
ciprofloxacin-sensitive strain KIMS with a sample of experi-
mental DNA. Experimental DNA was amplified from 55 cip-
rofloxacin-resistant isolates and from four products of site-
directed mutagenisis. We analyzed a total of 86 samples in two
lots (Table 3) and with two different DHPLC columns. Two
different DHPLC columns were used because a previous
DHPLC study showed that each column will give slightly dif-
ferent results (15). We obtained nine peak profile types from
the 31 samples [Fig. 1 and Fig. 2]. Each of the mutations M1,
M2, M3, M4, and M5 had a unique peak profile type that was
distinct from that of the KIMS5 wild type (Fig. 1). The four
mutations generated by site-directed mutagenesis (M6, M7,
M8, and M9) were also analyzed in this group (Fig. 2). These
in vitro-derived templates showed that the M6 mutation had a
peak profile identical to M4, whereas the M7 mutation pro-
duced a unique chromatogram. Mutation types M8 and M9
had peak profiles similar to that of the KIMS wild type but
could be differentiated from each other based on maximum
absorbance (Fig. 2).

A different column was used to analyze the second lot of
samples that contained 55 samples from 32 isolates. We ran the
KIMS homoduplex to determine the optimal temperature for
mutation detection and found it to be 0.2°C cooler than that of
the first column. This column produced chromatograms similar

TABLE 3. Summary of mutations in the Y. pestis KIMS
ciprofloxacin-resistant isolates used for the initial proof of concept

MIC No. of samples® in Total no
Mutation 1 - - f It :
(ng/ml) Lot 1 Lot 2 ot samples
M1 4.10 13 27 40
M2 1.33 4 4 8
M3 131 9 21 30
Mé 435 4 3 7
M5 112 1 0 1
Total 31 35 86

“ Fifty-five isolates (isolated bacterial colonies) were selected for the 86 sam-
ples in lots 1 and 2. Some isolates are represented more than once within a lot:
lot 1 contained 31 samples from 23 isolates, and lot 2 contained 55 samples from
32 isolates.

® The average MICs for the Y. pestis KIM5 mutants were determined by
duplicate E-Tests in five independent experiments.
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FIG. 2. DHPLC peak profiles of QRDR mutations generated by site-directed mutagenesis. All peak profiles depicted are from the first lot of
samples and were generated from the same column, which was the column used to generate the peak profiles depicted in Fig. 1. (A) KIMS-
mutation type M6 heteroduplex; (B) overlay of KIMS5-M4 mutation type heteroduplex (tan) and KIMS5-M6 mutation type heteroduplex (red);
(C) KIM5-M7 mutation type heteroduplex; (D) KIMS homoduplex (right), KIM5-M8 mutation type heteroduplex (left) and KIM5-M9 mutation

type heteroduplex (middle).

to those of the previous column. We were able to identify all
four mutation types (M1, M2, M3, and M4) in this lot.
Sequencing of Y. pestis KIMS5, ciprofloxacin-resistant iso-
lates, and site-directed mutations. In order to determine the
nucleotide sequence of all KIMS mutants, we sequenced the
amplicons from the PCR product of 55 ciprofloxacin-resistant
isolates by using the previously described YPCPR primer set.
The sequencing data revealed that there were five different
types of mutations present in these 55 ciprofloxacin-resistant

isolates, confirming the DHPLC results. In addition to four
previously reported mutations (22), one new mutation was
found. Sequencing of the mutations created by site-directed
mutagenesis revealed four additional mutation types (Table 1).

DHPLC analysis to identify two particular mutant types. To
evaluate DHPLC as a method of identifying two Y. pestis KIM5
mutants, we used overlays of chromatograms to look for
DHPLC patterns matching those acquired from Y. pestis
KIMS5-M1 and -M8 heteroduplexes from a blinded panel of 42
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FIG. 2—Continued.

randomly picked samples (Fig. 3). To ensure that the analysis
was blind, a new DHPLC column was used. Of the 15 M1
mutants on the panel, all were identified correctly. The one M8
mutant on the panel was also identified correctly (Table 2).
None of the remaining 26 panel samples were incorrectly iden-
tified as M1 or M8.

DISCUSSION

We analyzed a portion of the gyr4 gene that contained the
QRDR in Y. pestis KIMS by DHPLC to determine whether the

technique can be used as a method of detecting and identifying
ciprofloxacin-resistant organisms. We successfully detected ev-
ery mutation in our sample set. In addition, we were able to
obtain unique peak profiles for seven of the nine types of
mutations. Two mutations, M4 and M6, had similar peak pro-
files at all temperatures tested. However, M6 is an in vitro-
generated mutation and we do not know if this point mutation
can occur naturally. None of the ciprofloxacin-derived muta-
tion types (M1 to M5) had peak profiles similar to each other.

Our sequencing data revealed five distinct mutations in the
gyrA QRDR from 55 ciprofloxacin-resistant isolates of Y. pestis
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FIG. 3. Blind panel DHPLC peak profiles. All peak profiles depicted are from the first lot and second lot of samples and were generated from
a column different from the column used for Fig. 1 and 2. (A) Overlay of blind panel KIM5-M1 mutation type reference heteroduplex (purple)
and blind panel sample 6 (KIM5-M1 mutation type heteroduplex) (blue); (B) overlay of blind panel KIM5-M1 mutation type reference
heteroduplex (purple) and blind panel sample 28 (KIM5-M2 mutation type heteroduplex) (blue); (C) overlay of blind panel KIMS5-M8 mutation
type reference heteroduplex (green) and blind panel sample 7 (KIM5-M9 mutation type heteroduplex) (gray); (D) overlay of KIM5-M8 mutation
type reference heteroduplex (green) and blind panel sample 9 (KIMS5-M4 mutation type heteroduplex) (black).

KIMS. Four of the mutations in the Y. pestis ggrA QRDR
leading to amino acid substitutions at 81 and 83 were previ-
ously described by Lindler et al. (22). One mutation was
unique and has not been previously reported: Ser—Arg at
position 83. In addition, four mutations corresponding to
amino acids 67, 84, 87, and 106 of the E. coli gyrA gene were
generated by site-directed mutagenesis to further evaluate this
method of detection and identification. These mutations are

well characterized and have been reported to occur in other
organisms with quinolone resistance (39, 40).

Several methods exist for identifying antibiotic-resistant or-
ganisms. These include agar diffusion assay (2), single-stranded
confirmation polymorphism (28), mismatch amplification mu-
tation assay (16, 39, 41), 5’ nuclease assay (25), fluorescence
resonance energy transfer (FRET) assay (22), and nucleic acid
sequencing. Agar diffusion assays are time-consuming. This
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FIG. 3—Continued.

method requires an overnight incubation, followed by reading
of the plates. Single-stranded confirmation polymorphism
identifies individual mutations but requires gel electrophoresis.
Mismatch amplification mutation assay also identifies particu-
lar mutations. However, to identify individual mutations in a
gene, multiple primer sets are required, and gel electrophore-
sis is required. The 5" nuclease assay and FRET probes are
sensitive and fast but only allow the analysis of a limited num-
ber of mutations for each assay. DNA sequencing is time-
consuming and expensive. The advantage of DHPLC over
these other techniques is that it is fast and economical, and it
allows the detection of all mutations in a given region of the

genome. A single primer set can be used to detect mutations in
an entire gene region.

Recently, a mutation outside the traditional GyrA QRDR
was described (8). This mutation occurs at amino acid 51 in the
Escherichia coli GyrA protein and confers a greater level of
quinolone resistance than mutations found in amino acids 67,
84, 87, and 106. Additional mutations may lie outside the
traditional QRDR, and DHPLC has the ability to detect these
nontraditional mutations. In addition, each mutation (or mu-
tations) is associated with different MIC (33, 34, 36, 37). Thus,
it may be possible to use DHPLC as a method of screening for
particularly troublesome organisms.
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Denaturing HPLC is typically used to detect variations in
DNA sequences by comparing wild-type chromatograms to
experimental chromatograms. We expanded this method so
that it can be used for identification purposes. A previous study
conducted in this lab demonstrated the reproducibility of DH-
PLC by analyzing heteroduplexes generated from a segment of
the 16S rRNA gene in a variety of microorganisms. Reproduc-
ibility was confirmed in that study by performing three consec-
utive injections on four different days (15). In the present
study, we identified mutation types and, to demonstrate the
effectiveness of the method, we screened a blind panel for two
mutation types. To identify more mutation types, additional
reference mutation types would have to be used. Overlaying a
large number of reference chromatograms on top of a large
number of experimental chromatograms would be cumber-
some, and, with each additional overlay, the chance of techni-
cian error increases. An alternate approach would be to run
the assay in two steps. The first step would be to use a refer-
ence ciprofloxacin-sensitive homoduplex and a reference het-
eroduplex representing a predominant mutation type. The sec-
ond part of the assay would be a rerun of samples that did not
match either the reference homoduplex or the predominant
reference heteroduplex with reference heteroduplexes repre-
senting the other mutation types. However, the assay is no
longer quick when multiple steps are used. It may be possible
to develop pattern recognition software. With such software a
computer would analyze reference and experimental chro-
matograms and determine which are matches. Computer anal-
ysis would speed up the analyzing time and reduce the number
of technician errors.

In addition to the gyr4 and gyrB genes in DNA gyrase,
quinolone resistance has also been associated with mutations
of another type II bacterial topoisomerase, topoisomerase I'V.
This enzyme has DNA decantation activity and is encoded by
the parC and parE genes (11). Double gyrA-parC mutations
have been associated with increased levels of quinolone resis-
tance compared to single gyr4 mutations (10). Several primer
sets could be used to analyze the QRDRs of all genes involved
in quinolone resistance.

In summary, we tested a total of 86 samples from 55 isolates
to determine whether DHPLC could be used to detect muta-
tions in the gyr4 QRDR of Y. pestis KIMS. In addition, four
samples were generated by site-directed mutagenesis. We de-
tected every mutation in the sample set. Furthermore, a blind
panel of 42 samples containing seven mutation types and sev-
eral KIMS wild-type samples was used to investigate DHPLC’s
ability to identify particular mutations. We were successful in
identifying the two mutations tested.
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