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Mutant prevention concentrations of levofloxacin,
pazufloxacin and ciprofloxacin for A. baumannii and
mutations in gyrA and parC genes

Chengchun Sun!, Junwen Hao?, Meigin Dou® and Yanwen Gong4

Fluoroquinolones are antimicrobial agents that are widely used clinically, but the increasing resistance of Acinetobacter
baumannii (A. baumannii) to these agents is a matter of concern. We investigated mutant prevention concentrations (MPCs) of
three fluoroquinolones, levofloxacin (LVX), pazufloxacin (PAZ) and ciprofloxacin (CIP). We analyzed an A. baumannii standard
strain (ATCC19606) for mutation prevention indices (MPls), MPCs and mutant selection windows as well as MICs of CIP, PAZ
and LVX and compared the derived values with 34 A. baumannii strains collected in hospitals. In addition, A. baumannii
standard strain (ATCC19606) fluoroquinolone-resistant mutants were investigated for gyrA and parC gene mutations. MPCs of
CIP, prevention antibiotics concentration and LVX for A. baumannii ATCC19606 were 12.8, 5.6 and 2.8 pg mi~! and their MPIs
were 16, 8 and 4, respectively. Clinically isolated A. baumannii strains had CIP, PAZ and LVX MPC value ranges of 1-8, 1-16
and 0.5-2 pgml~1 and their MPIs were 8, 8 and 4 pg ml~1. Single gyrA mutations (Ser83-Leu83) occurred in 18 resistant
strains (48.7%) and single parC mutations (Ala’2-Asp”? or (Ser80-Leu8%) occurred in 8 resistant strains (21.6%), whereas gyrA
and parC double mutations occurred in 2 (5.4%) of the resistant strains. MPC and MPI values of LVX were lower than that of
CIP and PAZ. Single gyrA and parC mutations accounted for the majority of mutations (n=24), whereas double mutations

occurred only in two strains.
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INTRODUCTION
A. baumannii is a common Gram-negative bacterium responsible for
hospital-acquired hospital (nosocomial) infections'™ and in the past
fluoroquinolones were prescribed as empiric therapy. However,
A. baumannii resistance changes to fluoroquinolones has become
increasingly serious in recent years. A. baumannii resistance to
fluoroquinolones is caused by mutations in the quinolone
resistance-determining regions (QRDR), changed outer membrane
protein expression and drug efflux pump overexpression.*® Fluor-
oquinolone mainly acts on DNA gyrase and topoisomerase IV, which
are varied by gene mutations in the QRDR. DNA gyrase is a tetramer
consisting of two A subunits and two B subunits, which are encoded
by gyrA and gyrB. Topoisomerase IV is also a tetramer consisting of
two C and two E subunits, which are encoded by parC and parE genes.
Mutations may occur in all four genes, but they are predominantly
located in gyrA and parC.”8 QRDR mutations are considered to be the
main cause of A. baumannii resistance to fluoroquinolones.
Previously, a theory of mutant prevention antibiotics concentrations
has been proposed.>!? The theory assumes that in a bacterial
population some resistant mutant subpopulations already exist before
the antimicrobial treatment. These drug-resistant mutant subpopula-
tions are enriched and amplified during therapy when antimicrobial

concentrations fall within a specific range, which is called the mutant
selection window (MSW). The lower MSW concentration boundary is
approximated by the MIC and the upper MSW concentration
boundary is the lowest concentration for inhibiting the growth of
non-susceptible, first-step mutant strains and is termed the mutant
prevention concentration (MPC).!! MPC is also an antibacterial
threshold concentration that limits the selective amplification of
mutant strains. Bacteria only can grow with two, or more than two,
mutations when the concentration of antibacterial drugs is above the
MPC. The ratio between the MPC and MIC is called the mutation
prevention index (MPI), which represents the opening of the MSW. In
principle, a narrow window would expose the mutant subpopulation
to selective drug concentrations for shorter times. A dosage regimen
based on traditional pharmacodynamic standards uses drug concen-
trations that fall into the MSW and selectively enrich drug-resistant
mutants.'> The MSW theory provides new directions for the dosage
regimen of antibiotics, because after studying the specific drug MPC
and pharmacokinetic parameters of a particular antibiotic, applying
concentrations higher than the MPC can impede acquisition of drug
resistance. It has been proposed that for situations in which
antimicrobial concentrations cannot be kept above the MSW, a
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combination therapy should be employed to restrict the enrichment of
mutants.'?

Levofloxacin (LVX), pazufloxacin (PAZ) and ciprofloxacin (CIP)
are fluoroquinolones that are commonly used in hospitals, but their
actual MPC against A. baumannii is not clear and the spread of
fluoroquinolone-resistant A. baumannii strains to Asia has been
noted.' In the present study, we evaluated the MPCs of three
antibiotics against A. baumannii isolates from patients in our hospital,
in order to determine the fluoroquinolone susceptibilities of mutant
subpopulations.

MATERIALS AND METHODS

Bacterial strains

The A. baumannii standard strain (ATCC19606) was purchased from the
National Institute for the Control of Pharmaceutical and Biological Products in
China. We further tested 34 A. baumannii strains susceptible to CIP, which
were isolated from clinical specimens (23 from the respiratory tract and 11
from surgical wounds). Only one isolate from each patient was used in further
analyses. For quality controls, we used Escherichia coli ATCC27853 with
expected MIC values of 0.004-0.016 mgl~! (CIP), 0.008-0.06 mgl~! (LVX)
and 0.008-0.06 mgl~! (PAZ).

Antibiotics and chemicals

CIP (84.9% content) and LVX (97.3% content) were purchased from the
Institute for the Control of Pharmaceutical and Biological Products in China,
whereas PAZ (99.3% content) was obtained from the Xinhua pharmaceutical
factory in Shandong province. The antibiotics were dissolved in double distilled
water and stored at —80°C as 2560 pgml~! stock solutions. Culture medium
Mueller-Hinton (MH) agar, MH broth and soybean trypsin agar were
purchased from OXOID (Thermo Fisher Scientific Inc., Hampshire, UK).
Goodview type I nucleic acid dye, PrimeSTAR HS DNA Polymerase, during
therapy mixture (each 2.5mm), 10X PrimeSTAR Buffer (Mg?*plus), DNA
Marker DL2000, MiniBEST Bacterial Genomic DNA Extraction Kit Ver. 2.0,
Agarose Gel DNA Purification Kit Ver. 2.0 and PCR primer were purchased
from Bao (DaLian, China).

According to previous reports,'>!¢ the ATCC19606 strain, which grew stably,
was inoculated on plates with different drug dilutions and the number of
bacterial colonies counted after overnight culture. MICs were first measured by
the agar plate double-dilution method and then the MICy, (the lowest
concentration at which 90% of bacteria had a MIC value below the determined
concentration) was evaluated by linearly decreasing drug concentrations by
10% based on the MIC values. The A. baumannii (>10'© CFU ml~!) standard
strain was inoculated on serial agar plates containing different antibacterial
concentrations above MIC. Specimens were incubated at 35 °C and the growth
state observed at 24, 48 and 72 h. The lowest antibacterial drug concentration
at which no bacteria grew was determined and termed the provisional MPC
(MPC,;). To correct the MPVpr for inoculum effects and to narrow the MPCs,
the growing colonies were restreaked onto agar plates containing up to 20% of
the MPCpr values of antibiotics concentrations, which were linearly decreased
and increased as required. The lowest concentration at which no bacteria grew
was taken to be the MPC.17

Table 1 MICgg and MPC values of three fluoroquinolones for
A. baumannii ATCC19606 (ugml-1)

Drug mic MICgo MPCpr MPC MPC/MICgg
cIp 1 0.8 16 12.8 16
PAZ 1 0.7 8 5.6 8
LVX 1 0.7 4 2.8 4

Abbreviations: MPC, mutant prevention concentration; MPCy, provisional MCP.
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Measurements of MICyy and MPC for fluoroquinolones against 34
strains of A. baumannii susceptible to CIP

Single bacterial colonies from plates after fresh overnight culture were adjusted
to concentrations of 1.5 x 108 CFU ml~! with physiological saline. Then, 200 pl
of the solution was added to 1.8 ml of physiological saline and inoculated on
plates, using a 1l quantitative inoculating loop, so that each plate would
contain ~10* bacteria. The diluted test bacteria and quality control bacterial
were all inoculated within 15 min and the plates were incubated for 18 h at 35°
C when MICs were determined. The lowest growth-inhibiting concentration
was considered to be the MIC according to the USA Clinical and Laboratory
Standards Institute standard.'® The measurements of MPCs were carried out as
described above.

Selection of standard strain ATCC19606-resistant mutants and
measurement of their MICs

A single bacterial colony from a plate containing the standard A. baumannii
strain ATCC19606, after fresh overnight culture, was selected and inoculated in
20 ml MH broth for culture in a rotator overnight. Samples were then added
to 200 ml MH broth and cultured for a further 6 h. After centrifugation at
3000 r.p.m. the bacterial solution was ~6-9 X 10° CFU ml~ !, which was then
adjusted to 3x10'® CFUml~!. The solution was inoculated onto MH agar
plates containing two MIC-MPC multiple concentrations of antibacterial drugs
and incubated for 72 h at 35 °C. Then 1-6 bacteria colonies from each MH agar
plate were inoculated onto plates containing the primary drug concentrations
for mutant selection and incubated for 16-18 h at 35 °C. If the selected bacteria
still grew on these plates, the strains were considered to be resistant mutants
and the MIC was determined by the method described above.

Gene sequencing of ATCC19606-resistant mutant against
fluoroquinolones

DNA of the above selected mutant was extracted following the instructions of
the MiniBEST Bacterial Genomic DNA Extraction Kit Ver. 2.0 (Takara, Shiga,
Japan). PCR primer sequences were designed as follows: the upstream primer
of gyrA was 5'-AAATCTGCCCGTGTCGTTGGT-3, the downstream primer of
gyrA was 5'-GCCATACCTACGGCGATACC-3’ with an amplification length of
268 bp. The upstream primer of parC was 5-CAGCGCCGTATTGTCTATGC
-3’ and the downstream primer of parC was 5'-CCATTCGCTAGTGCCCT
GAC-3’ with an amplification length of 263 bp. After PCR amplification, the
resulting DNA fragments were separated by agarose gel electrophoresis, purified
and stored at —20°C. Finally, the purified DNA was sequenced and the data
obtained before and after mutation were analyzed using GeneBank sequence
alignment software (http://www.ncbi.nlm.nih.gov/BLAST/) to detect any
mutations.

RESULTS

MICyg, MPC and MSW of three fluoroquinolones against

A. baumannii ATCC19606 standard strains

MICs of CIP, PAZ and LVX against A. baumannii ATCC19606 were
all 1 pgml~ 1, which was in an acceptable range for the quality control
strain and MICy were 0.8, 0.7 and 0.7 pg ml~ L respectively. However,
MPCs of CIP, PAZ and LVX for ATCC19606 were 12.8, 5.6 and
2.8 ugml~! and MPIs (MPC/MICy,) were 16, 8 and 4, respectively
(Table 1).

Table 2 MPC,,90 measurements of three fluoroquinolones for
34 in hospital isolated A. baumannii strains, which were clinically
susceptible to CIP (pgml-1

Drug MIC range MICgo MPC range MPCprog MPCprgo/ MICgo
CIP 0.06-0.5 0.5 1-8 4 8
PAZ 0.25-1 1 1-16 8 8
LVX 0.06-0.25 0.25 0.5-2 1 4
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Drug sensitivity determinations of 34 clinically isolated

A. baumannii strains, which were susceptible to CIP, for three
fluoroquinolones

No substantive differences of MIC ranges and MICy, values of the
three fluoroquinolones tested against the 34 strains of clinically
isolated A. baumannii were detected. In contrast, MPCp,9¢ of CIP,
PAZ and LVX were 4, 8 and 1pgml~! and MPI (MPC,,00/MICgp)
values appeared as LVX<PAZ=CIP (Table 2). The data suggested
that resistance mutations in clinically isolated A. baumannii strains
might occur more easily with CIP and PAZ compared with LVX.

Table 3 Screening of CIP, PAZ and LVX MICgqq values for mutants
after first step MICqq selection (pugmli=1)

MICqp values of mutants from the

First MICgg screening first screening

Initial drug Initial MICqg CIP PAZ LVX
CIP 4xMIC 8 4 1
8xMIC 16 8 2
PAZ 2xMIC 8 2 2
4xMIC 8 4 4
LVX 2xMIC 8 4 2
4xMIC 16 8 4
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MIC measurement of A. baumannii ATCC19606 strain mutants
Thirty-seven mutant strains were selected for this study and MICy, of
the first-step mutant selections by CIP, PAZ and LVX were 8-16
pgml~! (4 x MIC, 8 x MIC), 2-8 pgml ™! (2 x MIC, 4 x MIC) and
I-4pgml~! (2 x MIC, 4 x MIC) (Table 3). MICy, values of the
mutants derived from the first-step selection against CIP and PAZ
were high, suggesting that strong resistance has occurred, whereas the
MICy, values for LVX were low, suggesting they were still susceptible
or only exhibited intermediate resistance to LVX.

DNA analyses of 37 A. baumannii ATCC19606 fluoroquinolone-
resistant mutant strains

From 37 ATCC19606 A. baumannii-resistant mutant strains, we
amplified 268 bp fragments of gyrA and 263 bp fragments of parC,
both located in the QRDR regions, and compared the sequencing
results with the respective wild-type sequences in GeneBank (accession
number X82165 for gyrA and X95819 for parC). The results showed
that 18 of the 37 (48.7%) first-step selection mutants had a Ser® to
Leu®® mutation as result of C-to-T substitutions of the nucleotide 246
in the gyrA gene. Mutations amplified by different selecting concen-
trations of LVX, CIP and PAZ were the same and 8 of the 37 (21.6%)
first-step selection mutants had nucleotide substitutions at nucleotides
236 and 239 in the parC gene, resulting in six cases of Ala’” to Asp”®
mutations and two cases of Ser3® to Leu®® mutations. In addition,
15 silent mutations occurred in the parC coding region (Table 4).
Double mutations of gyrA and parC occurred in two mutant strains,

Table 4 Mutation locations in gyrA and parC of the 37 first-step selection mutants, which were resistant to three fluoroquinolones

Drug Selecting concentration Silent nucleotide mutations Nucleotide mutations Number of mutants Amino-acid mutations
gyrA (18)
CIP 4xMIC 245T(CA248 _, 245TTA248 4 Ser83 L eu83
SxMIC 245T§A248 R 245T£A248 2
PAZ 2xMiIC 245TCAZ48 _, 245TTA248 6 Ser83 - Leu®3
4xMIC 245T§A248 R 245-|—EA248 2
LVX 2xMIC 245TCA248 _, 245TTA248 2 Ser83 - | eu83
4xMIC 245T§A248 - 245TEA248 2
parC (8)
CIP 4xMIC 235GAC237 - 235GQCZ37 2 Ala’? - Asp’®
(TAC287 - TAT287)
( ATc302 - ATT302)
(AAG392 - AAA392)
8xMIC 238TQG240 - 238TIG240 1 Ser80 | eu80
(CGT288 N CGC288)
(GGA3%%  GGT306)
(AAG339 - AAA339)
PAZ 4xMIC 235GAC237 - 235G90237 3 Ala’® = Asp’?
(TAC287 — TAT287)
( ATc302 - ATT3O2)
(ATC302 _ ATT302)
LVX 2xMIC 235GAC237 - 235GQCZ37 1 Ala’? - Asp’®
(TAC287 - TAT287)
( ATc302 - ATT302)
( ATc302 - ATT302)
4xMIC 238TQG240 - 238TIG240 1 Ser80 | eu80
(TAC287 - TAT287)
(ATC302 _ ATT302)
(AAG392 - AAA392)
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accounting for 5.4% of the 37 first-step selection mutants. The MICs
of the two mutant strains against CIP were 256 and 128 pgml~ .

Taken together, 26 mutants showed changes in the DNA gyrase or
topoisomerase IV gene and the remaining 11 strains presumably must
have developed different resistance mutations.

DISCUSSION

There is a paucity of information available about antibiotic MPCs for
A. baumannii, and any published data are for carbapenems' and
colistin.?? In the present study, the MPCs of PAZ and CIP against the
A. baumannii ATCC19606 strain were 2 and 4.6 X higher than that of
LVX. The MPIs of PAZ and CIP were 2 and 4 X higher than that of
LVX. These findings suggest that LVX is superior to PAZ and CIP in
avoiding resistant mutant strain selection, data supported by the
narrow MSW of LVX for the ATCC19606 strain compared with PAZ
and CIP. Furthermore, the results from the ATCC19606 standard
strains were consistent with those from the 34 CIP susceptible strains
of A. baumannii. As the strains were clinically isolated, the results
confirm the guiding value of a clinical drug regimen based on the
ATCC19606 standard strain.

According to a previous report, area under the curve (AUC24)/
MPC and Cy,,x/MPC values are important parameters for predicting
the emergence of resistant mutants; the AUC,,/MPC values should be
> 25 and Cpyo /MPC ratios >2.2.21 AUC,, values for LVX have been
reported to be 72.53 pgh~'ml~! with Cy of 8.67 pgml~! 22 and
66.1pg h™'ml~! with a Cpay of 7.5 pg ml~ ! 23 after single 500 mg i.v.
injections and 93 pgh~!'ml~! with a Cpay of 11.3pgml ™! after a
single 750 mg i.v. injection.?* Blood Cp. was 2.75pgml ™! after a
single i.v. administration of 200 mg LVX, with a #; of 6.77h in our
measurements, which was in accordance with a previously reported
concentration of 2.48 pgml™1, a #, of 6.95h and an AUC value of
17.9pgh ~'ml -1 after a 200 mg LVX application.®> As the MPC for
LVX was 2.8 ug ml~!in our A. baumannii standard strain, the blood
concentrations of LVX should be >6.16 pgml~! (2.2xMPC) the AUC
>70pgh~!ml~! (25xMPC) and at least 500 mg LVX should be
applied.

According to the FDA description of CIP, C,, values are between
1.2 and 5.4 ugml~! after 250-1000 mg CIP applications and even a
high dose of 1000 mg does not lead to a serum concentration above
our calculated Cpoc MPC of 12.8pgml~! for the A. baumannii
standard strain. These findings are supported by the fact that
particular CIP resistance develops in A. baumannii during conven-
tional CIP medication, but is unusual for Gram-negative bacteria
against which CIP is generally more active than LVX.

Pazufloxacin C,,,, serum concentrations were between 5.11 and
18.06 pg ml~ ! with AUC values of 13.7-58.6 pgh ~! ml — 1 after single
300-1000 mg i.v. pazufloxacin administrations.?® With our calculated
MPC concentration of 5.6pgml~! for the A. baumannii
standard strain, the Cp,y should be 12.32 pgml~! and the AUC,,
140 pgh~'ml™!, which could be achieved by two applications
of 1000 mg pazufloxacin per day (AUC 137pugh 'ml™! Cpa
32 pgml—1).27

Previous studies noted that QRDR gene mutations were the most
important pathological mechanisms involved in microbe resistance to
fluoroquinolones,?® which is also supported by 48.7% gyrA mutations
and 21.6% parC mutations in the 37 first-step selected A. baumannii
ATCC19606 mutants in the present study. Fluoroquinolone-resistance
mutations were reported to be selected first in the more susceptible
target genes, which is DNA gyrase in Gram-negative bacteria and
topoisomerase IV in Gram-positive bacteria.>® The present data
suggest, in contrast with other Gram-negative work, that the two
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enzyme targets have a similar affinity for the drugs. This assertion is
likely to be true, particularly taking into account the multiple silent
mutations in parC, which made the incidence of base mismatching
during parC gene duplications even higher than that of the gyrA gene
(18 versus 23).

However, gyrA and parC mutations did not occur in all mutant
strains, which may be attributed to changes in outer membrane
protein expression and drug efflux pumps. gyrA mutations mainly
occurred between the N-terminal nucleotides 199 and 318 (encoding
amino acids 67-106) and nucleotide changes causing Ser®® to
hydrophobic Leu®? exchange. This change produces a reduced affinity
for fluoroquinolones®® and comprised the majority of mutations in
our study, which is in accordance with a previous report3! In
addition, other research groups have reported that gyrA mutations
are the main factors causing resistance and that mutations in parC
were additional factors for the development of A. baumannii resistance
against CIP.3>%3

Saroj et al.>* found that expression of RecCBD in A. baumannii can
increase, thereby strengthening the ability of repairing DNA damage
caused by inhibition of DNA gyrase and topoisomerase IV, thereby
increasing A. baumannii resistance to fluoroquinolones. Whether this
mechanism is involved in high-level resistance to fluoroquinolones
owing to single parC mutations should be analyzed further. However,
Ala”-Asp (six strains) and Ser®%-Leu (two strains) mutations in parC
genes in the present study were slightly different from the main
mutation site in Ser®" reported previously.>> Therefore, the role of
Ala”-Asp mutations needs to be further clarified. Double mutations of
gyrA and parC in two strains (the MICs of the two strains against
CIP were 256 and 128 ugml ™!, respectively) resulted in high-level
resistance, which was also noted in another study.>®

We assessed fluoroquinolones for their property of selective
amplification of A. baumannii-resistant mutant strains and indeed,
high incidences of gyrA and parC mutations were detected in our
study. Whether particular gyrA and parC mutations were the sole
reason for A. baumannii resistance against fluoroquinolones needs to
be examined further in future studies.

CONCLUSIONS

MPCs and MPIs can be used to assess effectively the concentration
range in which fluoroquinolones selectively lead to A. baumannii-
resistant mutant strain amplification. Of the drugs tested, LVX was
superior to pazufloxacin and CIP as far as concentration regimens for
mutant inhibition was concerned. The majority of LVX, pazufloxacin
and CIP causing mutations manifested as Ser3® of the gyrA gene, but
parC gene alterations also occurred, and double mutations in gyrA and
parC genes resulted in the highest-level resistance against the
fluoroquinolones.
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