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ABSTRACT Fluoroquinolones are potentially effective against Elizabethkingia anophelis.
We investigated the MIC, mutant prevention concentration (MPC), and target gene muta-
tions of fluoroquinolones in E. anophelis. Eighty-five E. anophelis isolates were collected from
five hospitals in Taiwan. The MIC and MPC of ciprofloxacin and levofloxacin were examined
for all E. anophelis except 17 isolates, in which ciprofloxacin MPC could not be determined
due to drug precipitation caused by overly high drug concentration. Mutations in the quin-
olone resistance-determining regions of DNA gyrase (GyrA and GyrB) and topoisomerase IV
(ParC and ParE) in the clinical isolates and fluoroquinolone-selected mutants were examined.
Overall, 23.5% and 71.8% of the isolates tested were susceptible to ciprofloxacin and levo-
floxacin, respectively. The MPC50 of ciprofloxacin was 128 mg/L, and the MPC50 of levofloxa-
cin was 51.2 mg/L. The MPC50/MIC50 ratio for ciprofloxacin was 64, whereas that for levoflox-
acin was 25.6. The coefficient of determination between the MPC and MIC for ciprofloxacin
and levofloxacin was 0.72 and 0.56, respectively, in the linear regression analysis. Preexisting
mutations in GyrA (S83I, S83R, and D87Y) were identified in 18 clinical isolates, all of which
were resistant to both ciprofloxacin and levofloxacin. Additional amino acid substitutions in
GyrA were identified in all ciprofloxacin- and levofloxacin-selected mutants. Furthermore,
GyrB alterations (D431N or D431H) were found in nine levofloxacin-treated isolates. Given
that maintaining the serum concentrations of fluoroquinolones above MPCs is impossible
under presently recommended doses, the selection of mutant E. anophelis strains seems
inevitable.
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E lizabethkingia spp. are Gram-negative, aerobic, and glucose-nonfermenting bacteria
that colonize and survive in soils, water, and hospital environments (1–3). Elizabethkingia

anophelis has recently been identified as responsible for lethal infections in humans, particu-
larly in immunocompromised patients. Patients with E. anophelis infection have a mortality
rate of 24% to 60% (4–10). This pathogen is usually nonsusceptible to most penicillins, cepha-
losporins, carbapenems, b-lactam-b-lactamase inhibitor combinations, and aminoglycosides,
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but it demonstrates variable susceptibilities to fluoroquinolones (4–10). Several mechanisms
are involved in the antimicrobial resistance of E. anophelis, such as the production of b-lacta-
mases, carbapenemase, and aminoglycoside acetyltransferase, target gene mutations, and
overexpression of efflux systems, etc. (4–10). However, it is not clear whether there is cross-
resistance between fluoroquinolones and the remaining antibiotic classes for the drug resist-
ance in E. anophelis.

In the face of the drug-resistant microbes, the concept of the mutant prevention con-
centration (MPC), the minimum antibiotic concentration inhibiting the growth of the least-
susceptible mutant subpopulation, was proposed (11). If the antimicrobial concentrations
fall between the MPC and MIC—that is, in the so-called mutant selection window—resistant
mutants can be selected (12, 13). Maintaining the concentration of antimicrobial agents
above the MPC has been suggested to minimize the selection of mutant strains (12, 13).

The mechanisms for fluoroquinolone resistance include (i) target-mediated resistance:
mutations in the quinolone resistance-determining regions (QRDRs) of genes encoding DNA
gyrase (i.e., gyrA and gyrB) and DNA topoisomerase IV (i.e., parC and parE); (ii) plasmid-medi-
ated resistance: extrachromosomal genetic elements that encode proteins to disturb quinolo-
ne2enzyme interactions, alter drug metabolism, or increase quinolone efflux; and (iii) chromo-
some-mediated resistance: underexpression of porins or the overexpression of cellular efflux
pumps to reduce cellular drug concentration (14). Gene mutations in QRDRs have been estab-
lished as the main mechanism of fluoroquinolone resistance in E. anophelis (9, 15). To prevent
E. anophelis from developing fluoroquinolone resistance, understanding the MPC of fluoroqui-
nolones in this pathogen is essential. However, the fluoroquinolone MPC has never been
determined in E. anophelis. In the present study, we investigated the MPCs of levofloxacin and
ciprofloxacin against E. anophelis isolates collected from five hospitals in Taiwan. Furthermore,
nucleotide alterations in the QRDRs of the clinical isolates and the selected resistant subpopu-
lations were investigated.

RESULTS
Antimicrobial susceptibility. The MICs of ciprofloxacin and levofloxacin ranged

from 0.5 to.512 mg/L and from 0.5 to 128 mg/L, respectively (Table 1). Overall, 71.8% of the
85 isolates were susceptible to levofloxacin, but only 23.5% were susceptible to ciprofloxacin.

MPC determination. All isolates (n = 85) were tested for levofloxacin provisional MPC
(MPCpr) and MPC. However, 17 isolates exhibited ciprofloxacin MPCpr .1,024 mg/L, and their
MPC could not be determined due to drug precipitation caused by overly high drug con-
centration. In total, 68 isolates were tested to determine the ciprofloxacin MPCpr and MPC.
Figure 1 presents the ciprofloxacin MPCs of 68 isolates and levofloxacin MPCs of 85 isolates.
The MPC50 of ciprofloxacin was 128 mg/L and that of levofloxacin was 51.2 mg/L. When
only ciprofloxacin-susceptible (MIC #1 mg/L) or levofloxacin-susceptible isolates (MIC
#2 mg/L) were examined, the MPC of ciprofloxacin was 51.2–153.6 mg/L, and the MPC
of levofloxacin was 19.2–128 mg/L.

Relationship between MIC and MPC. Overall, the MPC/MIC ratios of ciprofloxacin
were higher than were those of levofloxacin (Table 2). The MPC/MIC ratios of ciprofloxacin
ranged from 16 to$128, and those of levofloxacin ranged from,16 to,128. The MPC50/
MIC50 ratio for ciprofloxacin and levofloxacin was 64 and 25.6, respectively. The MPC90/
MIC90 ratio for ciprofloxacin was 153.6, whereas that for levofloxacin was 51.2. When only the
susceptible portions of isolates (ciprofloxacin MIC #1 mg/L or levofloxacin MIC #2 mg/L)

TABLE 1 Antimicrobial susceptibility testing of 85 Elizabethkingia anophelis isolates

Antimicrobial agent

MIC (mg/L) Interpretation of susceptibility, n (%)

Lowest Highest MIC50
c MIC90

d Susceptible Intermediate Resistant
Ciprofloxacina 0.5 .512 2 512 20 (23.5) 26 (30.6) 39 (45.9)
Levofloxacinb 0.5 128 2 32 61 (71.8) 3 (3.5) 21 (24.7)
aSusceptible MIC,#1 mg/L; intermediate MIC, 2 mg/L; resistant MIC,$4 mg/L.
bSusceptible MIC,#2 mg/L; intermediate MIC, 4 mg/L; resistant MIC,$8 mg/L.
cMIC at which 50% of the isolates tested are inhibited.
dMIC at which 90% of the isolates tested are inhibited.
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were included, the MPC/MIC ranges of ciprofloxacin and levofloxacin were 51.2 to 204.8 and
12.8 to 64, respectively. The coefficient of determination (R2) between the MPC and MIC for
ciprofloxacin was 0.72 and that for levofloxacin was 0.56 (Fig. 2).

QRDR mutations. Preexisting mutations in the QRDR of GyrA were identified in 18
clinical isolates (Table 3). All 18 isolates were resistant to both ciprofloxacin and levofloxacin.
The amino acid alterations included S83I (AGC!ATC; n = 15), S83R (AGC!AGA; n = 2), and
D87Y (GAT!TAT; n = 1). A mutation in ParC (P134T; CCG!ACG) was detected in an isolate
with MICs for ciprofloxacin and levofloxacin of 4 and 2 mg/L, respectively.

Additional QRDR changes in GyrA were identified in all 68 ciprofloxacin-selected mutants
(Table 4). By contrast, no isolate was found to have induced nucleotide substitutions in
GyrB, ParC, or ParE. The most common ciprofloxacin-induced mutation was S83I in GyrA,
followed by S83R in GyrA. Four isolates (5.9%) had double mutations in GyrA, specifically
S83R/D87Y (MPC = 153.6 mg/L), S83R/S84P (MPC = 204.8 mg/L), S83R/D87H (MPC = 307.2 mg/
L), and S83I/D87Y (MPC = 512 mg/L). One isolate had triple substitutions in GyrA (H78Y/S83I/
D87Y; MPC = 204.8 mg/L). The detailed information on the QRDR mutations is shown in Table
S2 in the supplemental material.

As for levofloxacin-selected mutants (Table 5 and Table S2), QRDR changes in GyrA were
detected in all 85 isolates: 71 isolates acquiring additional mutations and 14 having only pre-
existing mutations. The most common additional mutation was G81D (n = 63), followed by
S83I (n = 15). QRDR mutations in GyrB (D431N or D431H) were found in nine isolates, all of
which harbored preexisting S83I or S83R mutations. No additional mutations were detected
in ParC and ParE in the levofloxacin-selected mutants. Double mutations in GyrA were iden-
tified in 16 isolates (18.8%), including G81D/S83I (n = 11; MPC = 19.2–64 mg/L), S83R/D87Y
(n = 3; MPC = 153.6–256 mg/L), D82N/S83I (n = 1; MPC = 38.4 mg/L), and S83I/D87N (n = 1;
MPC = 307.2 mg/L). No isolates had triple mutations in GyrA.

DISCUSSION

Many studies have demonstrated that ciprofloxacin and levofloxacin were potentially
effective against E. anophelis (4–10). With the extensive use of antibiotics, resistance to

FIG 1 Mutant prevention concentration (MPC) of fluoroquinolones in Elizabethkingia anophelis. (A) MPC of ciprofloxacin in 68 isolates. (B) MPC of levofloxacin in
85 isolates.

TABLE 2MPC/MIC ratios of fluoroquinolones in E. anophelis isolates

Antimicrobial agent

No. (%) of isolates having ratios of MPC/MIC

MPC50/MIC50
a MPC90/MIC90

b<16 16 to<32 32 to<64 64 to<128 ‡128
Ciprofloxacin (n = 68) 0 5 (7.4) 27 (39.7) 26 (38.2) 10 (14.7) 64 153.6
Levofloxacin (n = 85) 20 (23.5) 34 (40) 25 (29.4) 6 (7.1) 0 25.6 51.2
aThe 50th percentile of mutant prevention concentration (MPC)/MIC ratio among the isolates tested.
bThe 90th percentile of MPC/MIC ratio among the isolates tested.
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fluoroquinolones has emerged as a global public health concern. To prevent the widespread
emergence of antimicrobial resistance, optimizing strategies for the therapeutic administra-
tion of antibiotics is imperative.

Given that it reflects the minimum concentration of the least drug-susceptible mutant
subpopulation, the MPC can be applied to the formulation of antimutant dosing strategies
(16). Maintaining drug concentrations above the MPC can prevent bacteria from acquiring
antimicrobial resistance under selective pressure. However, the determination of MPC is
time-consuming and labor-intensive and thus cannot be routinely performed in clinical
practice. Sanders (17) indicated that fluoroquinolone concentrations for stepwise mutant
selection ranged from 4-fold to 8-fold MIC and suggested that fluoroquinolones with more
than 8-fold MIC were least likely to be selected for resistance. Ho wever, some studies showed
a poor relationship between the MPC and MIC for fluoroquinolones in Escherichia coli and
Pseudomonas aeruginosa (18, 19). Herein, the MPC of ciprofloxacin against E. anophelis was
16 to $128 times the MIC, and the MPC of levofloxacin was ,16 to ,128 times the MIC.
The MPC and MIC of fluoroquinolones against E. anophelis was not very strongly correlated,
particularly for levofloxacin (R2 = 0.56). The MIC corresponding to individual E. anophelis iso-
lates was not highly predictive of the MPC.

The MPCs of ciprofloxacin and levofloxacin in the fluoroquinolone-susceptible isolates
exceeded 51.2 and 19.2 mg/L, respectively. Previous studies indicated that the peak serum
concentration of ciprofloxacin following a 400-mg intravenous injection and that of levo-
floxacin following a 750-mg intravenous injection was only approximately 6.7 and
8.1 mg/L, respectively (20, 21). Although these peak serum concentrations are above
the MIC50 of ciprofloxacin and levofloxacin for E. anophelis, they are substantially lower
than the MPC50. Thus, under presently recommended standard doses of ciprofloxacin
and levofloxacin, efforts to prevent mutation emergence in the treatment of E. anophelis
infection would not be effective. Combination therapy may be necessary to minimize
the selection of mutants when using fluoroquinolones to treat patients with E. anophelis
infection (22).

FIG 2 Correlation between the MIC and MPC of fluoroquinolones in E. anophelis. (A) Relationship determined for ciprofloxacin in 68 isolates. (B) Relationship
determined for levofloxacin in 85 isolates. The inset of the square represents the isolates which are more susceptible to levofloxacin.
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Herein, 21.2% of the clinical isolates harbored amino acid substitutions of S83I, S83R, or
D87Y in GyrA, and all of those isolates exhibited resistance to ciprofloxacin and levofloxacin.
Except for D87Y, mutations of S83I or S83R in GyrA are commonly associated with fluoro-
quinolone resistance (23, 24). For the selected mutants, our study found that the most com-
mon additional mutation following ciprofloxacin and levofloxacin treatment was S83I and
G81D in GyrA, respectively. GyrB mutations were detected in nine isolates following levofloxacin
therapy. Neither ParC nor ParE mutations were identified with ciprofloxacin- or levofloxacin-
treated E. anophelis. Drug resistance to fluoroquinolones in a stepwise manner has been
observed in many bacteria. Mutations in gyrA are often recovered first, followed by additional
mutations in parC when treated with higher concentration of fluoroquinolones (25, 26).

TABLE 3 Preexisting mutations in the quinolone-resistance determining regions of 85 E.
anophelis isolates

Site of mutation No. of isolate Ciprofloxacin MIC (mg/L) Levofloxacin MIC (mg/L)
No mutation (n = 66) 5 0.5 0.5

1 1 0.5
14 1 1
15 2 1
11 2 2
13 4 2
1 4 4
1 8 4
1 8 8
1 8 16
1 16 2
1 16 4
1 16 16

S83I in GyrA (n = 15) 4 256 32
2 512 32
1 512 64
2 .512 32
3 .512 64
3 .512 128

S83R in GyrA (n = 2) 1 128 16
1 256 32

D87Y in GyrA (n = 1) 1 16 16
P134T in ParC (n = 1) 1 4 2

TABLE 4 Preexisting and induced mutations after ciprofloxacin treatment in the QRDRs of E. anophelis isolatesa

Ciprofloxacin MPC (mg/L)

Preexisting QRDR change in the original
collection

QRDR change in the selected
mutant

GyrA ParC GyrA
51.2 (n = 3) S83I (3)
64 (n = 2) S83I (2)
76.8 (n = 9) S83I (7), S83R (2)
102.4 (n = 13) S83I (12), S83I/R (1)b

128 (n = 8) S83I (7), A119K (1)
153.6 (n = 14) P134T (1) S83I (13), S83R/D87Y (1)
204.8 (n = 10) S83I (7), S83I/R (1),b S83R/S84P (1),

H78Y/S83I/D87Y (1)
256 (n = 3) S83I (3)
307.2 (n = 1) S83R/D87H (1)
409.6 (n = 3) S83I (3)
512 (n = 1) D87Y (1) S83I/D87Y (1)
819.2 (n = 1) S83I (1)
N/A (n = 17)c S83I (15), S83R (2) N/Ac

aParentheses represent the number of isolates with quinolone-resistance determining region (QRDR) mutations.
bNucleotide mutation detected in different colonies of the same isolate.
cMPCs and induced QRDR changes could not be examined in 17 isolates due to drug precipitation caused by overly high drug concentrations.
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However, our study identified nine isolates with second-step gyrB mutations in addition
to their first-step gyrA mutations after high-level levofloxacin treatment. The second-step
amino acid alterations in the ParC of E. anophelis was not observed in our study. The reason
for this result remains unclear.

Conclusions. The findings from this study suggest that MPCs of fluoroquinolones in
E. anophelis should be determined by experiments owing to not very strong correlation
between the MIC and MPC. Due to unattainably high serum drug levels over MPC, the
potential for resistance against these fluoroquinolones in the treatment of E. anophelis
infection seems undeniable. Including another class of antibiotic as part of an antimicrobial
strategy may be a reasonable approach for limiting the selection of fluoroquinolone-resistant
mutants in treating this emerging infection.

MATERIALS ANDMETHODS
Ethics approval. This study was conducted in accordance with the tenets of the Declaration of Helsinki and

the national standards of Taiwan, and the study protocol received institutional review board approval (approval
no. EMRP-109-007). The need for informed consent was waived because the retrospective analysis of clinical
isolates posed no more than a minimal risk of harm to the patients from which they were collected.

Study setting and bacterial strains. Between 2016 and 2019, 85 clinical isolates of Elizabethkingia
spp. were collected from five hospitals in Taiwan, including 28 isolates from E-Da Hospital, 26 from Kaohsiung
Medical University Hospital, 15 from National Cheng Kung University Hospital, 9 from E-Da Cancer Hospital, and
7 from Taichung Veterans General Hospital. These isolates were routinely collected from patients at each hospital
according to clinical requirements and were then stored as glycerol stocks at280°C until use. The precise species
of the isolates was reidentified using 16S rRNA gene sequencing as described in our previous study (9).

MIC determination. Ciprofloxacin and levofloxacin were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Their MICs against E. anophelis isolates were examined using 96-well broth microdilution panels in ac-
cordance with the manufacturer’s instructions (Thermo Fisher Scientific, Oakwood Village, OH, USA). The break-
points for susceptibility testing were appraised under the interpretive standards for “other non-Enterobacteriaceae”
from Clinical & Laboratory Standards Institute guidelines (27). An MIC of #1 mg/L indicated susceptibility to
ciprofloxacin, whereas MICs of 2 and$4 mg/L corresponded to intermediate sensitivity and resistance, respec-
tively. MICs of#2, 4, and$8 mg/L indicated susceptibility, intermediate sensitivity, and resistance to levofloxa-
cin, respectively.

MPC determination. MPC determination was conducted as described previously (12, 28). In brief,
the frozen bacteria were thawed and subcultured on Muller-Hinton (MH) agar plates (Becton, Dickinson and
Company, Sparks, MD, USA) and incubated overnight in 5% CO2 at 37°C. Bacteria were then placed in 25 mL of
cation-adjusted MH broth (CAMHB; Becton, Dickinson and Company) and incubated overnight at 37°C on a
shaker operating at 180 rpm. The turbidity of the culture medium was adjusted to OD 1.8 (approximately
1 � 1010 CFU/mL). Aliquots of 1 mL were concentrated by centrifugation at 8,000 � g for 10 min at 10°C. The
supernatants were discarded, and the pellets were resuspended in 200 mL of CAMHB. Next, 200-mL aliquots
containing at least 1010 CFU/mL were spread on MH agar plates with a panel of geometric sequences of differ-
ent concentrations of antibiotics (1�, 2�, 4�, . . .512 � MIC) and then incubated in 5% CO2 for 72 h at 37°C.
The plates were screened visually for growth. The lowest antibiotic concentration that inhibited bacterial
growth was recorded as the MPCpr (12). To refined the MPC of each isolate, the aforementioned procedures

TABLE 5 Preexisting and induced mutations after levofloxacin treatment in the QRDRs of E. anophelis isolatesa

Levofloxacin MPC (mg/L)

Preexisting QRDR change in the
original collection QRDR change in the selected mutant

GyrA ParC GyrA GyrB
19.2 (n = 4) G81D (3), G81D/S83I (1)
25.6 (n = 10) G81D (8), G81D/S83I (2)
32 (n = 14) G81D (10), G81D/S83I (4)
38.4 (n = 10) G81D (8), G81D/S83I (1), D82N/S83I (1)
51.2 (n = 19) G81D (16), G81D/S83I (2), S83I (1)
64 (n = 6) P134T (1) G81D (5), G81D/S83I (1)
76.8 (n = 1) S83I (1)
128 (n = 1) G81D (1)
153.6 (n = 2) S83R (1) S83I (1), S83R/D87Y (1)
204.8 (n = 1) S83R (1) S83R/D87Y (1) D431N (1)
256 (n = 3) S83I (1), D87Y (1) G81D (1), S83I (1), S83R/D87Y (1)
307.2 (n = 8) S83I (8) S83I (7), S83I/D87N (1) D431H (5)
512 (n = 1) S83I (1) S83I (1) D431H (1)
614.4 (n = 4) S83I (4) S83I (4) D431H (1)
819.2 (n = 1) S83I (1) S83I (1) D431H (1)
aParentheses represent the number of isolates with QRDR mutations.
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were repeated, and the bacteria were inoculated on agar plates with corresponding antibiotic concentrations
of 20% linear reductions (i.e., 80% and 60%) of the MPCpr values (28). The lowest concentration inhibiting bac-
terial growth was designated as the MPC. For each isolate, the MPC/MIC ratio was calculated. The MPC50/MIC50

and MPC90/MIC90 ratios represent the 50th and 90th percentiles of the MPC/MIC ratios among the isolates
tested, respectively.

QRDR mutation identification. Bacteria colonies that survived on each MH agar plate with the high-
est concentration of fluoroquinolones below the MPC were regarded as potentially resistant mutants.
Nucleotide sequences were examined for the mutations in QRDRs of gyrA, gyrB, parC, and parE in three
randomly selected colonies of the originally collected isolates and potentially fluoroquinolone-resistant
strains. Total DNA from was prepared using a Wizard Genomic DNA Purification Kit (Promega, Madison,
WI, USA). The PCR amplicons were sequenced using an Applied Biosystems 3730xl DNA Analyzer. The
primers for amplification and sequencing of QRDRs are listed in Table S1 in the supplemental material.
The conditions used for QRDR amplification were an initial extended denaturation step of 94°C for 5 min,
followed by 30 cycles of 30 s at 94°C, 30 s at 55°C, 1 min at 72°C, and a final 5 min at 72°C.

Statistical analysis. Linear regression analysis was performed to determine the relationships between
the MICs and MPCs of ciprofloxacin and levofloxacin by using IBM SPSS Statistics for Windows, version 24 (IBM
Corp., Armonk, NY, USA). The coefficient of determination, R2, between the MIC and MPCs was calculated.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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