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ABSTRACT In this study, we aimed to clarify the evolutionary trajectory of a Klebsiella
pneumoniae carbapenemase (KPC)-producing Klebsiella pneumoniae (KPC-Kp) population
during B-lactam antibiotic therapy. Five KPC-Kp isolates were collected from a single
patient. Whole-genome sequencing and a comparative genomics analysis were performed
on the isolates and all bla,,-containing plasmids to predict the population evolution pro-
cess. Growth competition and experimental evolution assays were conducted to reconstruct
the evolutionary trajectory of the KPC-Kp population in vitro. Five KPC-Kp isolates (KPJCL-1
to KPJCL-5) were highly homologous, and all harbor an IncFll blay,-containing plasmid
(pJCL-1 to pJCL-5). Although the genetic structures of these plasmids were almost identical,
distinct copy numbers of the bla,sc, gene were detected. A single copy of blayec., was
presented in pJCL-1, pJCL-2, and pJCL-5, two copies of blac (blapc, and blaypcs3) were
presented in pJCL-3, and three copies of blayyc, were presented in pJCL-4. The blaypc.ss-
harboring KPJCL-3 isolate presented resistance to ceftazidime-avibactam and cefiderocol.
The blaypc, multicopy strain KPJCL-4 had an elevated ceftazidime-avibactam MIC. The
patient had been exposed to ceftazidime, meropenem, and moxalactam, after which KPJCL-
3 and KPJCL-4 were isolated, which both showed a significant competitive advantage under
antimicrobial pressure in vitro. Experimental evolution assays revealed that blayec, multi-
copy-containing cells were increased in the original single-copy blayc.,-harboring KPJCL-2
population under selection with ceftazidime, meropenem, or moxalactam, generating a
low-level ceftazidime-avibactam resistance phenotype. Moreover, bla,., mutants with a
G532T substitution, G820 to €825 duplication, G532A substitution, G721 to G726 deletion,
and A802 to C816 duplication increased in the blay, multicopy-containing KPJCL-4 pop-
ulation, generating high-level ceftazidime-avibactam resistance and reduced cefiderocol
susceptibility. Ceftazidime-avibactam and cefiderocol resistance can be selected by B-lactam
antibiotics other than ceftazidime-avibactam. Notably, blay,c., gene amplification and
mutation are important in KPC-Kp evolution under antibiotic selection.

KEYWORDS pB-lactam antibiotics, evolution, ceftazidime/avibactam, cefiderocol, bla,ec.,
amplification, mutation

arbapenem-resistant Enterobacteriaceae (CRE) are listed as pathogens that urgently
require new antibiotics (1). Ceftazidime-avibactam (CAZ/AVI) and cefiderocol (CFDC) are
some of the most recently developed antibiotics used to treat CRE, with a high clinical success
rate (2, 3). However, the emergence of CAZ/AVI and CFDC resistance in CRE has been reported.
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TABLE 1 Characteristics of KPC-Kp isolates described in the present study

Antimicrobial Agents and Chemotherapy

MIC (mg/L)®

Isolates Isolation day Source Carbapenemase bla,,. copyno.” IMP MEM CAZ/AVI

CFDC CAZ

MOX

TGC COL

LEV

S|

KPJCL-1 55 Urine KPC-2 Single copy 64 256 4
KPJCL-2 91 Abscess KPC-2 Single copy 32 128 4
KPJCL-3 142 Abscess KPC-2, KPC-33 Dual copy 32 256 256
KPJCL-4 156 Urine KPC-2 Triple copy 128 512 8
KPJCL-5 196 Abscess KPC-2 Single copy 32 128 4
ATCC 25922 -© - - - 0.125 0.016 0.125

4
4
>32
4
4
0.25

256
128
4,096
1,024
128
0.25

512
512
2,048
4,096
512
0.25

0.5
0.5
0.5
0.5
0.5

0.25
0.25
0.25
0.25
0.25

0.03 0.25

16
32
64
64
64
0.016

11
11
11
11
11

c

abla,,. copy number: bla,, copy number relative to the bla,,-containing plasmid.

bIMP, imipenem; MEM, meropenem; CAZ/AVI, ceftazidime-avibactam; CFDC, cefiderocol; CAZ, ceftazidime; MOX, moxalactam; TGC, tigecycline; COL, colistin; LEV,

levofloxacin; ST, sequence type.
“Not applicable.

Resistance to CAZ/AVI in Klebsiella pneumoniae carbapenemase (KPC)-producing Klebsiella
pneumoniae (KPC-Kp) is associated mainly with blayec, or blagec.; mutation and bla,,c overex-
pression (4). bla,,c overexpression is often accompanied by changes in membrane permeabil-
ity or increased efflux pump expression to yield low-level CAZ/AVI resistance (5, 6). High-level
CAZ/AVI resistance is often related to blayc, and blaypc; mutations. The most common
mutation is the G532T substitution, which leads to the D179Y amino acid change in KPC-3
(named KPC-31) and KPC-2 (named KPC-33). Most KPC variants were selected after expo-
sure to CAZ/AVI (7), and some of the KPC variants conferred cross-resistance to CAZ/AVI and
CFDC (8, 9), which is a clinical concern in the application of antibiotics.

Although CAZ/AVI-resistant isolates are associated with CAZ/AVI selection pressure,
data showed that 33% of cases had no previous CAZ/AVI exposure (7). Here, we analyzed
five homologous KPC-Kp isolates from a single patient. After exposure to ceftazidime, mero-
penem, and moxalactam, the KPC-Kp population showed a temporal pattern of evolution to
high-level CAZ/AVI and CFDC resistance through blay.c., gene amplification and mutation.
We reconstructed the evolutionary pathway in vitro using experimental evolution assays.

RESULTS

Patient and isolates. KPJCL-1 to KPJCL-5 were sequentially isolated from a 56-year-old
male patient who was admitted to the intensive care unit (ICU) due to cerebral hemorrhage.
KPJCL-1 was isolated from urine on hospitalization day 55 and diagnosed as colonization. A
scrotal abscess developed on hospitalization day 91, and KPJCL-2 was isolated. Although the
patient underwent scrotal abscess incision and drainage, the abscess was sustained, and
a fistulous tract appeared between the abscess and the urinary tract. KPJCL-3 was isolated
from the abscess on hospitalization day 142, and KPJCL-4 was isolated from urine on hospi-
talization day 156. Before the isolation of KPJCL-3 and KPJCL-4, the patient was treated with
moxalactam for 13 days (1.0 g once a day [q.d.], days 92 to 104), meropenem for 20 days
(1.0 g every 12 h, days 104 to 106; 0.5 g every 12 h, days 106 to 123), and ceftazidime for
16 days (1.0 g every 12 h, days 123 to 138). The scrotal abscess persisted, and KPJCL-5 was
sampled from the abscess on hospitalization day 196. The patient died on hospitalization day
220 due to septic shock (Fig. S1 in the supplemental material).

Phenotypic and genotypic characteristics of the KPC-Kp isolates. The five KPC
producers belong to sequence type 11 (ST11). A comparative analysis showed that the
isolates differed by 3 to 7 single nucleotide polymorphisms (SNPs) (Fig. S2), while the drug
susceptibility phenotypes differed (Table 1). KPJCL-1, KPJCL-2, and KPJCL-5 were sensitive to
CAZ/AVI and CFDC. KPJCL-3 was resistant to CAZ/AVI and CFDC and had an elevated ceftazi-
dime MIC compared to other isolates. KPJCL-4 exhibited an increase in MICs for antibiotics,
including CAZ/AVI, ceftazidime, meropenem, and moxalactam. All isolates harbored an IncFll
bla,e-containing plasmid (pJCL-1 to pJCL-5), and the plasmid sizes were 160,120, 160,127,
157,880, 163,236, and 160,001 bp, respectively. A single copy of blay, was present in pJCL-1,
pJCL-2, and pJCL-5, two copies of blaypc (blaec., and blaypec.53) were present in pJCL-3, and
three copies of blay.c, were present in pJCL-4 (Fig. 1). The five blay,-containing plasmids
have an identical blayp., region (named the IS region). pJCL-3 and pJCL-4 contain extra
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FIG 1 Gene maps of bla,,.,-containing IncFll plasmids. (a) pJCL-4 was used as a reference. The outside circle represents open reading frames (ORFs) of pJCL-4. The
inner circles are BLAST results for pJCL-5, pJCL-3, pJCL-2, pJCL-1, and pJCL-4 and the GC content. Antibiotic resistance genes and their surrounding mobile elements
are colored in red and yellow. The three bla,,., regions are named the Tral, tandem, and IS regions. Plasmid sequences were compared using the CGView server.
REP, replicon. (b) Characteristics of pJCL-3. The outside circle represents ORFs of pJCL-3. The inner circles are the GC content and GC skew. Antibiotic resistance
genes and their surrounding mobile elements are colored red and yellow, respectively. In the Tral region, blay,., was mutated to blapc 3.

blaye copies (Tral region); moreover, pJCL-4 contains a tandem repeat of blaypc., (tandem
region) next to the Tral region compared to pJCL-3. Cloning experiments showed that
KPC-33 conferred reduced susceptibility to ceftazidime, CAZ/AVI, and CFDC compared to
KPC-2 (Table S2).

Growth and competition between blay,_, single- and multicopy strains. KPJCL-2
(single copy) and KPJCL-4 (multicopy) were chosen as a pair of experimental strains to verify
that blayec, multicopy strains were more fit than bla,,c., single-copy strains under ceftazidime,
meropenem, and moxalactam pressure. KPJCL-4 was less fit than KPJCL-2 in cation-adjusted
Mueller-Hinton broth (CAMHB) but had a growth advantage under ceftazidime, meropenem,
and moxalactam pressure. The greatest growth advantage of KPJCL-4 was observed in the
presence of antibiotic concentrations at the MICs or sub-MICs of KPJCL-2, namely, 128 mg/L
ceftazidime, 64 mg/L meropenem, and 512 mg/L moxalactam (Fig. 2a to ¢; Fig. S3 to S5).
KPJCL-4 showed a significant competitive advantage at an inoculum proportion of 1:1 under
ceftazidime (128 mg/L), meropenem (64 mg/L), and moxalactam (512 mg/L) pressure, and
the In (competition index [Cl]) values could not be calculated; therefore, we adjusted the initial
coculture ratio to 1:10% (KPJCL-4:KPJCL-2). A significant competitive advantage for KPJCL-4 was
observed (In [Cl] values were 4.79 £ 0.13, 5.39 * 0.26, and 6.52 £ 0.10 under ceftazidime,
meropenem, and moxalactam pressure, respectively) (Fig. 2e).

Growth and competition between blay,, multicopy and blayp.;; strains. KPJCL-3
(blayec5; harboring) and KPJCL-4 (multicopy) were chosen as a pair of experimental strains.
KPJCL-3 showed a growth advantage under ceftazidime pressure, and dominance was
greatest at 512 mg/L (Fig. 2d; Fig. S6). At an inoculum proportion of 1:1, the two isolates
exhibited comparable growth in CAMHB (In [Cl] = —0.11 = 0.17), while a significant com-
petitive advantage for KPJCL-3 was observed under pressure with 512 mg/L ceftazidime
(In [CI] = 1.66 = 0.46) (Fig. 2f).

Experimental evolution of KPJCL-2 under ceftazidime, meropenem, and moxa-
lactam pressure. The bla,,, amplification frequency was 5.96 x 1077 in the KPJCL-2
population (Fig. S7). Under selection pressure with ceftazidime, meropenem, or moxalactam,
the frequency of bla,e, multicopy cells in the KPJCL-2 population increased substantially,
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FIG 3 Experimental evolution of resistance. (a) In vitro selection and enrichment of bla,,., multicopy strains. The proportion of colonies detected over time
in CAMHB (6 days) or in the presence of a ceftazidime concentration of 128 mg/L (6 days), a meropenem concentration of 64 mg/L (6 days), a moxalactam
concentration of 128 mg/L (6 days), and multiple selection (moxalactam, meropenem, and ceftazidime each lasting for 2 days). Data are presented as the
means = SD. (b) In vitro selection and enrichment of bla,,., mutant strains. The proportion of bla,.., mutant isolates obtained over time in CAMHB and
after treatment with a ceftazidime concentration of 512 mg/L is shown. Six populations that developed an increased proportion were named KPJCL4-1 to
KPJCL4-6. No enrichment of the population was observed in CAMHB, and the curve shows the mean proportions *= SD from 12 populations. (c) Relative
blay,c,-containing plasmid copy number (mean = SD). (d) Relative bla,,., copy number (bla,,. copy number relative to bla,.-containing plasmid). Data
are presented as the means = SD.

reaching 1.9 x 1077, 252 x 1073, and 3.75 x 107" on day 6, respectively. KPJCL-2 cells
were passaged sequentially in moxalactam, meropenem, and then ceftazidime (2 days for
each) to simulate the sequential use of antibiotics in the clinic. The frequency of blayec.,
multicopy cells was 2.78 x 10~ at the end of passaging (Fig. 3a).

An elevated blay,., copy number contributes to low-level CAZ/AVI resistance.
The relative blayec, copy number (copy number relative to the bla,pc,-containing plasmid)
was 4.750 £ 0.501 in the ceftazidime-selected subpopulation (KPCAZ-E), 5.089 *+ 0.860 in
the meropenem-selected subpopulation (KPMEN-E), 5598 = 0.373 in the moxalactam-
selected subpopulation (KPMOX-E), and 5.615 = 0.681 in the subpopulation exposed to all
three antibiotics (KPMulti-E). The relative bla,p-containing plasmid copy numbers were
unchanged among the isolates (Fig. 3c and d). The selected blay, multicopy subpopulation

FIG 2 Legend (Continued)

advantage of KPJCL-4 was observed at concentrations of 128 mg/L ceftazidime, 64 mg/L meropenem, and 512 mg/L moxalactam.
(d) Difference in the growth of KPJCL-3 and KPJCL-4 under ceftazidime pressure. The greatest growth advantage of KPJCL-3
was observed at a ceftazidime concentration of 512 mg/L. (e) Growth competition of KPJCL-2 and KPJCL-4 under a ceftazidime
concentration of 128 mg/L, a meropenem concentration of 64 mg/L, and a moxalactam concentration of 128 mg/L. (f) Growth
competition of KPJCL-3 and KPJCL-4 in the presence of a ceftazidime concentration of 512 mg/L. Cl = (KPJCL-4/KPJCL-2),,,/
(KPJCL-4/KPJCL-2),,, where an In (Cl) of <0 indicates that KPJCL-2 has an advantage, and an In (Cl) of >0 indicates that KPJCL-
4 has an advantage (e). CI = (KPJCL-3/KPJCL-4),,,/(KPJCL-3/KPJCL-4),, where an In (Cl) of <0 indicates that KPJCL-4 has an
advantage, and an In (Cl) of >0 indicates that KPJCL-3 has advantage (f). Data are presented as the medians (maximum to
minimum values) in a to d and as the means = SD in e and f; *, P < 0.05; **, P < 0.01; ***, P < 0.001. Data were analyzed by
a two-sided Mann-Whitney U test.
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TABLE 2 Characteristics of bla,,., mutant subgroups from the in vitro evolution experiment

Antimicrobial Agents and Chemotherapy

Mutation? MIC (mg/L)?

Isolate bla,, variant KPC-2 variant Tral region IS region Tandem region CAZ/AVI CFDC IMP CAZ
KPJCL-4 blaec KPC-2 - - - 8 4 128 1,024
KPJCLA-1 blapc , G532T KPC-33 - - + 256 >32 128 4,09

blac,820-825dup  E275-A276dup  — + - 256 8 128 2,048
KPJCL4-2®  blayp., G532T KPC-33 + - + 256 >32 128 4,09

blapc , G532T KPC-33 - + + 256 >32 128 8192
KPJCL4-3 blaypc, G532T KPC-33 + — — 256 >32 128 4,096
KPJCL4-4¢  blayp., G532A D179N + - + 64 16 64 4,096

blapc, G532A D179N + + + 128 >32 2 4,096
KPJCL4-5 blaypc., 721-726del KPC-14 — + — 512 >32 128 8,192
KPJCLA-6 blapc,802-816dup  K269-H273dup ~ — - + 256 8 128 4,09

aCAZ/AVI, ceftazidime-avibactam; IMP, imipenem; CAZ, ceftazidime; +, mutation occurred; —, no mutation occurred.

bSome of the colonies in KPJCL4-2 had mutations in both the Tral region and tandem region, and some had mutations in both the IS region and tandem region.
cSome of the colonies in KPJCL4-4 had mutations in both the Tral region and tandem region, and some had mutations in all three regions.

exhibited elevated CAZ/AVI (16 mg/L), ceftazidime (512 mg/L), meropenem (512 mg/L), and
moxalactam (2,048 mg/L) MICs compared to KPJCL-2 but had similar CFDC MICs as KPJCL-2
(Table S3).

Experimental evolution of KPJCL-4 under ceftazidime pressure. KPJCL-4 has the
closest genetic relationship with KPJCL-3, and we wanted to observe the distribution
of mutations occurring in the three blaypc., regions (the Tral, IS, and tandem regions);
therefore, KPJCL-4 was chosen as the target population for evolution. The blayc, G532T
mutation frequency in KPJCL-4 was 6.45 x 1079, which was much lower than the blaypc.,
gene amplification frequency (Fig. S7). Of the 18 lineages cultured with a ceftazidime con-
centration of 512 mg/L, six populations developed increased frequency of resistant colonies
on antibiotic plates, from an average frequency of 2.38 x 1077 after 24 h of exposure to
9.57 x 104 after 6 days of exposure. No increase in the frequency of resistance subgroups
was observed in control lineages in CAMHB (Fig. 3b).

The blay,c., mutation contributes to high-level CAZ/AVI and CFDC resistance.
KPC-2 variants were identified in all 6 evolved subpopulations (KPJCL4-1 to KPJCL4-6). Two
variants were observed in KPJCL4-1, colonies with a KPC-2 D179Y substitution (KPC-33) or a
E275 to A276 duplication (novel). KPC-33 was also detected in KPJCL4-2 and KPJCL4-3. The
D179N variant was identified in KPJCL4-4, the G242-T243del variant (KPC-14) was found in
KPJCL4-5, and the K269-H273dup variant (novel) was identified in KPJCL4-6. The bla,pc.,
mutation occurred randomly among the three regions. These evolved subgroups are highly
resistant to CAZ/AVI with increased ceftazidime MICs compared to KPJCL-4 (Table 2). All
mutants displayed intermediate or were resistant to CFDC.

DISCUSSION

In the present study, we demonstrate that clinical commonly used B-lactam antibi-
otics can select for CAZ/AVI and CFDC resistance. Using clinical data, drug susceptibility
phenotypes, KPC-Kp genotypes, growth competition assays, and experimental evolution
assays, we reconstructed the evolutionary trajectory of CAZ/AVI and CFDC resistance in
KPC-Kp observed in vivo.

Based on the genomic data and the temporal pattern of isolation, we hypothesized
that the evolutionary trajectory of the bacterial population developed from a blayc., single-
copy population to a blay,, multicopy population and then a blay, G532T mutant popu-
lation (as summarized in Fig. S8 in the supplemental material). Amplification of blayc., via
an increased copy number on a plasmid facilitates the development of antibiotic resistance.
First, the increased blayc, copy number on plasmids increases bacterial tolerance to B-lac-
tam antibiotics. Second, it increases the opportunity for mutations to arise (10). Our results
showed an up to 6-fold increase in the blay,c, copy number on plasmids after antibiotic
selection, which provides a substantial increase in the number of targets for the occurrence
of random mutations within bla,ec,. Third, multiple copies of blac, genes on the same
plasmid with one of the blay, mutations enabled the strain to compete against the trade-
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off effect of blay,c mutation. For the majority of reported CAZ/AVI-resistant strains, the muta-
tion of a single copy of bla,c in the plasmid restores susceptibility to carbapenems (11). In
this case, two copies of blaypc (blagec, and blaypc5;) present in the same plasmid in pJCL-3
enable KPJCL-3 to resist both carbapenems and CAZ/AVI. Fourth, amplification can occur
at much higher rates than point mutations (12, 13). The difference in the frequencies of
amplification (5.96 x 1077) and mutation (6.45 x 1079 in this study likely explains the ev-
olutionary trajectory of the KPC-Kp population, with gene amplification emerging first under
antibiotic selection.

After repeated exposure to ceftazidime at concentrations of 512 mg/L, 6 populations
developed mutated colonies with reduced susceptibility to CAZ/AVI and CFDC, and half
of these resistant subpopulations had the D179Y substitution in KPC-2. In addition, other
mutations associated with CAZ/AVI and CFDC resistance were identified. One of the variants
is @ D179N substitution in KPC-2. The D179N substitution in KPC-3 has been reported in a
previous study of bacteria derived under CAZ/AVI pressure in vitro (11). The D179N substitu-
tion might increase the affinity between ceftazidime and the variant KPC, thereby prevent-
ing the binding of avibactam (14). Another variant is KPC-14, which was reported in a case
after prolonged exposure to CAZ/AVI (15). KPC-14 does not affect the inhibitory properties
of avibactam; however, it possesses a higher ceftazidime affinity and increased ceftazidime
hydrolysis (16). To the best of our knowledge, the KPC-2 variants E275-A276dup and K269-
H273dup we observed in our experiments have not been described thus far. The KPC-2 variants
that emerged during ceftazidime exposure overlap with those selected under CAZ/AVI pres-
sure, with mutations clustering in three regions, that is, amino acids 164 to 179 (Q-loop), 234 to
242 (B-strand), and 263 to 277 (in the vicinity of the Q-loop and the hinge-loop) (11, 17, 18).
The tolerance to amino acid substitutions, insertions, and deletions reflects the evolutionary di-
versity of blayec, which is a challenge for the clinical application of CAZ/AVI and CFDC.

The concentrations of ceftazidime, meropenem, and moxalactam that we tested in vitro
are not readily achieved in most infection sites. However, KPC-Kp strains were isolated from
urine or a scrotal abscess in this study, and a fistulous tract appeared between the abscess
and the urinary tract in the patient; thus, the urinary tract and the scrotal abscess together
formed a “pool” for these pathogen populations. Ceftazidime, meropenem, and moxalactam
are excreted mainly via the kidneys, and high concentrations of ceftazidime (2 g intravenous
[i.v.], 8,000 to 16,000 mg/L, 0 to 3 h; 110 to 555 mg/L, 6 to 12 h) (19), meropenem (1 g i.v.,
454 to 1,141.6 mg/L, 0 to 8 h) (20), and moxalactam (1 g i.v., 594 to 2,094 mg/L, 0 to 8 h)
(21) that reached the selection window of the bla,ec, multicopy and bla,,c., mutated isolates
were detected in the urine, which provides selection pressure for the emergence of resistant
isolates.

Taken together, we report the evolutionary trajectory of the KPC-Kp population under
clinical antibiotic pressure. The evolution is initiated by an increase in the copy number of
blay. and is then further enhanced by point mutations within the blay. gene. These find-
ings broaden our understanding of antibiotic resistance development in clinical settings
and hence will significantly benefit carbapenem-resistant Klebsiella pneumoniae (CRKP)
infection treatment.

MATERIALS AND METHODS

Strains, ethics, and susceptibility testing. Strains KPJCL-1 to KPJCL-5 were sequentially isolated
from a patient in the ICU. The study was approved by the ethics committee (20170301-3). MICs were determined
using broth microdilution (levofloxacin, tigecycline, colistin, and cefiderocol) or agar dilution (imipenem, merope-
nem, ceftazidime, moxalactam, and CAZ/AVI) according to Clinical and Laboratory Standards Institute (CLSI)
standards (22). The MICs of cefiderocol were tested in iron-depleted medium. MICs were interpreted using
CLSI breakpoints, where available. The FDA resistant breakpoint of =8 mg/L was applied for tigecycline.
Escherichia coli ATCC 25922 served as a quality control strain, and the mcr-1-positive strain E-FQ (23) served
as an extra quality control strain in colistin MIC tests.

Genomic characterization. We performed lllumina sequencing (lllumina, San Diego, CA) and long-read
sequencing (Oxford Nanopore, Oxford, UK) on the isolates. Sequencing data were hybrid assembled de novo
using Unicycler (version 0.4.8). Resistance genes and multilocus-sequence typing (MLST) were identified using the
CGE server (https://www.genomicepidemiology.org/services/). Gene annotation was performed with RAST
(http://rastnmpdr.org/rast.cgi). Single-nucleotide polymorphism (SNP) typing was performed using Snippy
(https://github.com/tseemann/snippy) with the default parameters, and strain KPJCL-2 was used as a reference
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(whole-genome sequencing data). The SNPs between isolates were calculated by Snp-dists, and the tree was illus-
trated and annotated using iTOL. Plasmid sequences were compared using the CGView server (http://cgview.ca/).

Transformation experiment. The bla,,c;; and bla,,., sequences with their putative promoters
were amplified (primers are listed in Table S1 in the supplemental material) and cloned into plasmid
pCR2.1 (Invitrogen, Carlsbad, CA, USA). K. pneumoniae ATCC 13883 was used for transformation.

Bacteria growth assay. Overnight cultures were diluted 1:100 in cation-adjusted Mueller-Hinton
broth (CAMHB) containing a gradient of antibiotic concentrations. Bacterial growth was detected in three repli-
cates using a Bioscreen C MBR machine (Oy Growth Curves Ab Ltd,, Finland). Optical density at 600 nm (ODg,)
values of the isolates were compared using a two-sided Mann-Whitney U test and are presented as the
medians (maximum to minimum values). A P value of <0.05 was considered a significant difference. The statistical
software used in this study was Prism5.

Growth competition experiments. Competition experiments were conducted as described in a previ-
ous study (24) in the presence of antibiotic concentrations of significant differences in growth (medium con-
taining ceftazidime [128 mg/L], meropenem [64 mg/L], and moxalactam [512 mg/L] in KPJCL-2 [single copy]
and KPJCL-4 [multicopy] growth competition assays and medium containing ceftazidime [512 mg/L] in KPJCL-
3 [blayec 55 harboring] and KPJCL-4 growth competition assays). Briefly, KPJCL-2, KPJCL-3, and KPJCL-4 strains
were grown overnight at 37°C and were adjusted to the same OD. The adjusted cultures of KPJCL-4 and
KPJCL-2 were mixed at a 1:1 or 1:10° ratio (KPJCL-4:KPJCL-2, by decreasing the inoculum of KPJCL-4) in 2 mL of
CAMHB or ceftazidime (128 mg/L), meropenem (64 mg/L), and moxalactam (512 mg/L) medium, respectively.
The adjusted cultures of KPJCL-3 and KPJCL-4 were mixed at a 1:1 ratio (KPJCL-3:KPJCL-4) in 2 mL of CAMHB or
ceftazidime (512 mg/L) medium. The mixed cultures were grown at 37°C for 24 h. The total number of isolates
was determined by plating aliquots onto nonselective plates. The numbers of KPJCL-3 and KPJCL-4 colonies
were calculated by plating aliquots onto plates containing 32/4 mg/L CAZ/AVI or 512 mg/L moxalactam,
respectively. Each ratio of mixed culture was performed in three independent experiments. Competitive
advantage was calculated as the competition index (Cl), where CI = (isolate A/isolate B),,,/(isolate A/isolate B),,.
The In (Cl) values were compared using a two-sided Mann-Whitney U test and are presented as the means =
standard deviation (SD).

Estimation of the mutation and amplification frequencies. Overnight KPJCL-2 and KPJCL-4 popu-
lations were harvested. The total number of populations was determined by plating serial dilutions on Mueller-
Hinton agar (MHA) plates. The bla,,., G532T mutants in the KPJCL-4 population were selected on plates con-
taining 32 mg/L/4 mg/L CAZ/AVI. The blay,., gene of colonies that grew on selective plates was amplified and
sequenced to confirm the presence of bla,,., G532T mutation. The bla,,-, multicopy strains in the KPJCL-2
population were selected through growth on plates containing 512 mg/L moxalactam and were confirmed by
quantitative PCR (primers are listed in Table S1). The frequencies were determined by dividing the median
number of mutants/multicopy strains by the average number of populations (25).

Experimental evolution assays. In KPJCL-2 evolution assays, clones of KPJCL-2 were passaged
(1:100) for 6 days in CAMHB or in CAMHB containing ceftazidime (128 mg/L), meropenem (64 mg/L), or
moxalactam (512 mg/L) medium or were passaged sequentially in medium containing the three antibiotics
each for 2 days. In the KPJCL-4 evolution assay, clones of KPJCL-4 were passaged (1:100) for 6 days in CAMHB
and ceftazidime (512 mg/L) medium. Before every transfer, the proportion of subgroups was calculated by
dividing the number of colonies growing on plates containing 512 mg/L moxalactam (KPJCL-2 evolution) or
32 mg/L/4 mg/L CAZ/AVI (KPJCL-4 evolution) by the number of total isolates. PCR and quantitative PCR (qPCR)
were used to confirm the subgroups.

qPCR. 2% method was used for relative quantitation of the bla,,. gene normalized to the plasmid repli-
cation protein gene (rep) or rep normalized to the pgi housekeeping gene (primers are listed in Table S1). The
mean C; value was calculated from three replicate reactions, and the AAC; value was calculated from three dif-
ferent DNA preparations. Data are presented as the means = SD.

Data availability. The sequencing data have been deposited in GenBank under the accession numbers
JAKJSA000000000, JAKJRZ000000000, JAKJRY000000000, JAKJRX000000000, and JAKJRW000000000.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.7 MB.

ACKNOWLEDGMENTS

The patient was recruited as part of an observational, prospective, multicenter study. We
thank all clinical laboratories and physicians in all participating hospitals for the collection of
the strains that facilitated this study. We thank Yan Chen at Sir Run Run Shaw Hospital for
providing advice on the experimental evolution assays and for participating in helpful
discussions.

This research was funded by grants from the National Natural Science Foundation of
China (81830069) to Y.Y. and Natural Science Foundation of Zhejiang Province
(LY21H190003) to X.D.

We declare no conflict of interest.

P.Z. wrote the manuscript. P.Z, HH., and Q.S. contributed equally to the data
management and analysis. X.D., Y.Y,, YJ, XH., and P.Z. designed the study and data

Month YYYY Volume XX Issue XX

Antimicrobial Agents and Chemotherapy

10.1128/aac.01279-22

8

Downloaded from https://journals.asm.org/journal/aac on 09 March 2023 by 147.188.251.12.


http://cgview.ca/
https://www.ncbi.nlm.nih.gov/nuccore/JAKJSA000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAKJRZ000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAKJRY000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAKJRX000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAKJRW000000000
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.01279-22

Resistance Evolution in the Clinic

Antimicrobial Agents and Chemotherapy

analysis protocols. X.W. and A.M. contributed to writing the manuscript. L.S. contributed
to the collection of specimens and data management. P.Z, HH., and Q.. were responsible
for the lab work with all isolates.

REFERENCES

1.

Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet D, Pulcini C,
Kahimeter G, Kluytmans J, Carmeli Y, Ouellette M, Outterson K, Patel J, Cavaleri
M, Cox E, Houchens C, Grayson M, Hansen P, Singh N, Theuretzbacher U,
Magrini N, WHO Pathogens Priority List Working Group. 2018. Discovery,
research, and development of new antibiotics: the WHO priority list of antibi-
otic-resistant bacteria and tuberculosis. Lancet Infect Dis 18:318-327. https://
doi.org/10.1016/51473-3099(17)30753-3.

. Doi Y. 2019. Treatment options for carbapenem-resistant Gram-negative bacte-

rial infections. Clin Infect Dis 69:5565-s575. https://doi.org/10.1093/cid/ciz830.

. Bassetti M, Echols R, Matsunaga Y, Ariyasu M, Doi Y, Ferrer R, Lodise TP,

Naas T, Niki Y, Paterson DL, Portsmouth S, Torre-Cisneros J, Toyoizumi K,
Wunderink RG, Nagata TD. 2021. Efficacy and safety of cefiderocol or best
available therapy for the treatment of serious infections caused by carbape-
nem-resistant Gram-negative bacteria (CREDIBLE-CR): a randomised, open-label,
multicentre, pathogen-focused, descriptive, phase 3 trial. Lancet Infect Dis 21:
226-240. https://doi.org/10.1016/51473-3099(20)30796-9.

. Wang Y, Wang J, Wang R, Cai Y. 2020. Resistance to ceftazidime-avibac-

tam and underlying mechanisms. J Glob Antimicrob Resist 22:18-27.
https://doi.org/10.1016/j.jgar.2019.12.009.

. Nelson K, Hemarajata P, Sun D, Rubio-Aparicio D, Tsivkovski R, Yang S, Sebra

R, Kasarskis A, Nguyen H, Hanson BM, Leopold S, Weinstock G, Lomovskaya
O, Humphries RM. 2017. Resistance to ceftazidime-avibactam is due to trans-
position of KPC in a porin-deficient strain of Klebsiella pneumoniae with
increased efflux activity. Antimicrob Agents Chemother 61:200989-17. https:/
doi.org/10.1128/AAC.00989-17.

. Zhang P, Shi Q, Hu H, Hong B, Wu X, Du X, Akova M, Yu Y. 2020. Emer-

gence of ceftazidime/avibactam resistance in carbapenem-resistant Klebsiella
pneumoniae in China. Clin Microbiol Infect 26:124.e1-124.e4. https://doi.org/
10.1016/j.cmi.2019.08.020.

. DiBella S, Giacobbe DR, Maraolo AE, Viaggi V, Luzzati R, Bassetti M, Luzzaro

F, Principe L. 2021. Resistance to ceftazidime/avibactam in infections and col-
onisations by KPC-producing Enterobacterales: a systematic review of obser-
vational clinical studies. J Glob Antimicrob Resist 25:268-281. https://doi.org/
10.1016/j.jgar.2021.04.001.

. Hobson CA, Cointe A, Jacquier H, Choudhury A, Magnan M, Courroux C,

Tenaillon O, Bonacorsi S, Birgy A. 2021. Cross-resistance to cefiderocol and cefta-
zidime-avibactam in KPC B-lactamase mutants and the inoculum effect. Clin
Microbiol Infect 27:1172.e7-1172.e10. https://doi.org/10.1016/j.cmi.2021.04.016.

. Karakonstantis S, Rousaki M, Kritsotakis El. 2022. Cefiderocol: systematic review

of mechanisms of resistance, heteroresistance and in vivo emergence of resist-
ance. Antibiotics (Basel) 11:723. https://doi.org/10.3390/antibiotics11060723.

. Sandegren L, Andersson D. 2009. Bacterial gene amplification: implica-

tions for the evolution of antibiotic resistance. Nat Rev Microbiol 7:578-588.
https://doi.org/10.1038/nrmicro2174.

. Gottig S, Frank D, Mungo E, Nolte A, Hogardt M, Besier S, Wichelhaus TA.

2019. Emergence of ceftazidime/avibactam resistance in KPC-3-produc-
ing Klebsiella pneumoniae in vivo. ) Antimicrob Chemother 74:3211-3216.
https://doi.org/10.1093/jac/dkz330.

. Reams AB, Kofoid E, Savageau M, Roth JR. 2010. Duplication frequency in

a population of Salmonella enterica rapidly approaches steady state with or
without recombination. Genetics 184:1077-1094. https://doi.org/10.1534/
genetics.109.111963.

Month YYYY Volume XX Issue XX

20.

21.

22.

23.

24.

25.

. Abdulkarim F, Hughes D. 1996. Homologous recombination between the

tuf genes of Salmonella typhimurium. J Mol Biol 260:506-522. https://doi
.0rg/10.1006/jmbi.1996.0418.

. Barnes MD, Winkler ML, Taracila MA, Page MG, Desarbre E, Kreiswirth BN,

Shields RK, Nguyen MH, Clancy C, Spellberg B, Papp-Wallace KM, Bonomo
RA. 2017. Klebsiella pneumoniae carbapenemase-2 (KPC-2), substitutions
at Ambler position Asp179, and resistance to ceftazidime-avibactam:
unique antibiotic-resistant phenotypes emerge from B-lactamase protein
engineering. mBio 8:e00528-17. https://doi.org/10.1128/mBi0.00528-17.

. Bianco G, Boattini M, lannaccone M, Cavallo R, Costa C. 2020. Bloodstream

infection by two subpopulations of Klebsiella pneumoniae ST1685 carrying
KPC-33 or KPC-14 following ceftazidime/avibactam treatment: considerations
regarding acquired heteroresistance and choice of carbapenemase detection
assay. J Antimicrob Chemother 75:3075-3076. https://doi.org/10.1093/jac/
dkaa283.

. Oueslati S, lorga B, Tlili L, Exilie C, Zavala A, Dortet L, Jousset AB, Bernabeu

S, Bonnin RA, Naas T. 2019. Unravelling ceftazidime/avibactam resistance
of KPC-28, a KPC-2 variant lacking carbapenemase activity. J Antimicrob
Chemother 74:2239-2246. https://doi.org/10.1093/jac/dkz209.

. Levitt PS, Papp-Wallace KM, Taracila MA, Hujer AM, Winkler ML, Smith KM,

Xu'Y, Harris ME, Bonomo RA. 2012. Exploring the role of a conserved class A resi-
due in the Q-loop of KPC-2 B-lactamase: a mechanism for ceftazidime hydroly-
sis. J Biol Chem 287:31783-31793. https://doi.org/10.1074/jbc.M112.348540.

. Hobson CA, Bonacorsi S, Jacquier H, Choudhury A, Magnan M, Cointe A,

Bercot B, Tenaillon O, Birgy A. 2020. KPC B-lactamases are permissive to
insertions and deletions conferring substrate spectrum modifications and
resistance to ceftazidime-avibactam. Antimicrob Agents Chemother 64:
€01175-20. https://doi.org/10.1128/AAC.01175-20.

. Kemmerich B, Warns H, Lode H, Borner K, Koeppe P, Knothe H. 1983. Multiple-

dose pharmacokinetics of ceftazidime and its influence on fecal flora. Antimi-
crob Agents Chemother 24:333-338. https://doi.org/10.1128/AAC.24.3.333.
Novelli A, Adembri C, Livi P, Fallani S, Mazzei T, De Gaudio AR. 2005.
Pharmacokinetic evaluation of meropenem and imipenem in critically
ill patients with sepsis. Clin Pharmacokinet 44:539-549. https://doi.org/10
.2165/00003088-200544050-00007.

Srinivasan S, Fu KP, Neu HC. 1981. Pharmacokinetics of moxalactam and
cefazolin compared in normal volunteers. Antimicrob Agents Chemother
19:302-305. https://doi.org/10.1128/AAC.19.2.302.

Wayne P. 2020. Performance standards for antimicrobial susceptibility testing,
30th ed. CLSI Supplement M100. Clinical and Laboratory Standards Institute,
Wayne, PA.

Wang Q, Zhang P, Zhao D, Jiang Y, Zhao F, Wang Y, Li X, Du X, Yu Y. 2018.
Emergence of tigecycline resistance in Escherichia coli co-producing MCR-
1 and NDM-5 during tigecycline salvage treatment. Infect Drug Resist 11:
2241-2248. https://doi.org/10.2147/IDR.S179618.

Durhan E, Korcan SE, Altindis M, Konuk M. 2017. Fitness and competitive
growth comparison of methicillin resistant and methicillin susceptible Staphy-
lococcus aureus colonies. Microb Pathog 106:69-75. https://doi.org/10.1016/j
.micpath.2016.06.009.

Zhou H, Zhang L, Xu Q, Zhang L, Yu Y, Hua X. 2020. The mismatch repair
system (mutS and mutl) in Acinetobacter baylyi ADP1. BMC Microbiol 20:40.
https://doi.org/10.1186/512866-020-01729-3.

10.1128/aac.01279-22 9

Downloaded from https://journals.asm.org/journal/aac on 09 March 2023 by 147.188.251.12.


https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.1093/cid/ciz830
https://doi.org/10.1016/S1473-3099(20)30796-9
https://doi.org/10.1016/j.jgar.2019.12.009
https://doi.org/10.1128/AAC.00989-17
https://doi.org/10.1128/AAC.00989-17
https://doi.org/10.1016/j.cmi.2019.08.020
https://doi.org/10.1016/j.cmi.2019.08.020
https://doi.org/10.1016/j.jgar.2021.04.001
https://doi.org/10.1016/j.jgar.2021.04.001
https://doi.org/10.1016/j.cmi.2021.04.016
https://doi.org/10.3390/antibiotics11060723
https://doi.org/10.1038/nrmicro2174
https://doi.org/10.1093/jac/dkz330
https://doi.org/10.1534/genetics.109.111963
https://doi.org/10.1534/genetics.109.111963
https://doi.org/10.1006/jmbi.1996.0418
https://doi.org/10.1006/jmbi.1996.0418
https://doi.org/10.1128/mBio.00528-17
https://doi.org/10.1093/jac/dkaa283
https://doi.org/10.1093/jac/dkaa283
https://doi.org/10.1093/jac/dkz209
https://doi.org/10.1074/jbc.M112.348540
https://doi.org/10.1128/AAC.01175-20
https://doi.org/10.1128/AAC.24.3.333
https://doi.org/10.2165/00003088-200544050-00007
https://doi.org/10.2165/00003088-200544050-00007
https://doi.org/10.1128/AAC.19.2.302
https://doi.org/10.2147/IDR.S179618
https://doi.org/10.1016/j.micpath.2016.06.009
https://doi.org/10.1016/j.micpath.2016.06.009
https://doi.org/10.1186/s12866-020-01729-3
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.01279-22

	RESULTS
	Patient and isolates.
	Phenotypic and genotypic characteristics of the KPC-Kp isolates.
	Growth and competition between blaKPC-2 single- and multicopy strains.
	Growth and competition between blaKPC-2 multicopy and blaKPC-33 strains.
	Experimental evolution of KPJCL-2 under ceftazidime, meropenem, and moxalactam pressure.
	An elevated blaKPC-2 copy number contributes to low-level CAZ/AVI resistance.
	Experimental evolution of KPJCL-4 under ceftazidime pressure.
	The blaKPC-2 mutation contributes to high-level CAZ/AVI and CFDC resistance.

	DISCUSSION
	MATERIALS AND METHODS
	Strains, ethics, and susceptibility testing.
	Genomic characterization.
	Transformation experiment.
	Bacteria growth assay.
	Growth competition experiments.
	Estimation of the mutation and amplification frequencies.
	Experimental evolution assays.
	qPCR.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

