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Abstract

Background Carbapenem-resistant Klebsiella pneumoniae (CRKP) poses a significant threat to immunocompromised
populations, including lung transplant recipients. This study investigates mixed CRKP strains carrying either blaypc_,
or blaypc_s5 following ceftazidime-avibactam (CAZ/AVI) exposure, particularly in the context of lung transplantation.
Mixed CRKP strains with shifting resistance phenotypes were frequently identified in patients exposed to CAZ/AVI. We
aimed to elucidate the transitional state of blaypc variants by selecting CAZ/AVI-sensitive and -resistant CRKP strains
from a lung transplantation patient.

Methods The bla,p-variant-carrying CRKP strains were collected from lung transplant recipients exposed to CAZ/AVI
in less than two years. Antibiotic susceptibility testing (AST) was conducted using microbroth dilution, and whole-
genome sequencing (WGS) was used to identify genotypes and resistance mechanisms. Limiting dilution, drop-plate,
and in vitro induction experiments determined blayp-variant changes during CAZ/AVI administration. gPCR primers/
probes were designed to identify blayp_, mutations.

Results Among 104 lung transplant recipients infected by blayp-harboring CRKP strains and receiving CAZ/AV],
10 (9.6%) experienced changing resistance phenotypes. The limiting dilution method found that Patient 10's CRKP
strains carried either blaypc_, or blaypc_35. The drop-plate experiment showed differing growth patterns on CAZ/AVI
mediums. The in vitro induction experiment demonstrated shifting from blaypc_ to blaypc_3s.

Conclusions The study identified a “transitional state” of the mixed CRKP strains carrying either blayp_, or blagpc_33 in
CAZ/AVI-exposed patients. Molecular diagnostics are crucial for identifying mixed strains and the transitional state of
blayp variants, guiding treatment decisions in this complex landscape.
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Introduction

The incidence and impact of carbapenem-resistant Kleb-
siella pneumoniae (CRKP) infections represent a sig-
nificant concern in clinical settings, particularly among
immunocompromised populations, e.g., lung transplant
recipients [1]. CRKP represented the challenge posed by
multidrug-resistant organisms, with its ability to evade
standard antimicrobial therapies and facilitate outbreaks
in healthcare environments. The vulnerability of lung
transplant recipients to such infections underscores the
urgent need for advanced diagnostic methodologies,
effective antimicrobial stewardship, and innovative thera-
peutic strategies.

K. pneumoniae carbapenemase (KPC)-2 and-3 were
predominant among CRKP strains worldwide [2]. Lon-
gitudinal data from a comprehensive study conducted
between 2012 and 2016 revealed that blayp._, is most
prevalent among CRKP in China, comprising 76.5%
(919/1201) of cases [3]. The novel B-lactam/B-lactamase
inhibitor combination, ceftazidime-avibactam (CAZ/
AVI), received approval from the FDA in February 2015
and has been available in Chinese market since May 21,
2019 [4]. Avibactam can inhibit a broad spectrum of
B-lactamases, including class A (KPC), class C (AmpC),
and class D (OXA-48-like), and restore the efficacy of
ceftazidime against resistant bacterial strains [5].

Following its market entry, CAZ/AVI has been advo-
cated as the primary therapeutic agent against blaypc-
producing K. pneumoniae in China [6]. Nevertheless,
an increase in resistance post-administration has been
observed, with resistant blaypc variants emerging [7].
Recent studies have identified various mechanisms of
CRKP resistance to CAZ/AV], including mutations from
blaypc_o to blaypc_ss, alterations in porins, impacts from
efflux pumps, and changes in plasmid copy numbers
carrying the blayp- gene [8-10]. The previous stud-
ies documented an in vivo evolution event leading to
the emergence of blaypc_33, characterized by a ‘Q-loop’
D179Y substitution, which conferred resistance to CAZ/
AVI while preserving susceptibility to other carbapenems
[9, 11]. In summary, KPC-33 is sensitive to carbapenems
but resistant to CAZ/AVI, whereas KPC-2 is resistant
to carbapenems but sensitive to CAZ/AVI. Therefore,
the ratio of the strains containing different blayp- genes
determines the overall antibiotic resistance phenotype
of the mixed bacterial population, which plays a crucial
role in the treatment of CRKP. This phenomenon empha-
sizes the need for continuous surveillance to detect shifts
in resistance patterns and understand the ecological and
evolutionary dynamics of CRKP within clinical settings

[12]. In this study, we focus on the shifting blayp vari-
ants during CAZ/AVI administration due to the signifi-
cant clinical challenges posed by blayp_,-carrying CRKP
in China and the efficacy of CAZ/AVI against these
strains.

This study aims to explore the underlying mechanisms
of CAZ/AVI resistance development in CRKP strains
through the longitudinal analysis of isolates from a lung
transplant recipient. In the current study, a mixed strain
is defined as two different K. pneumoniae strain clones
isolated from a single sample, with the co-existence of
blaypc_o-carrying strains and blaype_ss-carrying strains.
Furthermore, we selected a series of CAZ/AVI-sensitive
and -resistant CRKP strains consecutively isolated from a
lung transplantation patient, because they by coincidence
had the following features: (1) The CAZ/AVI resistance
of blaypc_,-carrying CRKP strains was developed after
CAZ/AVI exposure, and mediated via the emergence of
blaypc_s3. (2) The dynamic changing of CAZ/AVI and
carbapenem resistance phenotypes in the CRKP strains
was identified due to the co-existence of mixed strains of
CRKP carrying either blaypc_, or blaypc_s3, respectively,
and changing of the ratio of two genes during the treat-
ment process, which we named as “transitional state” of
blaypc variants. The study will shed light on the poten-
tial in-host shifting mechanism between blaypc_, and

blaypc_s3-

Materials and methods

Strain collection and antibiotic sensitivity testing (AST)
The investigation into the prevalence of co-existing
blaypc variants within clinical samples involved the col-
lection of CRKP strains carrying different blaypc-vari-
ants, transiting from blagpc_, to blaypc_ss from lung
transplantation patients subjected to CAZ/AVI treat-
ment between Sep 2021 and Apr 2023. Demographic
variables, including gender, age, and antibiotic adminis-
tration history, were retrospectively extracted from med-
ical reports.

K. pneumoniae strains were identified by Matrix-
assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS, Bruker Daltonics, Ger-
many). AST was performed using the Vitek-2 system
with N335 susceptibility cards for meropenem, ceftazi-
dime, aztreonam, and imipenem. MICs of CAZ/AVI
were determined using the microdilution broth method
(bio-KONT, Ltd. China), with interpretation based on
CLSI-recommended [13]. The presence of blayp- was
verified using the GeneXpert system, and positive cases
underwent blayp- genotyping through polymerase chain
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reaction (PCR) and Sanger sequencing with specific
primers: F-CGGTGGTGGGCCAATAGATG and R-TCG
TCAACCAGACCCGTTTT.

Whole-genome sequencing (WGS) and bioinformatics
analysis

Genomic DNA extraction from strains with shifting
blaypc variants was performed using the QIAamp DNA
mini kit from Qiagen. Whole-genome sequences were
obtained through Illumina NovaSeq PE150 and nanopore
sequencing on MinlON flow cells. Filtering removed
low-quality sequences and adaptors. The online CGE
tool (https://cge.cbs.dtu.dk) was employed for multilocus
sequence typing (MLST) analysis and identification of
acquired antimicrobial resistance genes, while BLASTn
against the NCBI database was used for homologous
comparisons.

Gene prediction was performed using Prokka 1.13.
Antimicrobial resistance genes, MLST, and species iden-
tification were analyzed using Kleborate v2.0.4. Further-
more, Snippy 3.2-dev, Gubbins v2.4.1, SNP-sites v2.5.1,
RAxMLv8.2.12, and iTOL v5.6 were employed for phylo-
genetic analysis for high-quality SNPs, filtering recombi-
nation events, core polymorphic sites, creating a RAXML
tree under the GTR-GAMMA model, and visualization,
respectively.

Pulsed-field gel electrophoresis (PFGE) analysis

PFGE was conducted to evaluate the clonal relationships
among K. pmneumoniae strains from Patient 10. Total
DNA preparation and PFGE followed established proto-
cols [14]. Strains with a genetic similarity of >285% or <4
fragment differences in PFGE profiles were classified as
the same clone.

Limiting dilution method

The limiting dilution method was used to isolate indi-
vidual clones of CRKP, each carrying either blayp_, or
blaypc_s3, as illustrated in Fig. 2.

Briefly, the solution of KP40034-mix strains was pre-
pared to a concentration of 0.5 McFarland, and 110 pl
were transferred into the well Al of a 96-well plate.
Simultaneously, except for Al, other 95 wells were added
with 100 pl of LB broth. Afterward, 10 pl of KP40034-mix
solution was transferred from the preceding well into
100 pl of broth in the subsequent well by using a pipette,
from well Al to well H1, respectively, ensuring thorough
mixing. Then, 10 pl solution was transferred from the
first column (A1-H1) was transferred into the adjacent
column (A2-H2) using an 8-channel pipette. Repeat this
process until the last column (A12-H12) was reached,
with thorough mixing at each step. After an overnight
incubation at 37 °C, ODg, absorbance was measured to
confirm bacterial growth. Wells showing growth would
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undergo genomic DNA extraction and Sanger sequenc-
ing of the blaypc gene to validate monoclonality. Mono-
clonal strains carrying blayp- were then sub-cultured on
LB agar medium for further analysis.

Drop-plate experiment

To validate the co-existence of mixed strains carrying
either blaypc-_, or blaypc_s3, we designed a drop-plate
experiment, adapted from the agar dilution method but
with slight modifications [15]. In brief, five CRKP strains,
isolated from Patient 10 using the above limiting dilution
method, were selected for further analysis, including one
blaypc_,-harboring strain, two blaypc_s5-harboring ones,
and two mixed strains. The McFarland turbidity of each
strain was adjusted to 0.5 with 0.45% saline, and serial
10-fold dilutions were prepared for theoretical concen-
trations ranging from 1~1.5x10% to 10* CFU/ml. A 4-pl
fully mixed bacterial suspension was spotted onto desig-
nated points on six LB agar medium plates supplemented
with different CAZ/AVI levels, as depicted in Fig. 3A.
After storage at room temperature for 30 min, the plates
were incubated at 37°C overnight to observe bacterial
droplet growth.

Following CAZ/AVI breakpoints for a dosage regi-
men of 2.5 g every 8 h (4:1) administered over 2 h,
MICs<8/4 mg/L and =16/4 mg/L were defined as sus-
ceptible and resistant, respectively [16]. Additionally, we
calculated the AUC (0-t) values of ceftazidime and avi-
bactam as 289.0 and 42.1 pg-h/mL, respectively, by using
the pharmacokinetic formula [17]. The average therapeu-
tic concentrations of ceftazidime and avibactam were 36
and 5 pg/mL, respectively, with a ratio of 7.2 to 1. There-
fore, we set the CAZ/AVI levels in LB plates to reflect the
actual treatment scenario of samples isolated from the
respiratory tract: 0, 8/4, 16/4, 32/4, 48/4, and 72/4 mg/L,
respectively.

Growth assay and in vitro induction experiment
To emulate the in vivo phenotypic transition from CAZ/
AVI-sensitive to resistant states via the mutation of
blaypc_y to blaypc_s; under antimicrobial pressure, an
in vitro CAZ/AVI induction resistance experiment was
conducted over four days, by using strains KP40034-2 S
(solely harboring blayp_, and sensitive to CAZ/AVI) and
KP40034-mix (containing both blayp_,-carrying strains
and blaypc_s5-carrying strains), as illustrated in Fig. 4A.
The KP40034-2 S and KP40034-mix strains were
incubated overnight at 37 °C in 5 mL LB broth. Subse-
quently, a 50-uL aliquot from each culture, adjusted to
0.5 McFarland turbidity, was transferred into another
tube containing 5 mL fresh LB broth with varying CAZ/
AVI concentrations. CAZ/AVI levels and ratios were set
at 36/4 mg/L, 48/4 mg/L, 60/4 mg/L, and 72/4 mg/L,
respectively, in accordance with a previous study [17].
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The experiment was conducted over 4 days. On the
first day, the tubes were inoculated with KP40034-mix
and KP40034-2 S cultures. For the following three days,
50 uL of the culture from the previous day was utilized to
inoculate the freshly prepared LB broth containing CAZ/
AVI at different concentrations [18].

After that, a 20-pL aliquot was pipetted for qPCR
to ascertain if there was the co-existence of blaypc_,
to blaypc_ss. A 100-uL aliquot, adjusted to 0.5 McFar-
land turbidity, underwent a 10’-fold dilution on LB
agar medium. Single colonies were selected after over-
night culture for Sanger sequencing to detect the 532nd
position mutation of the blayp-_, gene. Additionally,
MIC results of CAZ/AVI for the induced strains were
determined.

Real-time quantitative PCR (RT-qPCR) probe for blaypc_,
and blaypc_33

To detect the co-existence of blaypc_, and blaypc_ 55 in
mixed strains, we developed two qPCR probes target-
ing the 532nd bp position of the blaypc_, gene. Relative
quantification was performed using the 272¢* method,
as previously described [19]. Sequences of blayp._, and
blaypc_s; genes from K. pneumoniae were obtained
from GenBank (CP133867.1 and NG_056170.1). Primer
Express software was utilized to design Allele-Refraction
Mutation System Polymerase Chain Reaction (ARMS-
PCR) primers and consensus probes, which included
a mismatch at position —3 from the 3’ end to enhance
specificity. Locked nucleic acid (LNA) was incorporated,
and ARMS-PCR primers had a higher Tm than the for-
ward primers (Supplemental Table 1; LNA denoted by
+N). PCR amplification was carried out in two self-con-
tained 25 pL reactions (tube A for blayp_, and tube B for
blaypc_s3) with ANTPs, buffer, MgCl,, Reverse consensus
primer, Tagman consensus probe, and Taqg DNA poly-
merase. Thermal conditions included 1 cycle at 95 °C for
5 min, followed by 50 cycles at 95 °C for 15 s and 60 °C
for 35 s (fluorescence collection).

The probes effectively detected targeted genes in mixed
strains, even after a 10°-fold dilution from the 0.5 McFar-
land turbidity level, ensuring separate detection of both
blaypc_, and blagpc_55 genes, even at a ratio as high as
10°to 1.

Results

Clinical features of patients receiving the treatment with
CAZ/AVI

A total of 104 lung transplantation recipients were
enrolled in the present study, who were infected by
blaypc-harboring CRKP and subjected to CAZ/AVI
treatment. In them, CRKP strains isolated from 10
patients (9.6%) exhibited continually changing resistance
phenotypes against CAZ/AVI and carbapenems due to
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recurrent shifting of blayp- variants between blaypc_,
and blaypc_ss.

The antibiotic administration of these 10 patients, their
demographic characteristics, and the molecular features
of 10 CRKP strains, were shown in Fig. 1A/C. Briefly,
they were aged from 48 to 85 years, with a median age
of 66 years, with 80% being male (8/10). By comparison,
the median age of all 104 lung transplantation patients
was 62 years, with 81% being male (84/104). Following
CAZ/AVI administration at the recommended dosage
for a median of 9 days (range: 3 to 33 days), the daughter
strains changed from CAZ/AVI-sensitive to -resistant.
Subsequent treatment with meropenem or imipenem led
to a reversal of CAZ/AVI sensitivity.

WGS of CRKP strains and analysis

The first non-blaypc_, strain isolated from each of the
10 patients was selected for WGS, marked with purple
circles in Fig. 1A. WGS analysis revealed these strains
possessed distinct genetic backgrounds, exhibited no
homology, and harbored diverse antibiotic resistance
genes, as illustrated in Fig. 1C.

Emergence of the mix strains carrying blayp_, and
blaypc_33 in Patient 10

Patient 10, a 66-year-old male lung transplant recipient,
was selected for further investigation due to distinctive
characteristics outlined in the introduction. Six K. pneu-
moniae strains (KP39926, KP40034, KP40118, KP40264,
KP40454, KP40726) were consecutively isolated from
Patient 10, with five originating from bronchoalveo-
lar lavage fluid (BALF). The timeline of strain isolation
and the patient’s antibiotic usage history are depicted in
Fig. 1B.

These strains underwent changes in resistance geno-
types against CAZ/AVI and carbapenems. AST results
indicated they were resistant to most antibiotics except
for tigecycline. The new combination of antibiotics, e.g.,

imipenem/relebactam, meropenem/taniborbactam,
cefepime/taniborbactam, meropenem/vaborbactam,
cefepime/zidebactam, and meropenem/nacubactam,

showed sensitivity to the K. pneumoniae strains from
Patient 10 (Fig. 1C; Table 1). The strains KP40034,
KP40264, and KP40454 exhibited resistance to CAZ/AVI
and harbored blap genes, as confirmed by the GeneX-
pert system.

PFGE and the phylogenetic tree revealed identical
bands among all six CRKP strains, indicative of genetic
similarity. WGS identified them as ST15 with an IncFII
plasmid, signifying close genetic relatedness and shar-
ing common ancestry. WGS and AST demonstrated
persistent changes in blayp variants and resistance phe-
notypes to CAZ/AVI and carbapenems.
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Fig. 1 Strain isolation and antibiotic administration. (A) Clinical data for 10 patients in chronological order. O: First non-blaypc_,-carrying CRKP strains for
further analysis. (B) Medical history and antibiotic stewardship of Patient 10 and the corresponding strains. (C) Phylogenetic tree and heat map of de-
mographic data of 10 patients, and the molecular characteristics and B-lactamase genes of their corresponding CRKP strains. Notes: CRKP: Carbapenem-

resistant Klebsiella pneumoniae

Notably, strain KP40034, resistant to both CAZ/AVI
and carbapenems, exhibited tiny colonies within the
inhibition zone during disc diffusion and E-tests. Fur-
ther Sanger sequencing of its blayp genes revealed there
were double peaks at the 532nd position of the blaypc_,
gene (Fig. 1), indicating the co-existence of A and C
bases, representing mixed blaypc_, and blaypc_s3 genes.
Thus, KP40034 represents mixed CRKP strains produc-
ing either blaypc_y or blaypc_ss.

Limiting dilution method to isolate bla,p-carrying
monoclonal

To isolate monoclonal strains carrying either blaypc_,
or blaypc_ 33 from the mixed strains KP40034, the limit-
ing dilution method was employed (Fig. 1). Subsequently,
the obtained single-clone strains, namely KP40034-
2R (blaypc_o-harboring and resistant to CAZ/AVI),
KP40034-2S (blaypc_o-harboring and sensitive to CAZ/
AVI), KP40034-33 (blaypc_s3-harboring and resistant to
CAZ/AVI), and KP40034-N (harboring no blayp- genes

and sensitive to CAZ/AVI), underwent sub-culturing,
AST experiments, and Sanger sequencing. Despite
exhibiting identical morphology, these strains displayed
divergent AST results for carbapenem and CAZ/AVI,
indicating the presence of either blaypc-_, or blaypc_ss.
Besides, these strains can be identified by sequencing.
The mixed features of KP40034, representing a “transi-
tional state of blaypc_y or blaypc_ss” could elucidate its
resistance to both carbapenem and CAZ/AVIL

Drop-plate experiment

In a drop-plate experiment, the five CRKP strains were
subcultured on LB agar medium supplemented with
various CAZ/AVI concentrations, as depicted in Fig. 1B.
blaypc_,-harboring strains grew well on CAZ/AVI-free
medium but were rarely seen on CAZ/AVI-supple-
mented media. Conversely, blaypc_s3-harboring strains
and mixed strains grew well on LB agar supplemented
with CAZ/AVI, with distinctive colony appearances. The
blaypc_s3-harboring strain maintained a round colony,
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indicative of a homogeneous clone with a consistent MIC
for CAZ/AVIL In contrast, the mixed strains exhibited
a spot-like morphology, suggesting partial susceptibil-
ity, observed only after dilution to >1:100. Additionally,
the MIC for CAZ/AVI of mixed strains was lower than
that of blaypc_s3-harboring strains. The KPC-33 group
showed spots after 10* dilutions, while the KPC-mix
group showed spots from the original concentration.
After the spot morphology could be seen on LB agar, we

further conducted serial 10-fold dilution 2—-3 times, and
no growth was observed.

In vitro induction experiment

In vitro induction experiments were conducted to inves-
tigate the impact of CAZ/AVI concentration on the
co-existence of blayp variants. Starting from the anti-
biotic treatment dose recommended for lung trans-
plant patients infected with CRKP strains (36/5 mg/L),
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we incrementally elevated the antibiotic concentration
until complete bacterial inhibition was achieved. This
approach allowed us to explore the dynamic changes in
blaypc variants as the blood CAZ/AVI concentration
increased.

As illustrated in Fig. 1B, the results revealed that,
at lower CAZ/AVI concentration (SMIC of mixed
strains), the number of blayp_s5-variant-carrying strains
increased over time, signifying a gradual shift from
blaypc_y to blaypc_s5 during CAZ/AVI exposure. Mis-
classification of mixed strains, containing a small number
of blaypc_ss-carrying strains, as susceptible could lead
to antibiotic treatment failure. Conversely, with increas-
ing CAZ/AVI concentration, blayp_,-harboring strains
were gradually eliminated. When the CAZ/AVI concen-
tration exceeded the MIC of mixed strains, the antibiot-
ics inhibited both blayp_, and blaypc_s4-carrying strains
simultaneously, leading to a decrease in ODg, absor-
bance in the bacterial culture solution. However, such a
high concentration is difficult to achieve in vivo. The AST
results revealed that the MIC of the strains to CAZ/AVI
increased as the induction time extended and the CAZ/
AVl levels increased.

Discussion

Enterobacteriaceae, and in particular carbapenem-resis-
tant Enterobacteriaceae (CRE), have become increas-
ingly common causes of infections in immunosuppressed
populations, e.g., lung transplant recipients [20]. In
them, the lung allograft serves as a direct interface with
the external environment, contributing to the height-
ened vulnerability of recipients to microbial invasions.
Besides, the emergence and spread of CRKP are concern-
ing, highlighting the urgent need for new antimicrobial
agents [21]. The blayp-harboring CRKP can be treated
with CAZ/AVI], a combination antibacterial agent with
the fixed ceftazidime: avibactam ratio of 4:1. In our study,
we identified the development of the co-existence of
blaypc_o-carrying strains and blaypc_ss-carrying strains,
and their ratio might explain the shift in the antibiotic
resistance phenotype of CRKP after exposure to CAZ/
AVIL Considering blaypc_, was the dominant carbapen-
emase gene in China, many alerts should be raised of the
phenomenon of such mixed strains [3].

Our study, including 104 lung transplant patients
with blaypc-harboring CRKP strains, revealed a note-
worthy 9.6% experiencing dynamic resistance pheno-
types against CAZ/AVI and carbapenems. Notably, the
rapid transition from CAZ/AVI sensitivity to resistance
occurred within a median of 9 days post-administration,
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a timeframe notably shorter than previously documented
durations, namely, 10-19 days [9, 22, 23]. These findings
carry profound implications for the clinical management
of CRKP infections in lung transplant recipients.

The always-changing CAZ/AVI phenotype due to
blaypc mutation might lead to treatment failure and
attract more concerns [7]. Studies showed that the
aspartic acid at position 179 of the Q loop in the resis-
tant blayp_,-carrying CRKP strain was often replaced
with tyrosine, which caused a mutation of blaypc_, to
blaypc_s3 [24]. The Q loop, located at residues 164—-179
in class A B-lactamases, is stabilized by salt bridges at
Arg-164 and Asp-179. A substitution at residue 179
makes the enzyme bind ceftazidime more easily, increas-
ing its hydrolysis rate. This change reduces avibactam’s
ability to inhibit the enzyme but restores susceptibility to
carbapenems [25-28].

In the study, Patient 10 was treated alternately with
CAZ/AVI and meropenem, or both, and 6 strains car-
rying the blaypc_y, blaypc_ss or both, were isolated,
and they shared significant homology. Furthermore, in
vitro experiment, we noticed the colonies of the strains
carrying different blayp- variants presented different

appearances on the MH plate supplemented with CAZ/
AVI at different levels. Sanger sequencing saw double
peaks at the positive of 532nd bp of blaypc, showing the
KP40034 strain consists of multiple clones, rather than
a single colony, with identical morphology but differ-
ent blayp variants. This explained why it showed resis-
tance to both carbapenems and CAZ/AVI. The mixed
strains could be further separated into multiple strains
by the limiting dilution method. In previous studies,
it was reported that blaypc_, changed to blaypc_s3, and
after using meropenem, the blayp_, reemerged too [24,
29]. Herein, we first documented the existence of mixed
strains carrying different blayp variants, as corned here
as “transitional state’, a state between CAZ/AVI resis-
tance and sensitivity, or “mixed strains”.

In this study, two methods were newly designed or
modified. To confirm the co-existence of mix strains,
each strain carrying blaypc_, or blaypc_ss, sensitive and
resistant to CAZ/AV], respectively, we designed a drop-
plate experiment, adapted from the agar dilution method.
The drop plate experiment is based on the concept of
diluting a bacterial solution to a predetermined concen-
tration and then dropping it onto an LB agar medium
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containing CAZ/AVL. If the bacteria in the solution are
single clones, they will be incapable of multiplying when
the antibiotic concentration exceeds the MIC of specific
CRKP strains to apply CAZ/AVI. As shown in Fig. 1B,
the blaypc_s3-harboring strain grew into a round colony.
However, the mixed strain showed spot-like morphol-
ogy due to the inhibition of blayp._, strain by CAZ/AVI
in LB agar. Even though mixed strain shows two slightly
different colony morphology, whether those strains are
blaypc_o- or blaypc_s5-carrying strains can only be identi-
fied using sequencing.

Besides, our study underscores the need for enhanced
molecular diagnostics, such as the qPCR probes designed
to detect specific mutations, to overcome the limitations
of AST in identifying the mixed strains. To address this
issue, we designed two qPCR probes to detect the muta-
tions of blaypc-_, gene at the position of 532nd bp, but
unable to identify other blay, variants sharing the muta-
tions at the above position with blaypc_ 3, though this
rarely occurs clinically.

In the in vitro induction experiment, lower levels of
CAZ/AVI induced a transformation of blaypc_, strains
into mixed strains carrying blaypc_s3, showing CAZ/AVI
resistance and resulting in clinical treatment failure. Con-
versely, higher concentrations of CAZ/AVI could elimi-
nate mixed strains that harbor both blayp_,-carrying
strains and blaypc_ss-carrying strains. However, con-
sidering the permeability of ceftazidime from plasma to
alveolar epithelial lining fluid cells reported in a previ-
ous study as 20.61+8.9% [30], achieving such elevated
concentrations in humans poses a challenge, thereby
leading to clinical treatment dilemmas. Innovative antibi-
otic combinations, such as meropenem/vaborbactam or
imipenem/relebactam, may offer promising solutions to
address this issue.

In conclusion, our study sheds light on the shifting
resistance patterns of CRKP receiving CAZ/AVI treat-
ment. The blaypc_g3-harboring CRKP was sensitive to
carbapenems but often co-existed with the blaypc_,-
containing strains, thus often leading to meropenem/imi-
penem treatment failure. The rapid transition between
resistance phenotypes, coupled with the emergence of
mixed strains carrying different blayp variants, necessi-
tates a paradigm shift in our approach to diagnosing and
treating CRKP infections. This transitional state under-
scores the complexity of CRKP infections in those receiv-
ing CAZ/AVI. Besides, our study underscores the need
for enhanced molecular diagnostics, such as the qPCR
probes designed to detect specific mutations, to over-
come the limitations of AST in identifying mixed strains.
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