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Purpose: The aim of this study was to understand the resistance mechanism of ceftazidime/avibactam (CZA) in carbapenem-resistant 
Klebsiella pneumoniae under antibiotic selection pressure.
Patients and Methods: Four CZA-resistant Klebsiella pneumoniae strains were isolated from two patients, and six CZA-resistant 
strains that were produced in vitro were screened from 25 carbapenem-resistant Klebsiella pneumoniae strains. The mechanisms of 
resistance to CZA of these strains were characterized by PCR and Sanger sequencing.
Results: CZA-resistant Klebsiella pneumoniae with different resistance mechanisms (including upregulation of the expression of 
efflux pumps and KPC variants (KPC-14, KPC-44)) were isolated from the same patient (patient 1). In patient 2, the resistance 
mechanism of CZA-resistant Klebsiella pneumoniae was the mutation of KPC-2 to KPC-33. In addition, among the CZA-resistant 
Klebsiella pneumoniae that were produced in vitro, we found 3 new KPC variants: KPC-86 (D179G), KPC-87 (GT241A) and KPC-88 
(G523T).
Conclusion: In this study, although the CZA-resistant bacteria originated from only two clinical patients, four different mechanisms 
of CZA resistance were detected. In the in vitro induction experiment, the mechanisms of resistance to CZA in strains from different 
patients were also different. The above result implies that the mechanisms of resistance to CZA are generally random and diverse. 
Therefore, elucidating the mechanism of resistance to CZA can provide a certain theoretical basis for the effective response of CZA- 
resistant strains and the selection of antibiotics.
Keywords: ceftazidime/avibactam-resistance, KPC mutants, antibiotic pressure, Klebsiella pneumoniae, resistance mechanisms

Introduction
Due to restrictions on antibiotic options, carbapenem-resistant Enterobacterales (CRE) has become a serious threat to 
human health. Ceftazidime/avibactam (CZA) is a new β-lactam antibacterial combination (2 g ceftazidime and 0.5 g 
avibactam) that was approved by the United States Food and Drug Administration in 2015 for the treatment of infections 
caused by CRE.1 CZA could effectively inhibit the enterobacteria that produce A-, C-, and D-type β-lactamases (include 
KPCs, AmpC and OXA-48).2

According to clinical research reports, the application of CZA has significantly improved the clinical cure rate and 
survival rate of patients with CRE infection, and CZA is superior to other drug treatment options.3 According to a survey 
of 210 hospitals released by the United States in 2020, the number of CZA hospital prescriptions increased nearly 18-fold 
from 2015 to 2017. However, the first case of CZA-resistant bacteria was reported in the United States in 2016. From 
2016 to 2021, multiple emergent cases of strains resistant to CZA were reported worldwide. Among them, Klebsiella 
pneumoniae is one of the main resistant bacteria.4–6 Klebsiella pneumoniae was considered an opportunistic nosocomial 
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pathogen and had attracted widespread attention due to its disease severity and antibiotic resistance. Klebsiella 
pneumoniae was highly virulent and multidrug-resistant and could cause life-threatening infections.7,8

In China, carbapenem-resistant Klebsiella pneumoniae increased nearly 10-fold during the decade from 2010 to 2021. 
CZA was approved by the China National Medical Products Administration (NMPA) to enter the Chinese clinic on May 
21, 2019. In the first half of 2020, the drug resistance rate of CZA reached 14.9% according to the analysis of the drug 
data from 4395 cases of carbapenem-resistant Klebsiella pneumoniae obtained by the China Bacterial Resistance 
Surveillance Network (CHINET) from more than 50 hospitals in China.9–11 The emergence of CZA-resistant strains 
indicates that human health could be seriously threatened, and it also brings new challenges for clinicians.

Recent studies have reported that the resistance mechanisms of carbapenem-resistant Klebsiella pneumoniae against 
CZA mainly include mutations in KPCs (KPC-2, KPC-3), mutations in porins, the effects of efflux pumps, and the 
variation of the copy number of the KPC-encoding plasmid.12–14 However, due to the relatively short time that CZA has 
been used in clinical practice in China, the number of collections and studies of clinically resistant strains in China is 
small. Therefore, the resistance mechanism of Klebsiella pneumoniae against CZA and new medication regimens in 
China urgently need to be studied.

In this study, CZA-resistant strains from 2 patients were collected, and the resistance mechanism was analysed. The 
result showed the same specimen of the same patient could produce CZA resistant strains with multiple resistance 
mechanism. And the resistance mechanisms of the CZA-resistance Klebsiella pneumoniae isolated from the two patients 
included KPC mutantions (KPC-2 was mutated to KPC-44, KPC-14 and KPC-33) and upregulated efflux pumps. 
However, we discovered that inducing CZA-resistant Klebsiella pneumoniae in vitro not only showed the same KPC 
mutations (KPC-2 was mutated to KPC-44) as the in-vivo CZA-resistant strain, but also three new KPC variants (KPC- 
86, KPC-87 and KPC-88) were discovered. The above results indicate the diversity of the resistance mechanisms of 
Klebsiella pneumoniae against CZA.

Materials and Methods
Bacterial Strains
Four CZA-resistant Klebsiella pneumoniae strains were collected, which were derived from different body fluid samples 
(ascites, blood and sputum) of two clinical patients in 2020. There was no significant difference in the growth rate and 
morphology of these strains. The patients were admitted to the Second Affiliated Hospital of Chongqing Medical 
University of China.

Induction of CZA-Resistant Strains
Twenty-five Klebsiella pneumoniae strains, used to induce CZA resistance in vitro, also came from clinical patients. 
There was no significant difference in the growth rate and morphology of these strains. The initial Klebsiella pneumoniae 
isolates were cultured in 5 mL nutrient broth medium respectively. Fifty microliters of the bacterial solution and CZA 
(ceftazidime: avibactam 3:2, 50 μg) were added to 1 mL broth medium and cultured for 24 hours in a 35 °C bacterial 
incubator to induce CZA-resistant strains. Bacterial strains were passaged every day for 10 generations.

Antimicrobial Susceptibilities
The antibiotics imipenem (IMP), meropenem (MER), tigecycline (TGC) and CZA were used to test the sensitivity to 
drugs of the bacterial strains. Antimicrobial susceptibilities were determined with the broth microdilution method, as 
previously described by CLSI.15

Detection of Carbapenemase Type
The detection of the carbapenemase type used the APB(3-aminophenylboronic acid)/EDTA method.16 This method is 
based on disk diffusion method in the CLSI guidelines.15 Briefly, a 0.5 McFarland turbidity of Klebsiella pneumoniae 
was spread on a Mueller-Hinton agar plate, and then 4 tablets of imipenem (10 μg/tablet) were placed on the agar plate. 
APB (300 μg) and EDTA (292 μg) are KPC-type carbapenemase and metallo β-lactamases inhibitors, respectively, and 
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they were dropped on two pieces of imipenem tablets. A mixture of APC and EDTA was dropped on another imipenem 
tablet, and nothing was dropped on the last imipenem tablet. If the difference in the inhibition zone diameter between the 
enzyme inhibitor mixture and the single drug was more than 5 mm, it could be determined that the tested strain produces 
class A carbapenemase (mainly KPC enzyme), class B metallo β-lactamases, or both types of carbapenemase.

The detection of the carbapenemase type was also determined with the method of modified carbapenem inactivation 
method (mCIM) and EDTA-CIM (eCIM), as previously described by CLSI.15 Briefly, 1 μL loopful of isolates were 
mixed in 2mL of tryptone soya broth (TSB). One meropenem disc (10μg) was immersed in the suspension and incubated 
in a 35°C incubator for 4 hours. The E. coli ATCC 25922 with 0.5 McFarland turbidity was inoculated on the MHA plate, 
and the meropenem tablet was taked out of the TSB broth and sticked it on the MHA plate. The plate was incubated at 35 
degrees Celsius for 18–24 hours. If the meropenem inhibition zone was 6–15mm, or the diameter of the inhibition zone 
was 16–18mm and there are scattered colonies, the strain was tested produces carbapenemase. If the mCIM test was 
positive, the eCIM test was performed. Another 2mL TSB broth tube was added 20μL 0.5M EDTA. The rest of the 
operation steps were the same as mCIM. If the diameter of the inhibition zone of meropenem was ≥5mm compared with 
mCIM, the metallo-beta lactamase was considered positive.

Extraction of Bacterial DNA and Screening of Drug Resistance Genes
Bacterial genomic DNA was extracted using a bacterial genome extraction kit (Thermo Scientific, China). The KPC resistance 
genes of drug-resistant strains were detected by PCR according to the research of Dallenne et al.17 The positive products 
amplified by PCR were sent to Shanghai Sangon Biological Engineering Technology Co., Ltd. for Sanger sequencing. The 
sequences were compared with those deposited in GenBank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Multi-Locus Sequence Typing (MLST)
MLST typing could provide a valuable method and clear data for epidemiological studies of Klebsiella pneumoniae 
isolates and could represent different spatial and temporal dynamics of Klebsiella pneumoniae. Seven housekeeping 
genes (tonB (plasma perimeter energy sensor), gapA (glyceraldehyde 3-phosphate dehydrogenase), mdh (malate dehy-
drogenase), infB (translation initiation factor 2), rpoB (beta subunit of RNA polymerase), pgi (phosphoglucose isomer-
ase) and phoE (phospho E)) were used for MLST PCR amplification, and the PCR products were sequenced and 
analyzed according to Pasteur MLST site (https://bigsdb.pasteur.fr/klebsiella/klebsiella.html).18

MIC Determination of the Efflux Pump Inhibitors (CCCP)
Carbonyl cyanochlorophenylhydrazone (CCCP) is an efflux pump inhibitor that was purchased from Sigma–Aldrich (St 
Louis, USA). MIC determination of CCCP was performed with the broth microdilution method as previously described.-
19 Briefly, CCCP solutions with concentrations of 256, 128, 64, 32, 16, 8, 4, 2, 1, 0.5, 0.25, and 0 μg/mL were added to 
96-well plates in sequence. Then, 50 μL of bacterial suspension with optical density equivalent to 0.5 McFarland was 
added dropwise to each well of 96-well plates containing different concentrations of CCCP. The 96-well plate was placed 
in a 37 °C CO2 incubator and incubated for 16–20 hours. The highest CCCP concentration (8 μg/mL) with obvious 
bacterial growth was selected as the optimal concentration for the efflux pump inhibition experiment.

CZA-CCCP Disc Synergy Test
Then, CCCP (32 μg/mL, 50 μL/well) was mixed with different concentrations of CZA (64, 32, 16, 8, 4, 2, 1, 0.5, 0.25, 
and 0 μg/mL, 50 μL/well) and configured as a mixed solution. At this time, the final concentration of CCCP was 16 μg/ 
mL. Then, a mixed solution (50 μL) was added to the bacterial suspension (0.5 McFarland, 50 μL/well) and mixed 
thoroughly. At this time, the final concentration of CCCP was 8 μg/mL. Compared with the control group (CZA), the 
MIC value of the experimental group (CZA and CCCP) decreased by more than two gradients, and thus, the result was 
determined to be positive.
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Immune-Enzymatic Test
KPC was detected with a colloidal gold immunochromatographic assay using the NG-test CARBA5 kit (NG-biotech, 
France), and the experimental protocol was performed according to the product manual.

Conjugation Experiment
The CZA-resistant strains with KPC mutants (KPC-86, KPC-87 and KPC-88) were used as donors. And rifampicin- 
resistant E. coli (EC600) was used as the recipient. The CZA-resistant strains (KPC-86, KPC-87 and KPC-88) also 
exhibited ampicillin resistance. Transconjugants were selected on MH agar plates supplemented with ampicillin (128 μg/ 
mL) and rifampicin (256 μg/mL). E. coli EC600 transconjugants were identified using the mass spectrum system, and 
KPC mutations were further confirmed by PCR and Sanger sequencing. The conjugation efficiency was measured and 
calculated following the protocol in https://openwetware.org/wiki/conjugation.

Results
Clinical Case Report
A 40-year-old male patient was admitted to the Second Affiliated Hospital of Chongqing Medical University on April 27, 
2020 due to upper abdominal pain for more than one month and fever for three days. He was diagnosed with acute severe 
pancreatitis and sepsis. Carbapenem-resistant and CZA-sensitive Klebsiella pneumoniae were isolated from the peritoneal 
ascites, blood and sputum (strain number: ascites LY0B1, blood LY0B2 and sputum LY0B3, Table 1). The three primary 
isolates all produced carbapenemase and the enzyme type was KPC-2. Tigecycline plus meropenem was used to fight infection 
for 14 days from April 27 to May 10, but the patient’s condition did not improve. On May 10, the patient was treated with CZA 
(ceftazidime/avibactam, 2 g/0.5 g, tid). On May 20, the ascites and sputum were taken again for culture (Figure 1, left panel).

Another case was a 75-year-old male patient who was admitted to the Second Affiliated Hospital of Chongqing 
Medical University on July 13, 2020 due to severe pneumonia. The patient’s alveolar lavage fluid was cultured with 
carbapenem-resistant Klebsiella pneumonia (strain number: HM0B1), and the type of carbapenemase was KPC-2. From 
July 15 to August 5, the patient was treated with CZA (ceftazidime/avibactam, 2 g/0.5 g, tid) for anti-infection. On July 
25, CZA-resistant Klebsiella pneumoniae (strain number: HM0F1) was cultured from sputum (Figure 1, right panel).

The Mechanisms of Resistance to CZA of the Clinical Isolates
Interestingly, three CZA-resistant strains (LY0F1-1, LY0F1-2 and LY0F2) with different resistance mechanisms were isolated 
from patient 1. LY0F1-1 and LY0F1-2 were isolated from the same drainage sample (Figure 2A). The antimicrobial susceptibility 

Table 1 Antimicrobial Susceptibility and Resistance Mechanism of Klebsiella pneumoniae from Patients

Isolate MIC (μg/mL) Carbapenemases MLST ESBL AmpC Efflux Pump

IMP MEM TGC CZA

LY0B1 ≥64 ≥64 0.5 0.5 KPC-2 ST11 – – /

LY0B2 ≥64 ≥64 0.5 0.5 KPC-2 ST11 – – /

LY0B3 ≥64 ≥64 0.5 0.5 KPC-2 ST11 – – /

LY0F1-1 ≥64 ≥64 1 128 KPC-2 ST11 – – ↑

LY0F1-2 0.25 2 0.5 128 KPC -14 ST11 TEM – /

LY0F2 8 32 0.5 128 KPC-44 ST11 – – /

HM0B1 ≥64 ≥64 1 0.5 KPC-2 ST11 – – /

HM0F1 0.25 2 1 256 KPC-33 ST11 TEM – /

Abbreviations: IMP, imipenem; MEM, meropenem; TGC, tigecycline; CZA, ceftazidime/avibactam; MLST, Multiple-locus sequence typing; ESBL, extended-spectrum beta- 
lactamase; AmpC, AmpC beta lactamase.
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Figure 1 Schedule of antibacterial treatment and isolation of Klebsiella pneumoniae strains. The red arrows represent the time period of medication. The blue arrow 
represents the specimen collection at the corresponding time. 
Abbreviations: IMP, imipenem; MEM, meropenem; CZA, ceftazidime/avibactam.

Figure 2 Isolation of CZA-resistant Klebsiella pneumoniae and detection of the enzyme type of the strain. (A) The top panel shows that CZA-resistant Klebsiella pneumonia 
was isolated from the puncture fluid sample of patient 1 after 10 days of CZA administration, and the sensitivity of CZA, MEM, and IMP was tested by the K-B method. The 
bottom panel in (A) and (B) shows that the enzyme types of isolates LY0F1-1, LY0F1-2 and HM0F1 were detected by enzyme inhibitor enhancement experiments and mCIM 
and eCIM experiments. 
Abbreviations: MEM, meropenem; TGC, tigecycline; CZA, ceftazidime/avibactam; mCIM, modified carbapenem inactivation method; eCIM, EDTA-modified carbapenem 
inactivation method.
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results are shown in Table 1. LY0F1-1 exhibited IMP and MER resistance (MIC, 64 μg/mL), while LY0F1-2 was susceptible to 
IMP and intermediate to MER (MIC, 0.25 μg/mL and 2 μg/mL, respectively) (Table 1). The strain cultured from the sputum 
specimens of patient 1 (LY0F2) was also resistant to CZA, but the MICs of IMP and MER were 8 μg/mL and 32 μg/mL, 
respectively (Table 1). Therefore, the three CZA-resistant strains isolated from the same patient have different MICs for IMP and 
MER. The antimicrobial susceptibility results indicated that the HM0F1 isolate from patient 2 was resistant to CZA, and the MIC 
values of IMP and MER were 0.25 μg/mL and 2 μg/mL, respectively (Table 1).

To research the mechanism of CZA resistance in the above four KPC-producing Klebsiella pneumoniae strains, the activity 
and genotype of carbapenemase were detected. The results showed that the carbapenemase type of the CZA-resistant strain 
LY0F1-1 was KPC-2, and the expression of KPC-2 did not increase (Figure 2A). However, the efflux pump was upregulated in the 
LY0F1-1 strain (Table 1,). We speculated that LY0F1-1 may also have other resistance mechanisms, which need to be further 
studied. The carbapenemase types in the CZA-resistant strains LY0F1-2, LY0F2 and HM0F1 were mutated from the original 
KPC-2 to KPC-14, KPC-44 and KPC-33, respectively, which was the mechanism of CZA resistance in the three isolates (Table 1). 
The mCIM and eCIM tests did not find that LY0F1-2, LY0F2 and HM0F1 produced serine carbapenemase and metallo β- 
lactamases (Figure 2A and B), but the immune-enzymatic test for the KPC enzyme was positive. KPC gene was detected to be 
positive in both primary strains and CZA-resistant strains by PCR (Supplementary Figure 1A).

The above results indicate that the same specimen (LY0F1-1 and LY0F1-2) from the same patient could produce 
CZA-resistant strains with multiple resistance mechanisms (upregulation of the efflux pump, KPC-14), which shows the 
diversity of CZA resistance mechanisms.

The Resistance Mechanism of CZA-Resistant Klebsiella pneumoniae That Were Produced 
in vitro
To verify the diversity of KPC mutations in CZA-resistant Klebsiella pneumoniae under CZA drug selection. Twenty-five 
strains of carbapenem-resistant Klebsiella pneumoniae were induced with CZA resistance in vitro. The results showed 
that 6 strains developed CZA resistance, and the resistance rate was as high as 24%. And blaKPC was detected by PCR 
(Supplementary Figure 1B). As shown in Table 2, the carbapenemase genotypes of the primary strains were all blaKPC- 

Table 2 Antimicrobial Susceptibility and Resistance Mechanism of CZA-Resistant Klebsiella pneumoniae Induced in vitro

Isolate MIC (μg/mL) Carbapenemases MLST ESBL AMPc Efflux Pump

IMP MEM TGC CZA

LY0B1 ≥64 ≥64 0.5 0.5 KPC-2 ST11 – /

LY0F1Y 1 4 1 128 KPC-86 ST11 TEM – /

LY0B2 ≥64 ≥64 0.5 0.5 KPC-2 ST11 – /

LY0F2Y ≥16 ≥64 1 128 KPC-44 ST11 – /

LY0B3 ≥64 ≥64 0.5 0.5 KPC-2 ST11 – /

LY0F3Y 8 32 0.5 128 KPC-44 ST11 – /

10B ≥16 ≥64 0.5 ≤2 KPC-2 ST11 – /

10F ≥16 16 1 64 KPC-87 ST11 – /

207B ≥16 ≥64 0.25 4 KPC-2 ST11 – /

207F 2 2 0.5 64 KPC-88 ST11 TEM – ↑

14B ≥16 ≥64 2 ≤2 KPC-2 ST11 – /

14F ≥16 32 0.5 256 KPC-2 ST11 – ↑

Abbreviations: IMP, imipenem; MEM, meropenem; TGC, tigecycline; CZA, ceftazidime/avibactam; MLST, Multiple-locus sequence typing; ESBL, extended-spectrum beta- 
lactamase; AmpC, AmpC beta lactamase.
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2, and the main mechanism for the induced strains to acquire CZA resistance was mutation of the KPC-2 protein. Among 
them, KPC-86, KPC-87 and KPC-88 were first discovered by us and have been submitted to PubMed (Accession 
numbers: MZ067229, MZ067230, MZ067231). The variant KPC-86 was derived from the LY0F1 strain of patient 1, 
which was completely different from the KPC variant (KPC-14) that formed the CZA-resistant strain (LY0F1-1, LY0F1- 
2) in vivo. KPC-86 presented the nucleotide A533G mutation, resulting in the substitution of aspartic acid by a glycine at 
position 179 (D179G). In addition, the mutant KPC-87 of the 10B isolate showed deletion of the nucleotides GCA after 
position 721, which causes the amino acid substitution of GT241A. Isolate 207B acquired CZA resistance through 
variant KPC-88, which was associated with a nucleotide substitution at position 523 (G523T). This substitution results in 
the amino acid change D176Y in the KPC-2 protein. In order to demonstrate the association between CZA resistance and 
mutated enzymes, the conjugation experiments was performed. The results showed that the receptor bacteria (E. coli 
EC600 strain) developed CZA resistance (Supplementary Figure 2) and the gene sequencing results showed that there 
were KPC genes (KPC-86, KPC-87, KPC-88) in the corresponding bacteria. The above results further illustrate the 
diversity of KPC variants in CZA-resistant Klebsiella pneumoniae.

To further explore the relationship between the changes in drug susceptibility and the characteristics of the resistant 
phenotypes for the different KPC mutant types of CZA-resistant strains, we analyzed the results of drug susceptibility 
tests and detected other drug-resistant phenotypes of the strains. The results showed that the carbapenemase (KPC-2) 
variants KPC-14, KPC-33, KPC-86, and KPC-88 of the CZA-resistant strains were all sensitive to IMP and MEM and 
were positive for ESBL (Table 3, Figure 3). However, the variants KPC-44 and KPC-87 of the CZA-resistant strains 
showed resistance to IMP and MEM and were negative for ESBL (Table 3). The above results indicate that the KPC-14, 
KPC-33, KPC-86 and KPC-88 variants tend to have similar IMP and MEM drug resistance characteristics and resistance 
phenotypes. The KPC-44 and KPC-87 variants tended to have similar IMP and MEM resistance characteristics and 
resistance phenotypes.

Discussion
In this study, we isolated CZA-resistant Klebsiella pneumoniae with different resistance mechanisms from clinical 
patients treated with CZA. We also found that CZA-resistant strains with different resistance mechanisms could appear 
in the same clinical patient sample. In addition, we discovered three new CZA resistance mechanisms of new KPC 
variants (KPC-86, KPC-87 and KPC-88).

In patient 1, we found carbapenem-resistant Klebsiella pneumoniae in ascites, sputum and blood. However, after 10 
days of CZA medication, two CZA-resistant strains with different resistance mechanisms were isolated from the same 
strain of ascites. CZA-resistant strains with different resistance mechanisms also appeared in sputum specimens. Shields 
et al also reported that three different KPC-3 mutant CZA strains appeared in the same patient.20 The widespread 

Table 3 Antimicrobial Susceptibility Changes and the Characteristics of Resistant Phenotypes of Different KPC Mutant Types of CZA 
Resistant Strains

Carbapenemases Isolate Interpretive Categories ESBL AMPc Efflux Pump

IMP MEM TGC CZA

KPC-2 LY0B1 R R S S – – –

KPC-33/86/88 LYOF1 
HMOF1 

207F

S/I S/I S R + – –

KPC-44/87 LYOF2 

LYOF2Y 

LYOF3Y

R R S R – – –

Abbreviations: IMP, imipenem; MEM, meropenem; TGC, tigecycline; CZA, ceftazidime/avibactam; MLST, Multiple-locus sequence typing; ESBL, extended-spectrum beta- 
lactamase; AmpC, AmpC beta lactamase.
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appearance of different resistant strains in the same patient indicates that CZA-resistant mutations are diverse. However, 
in our research, KPC mutant CZA-resistant strains were isolated from ascites, and strains with upregulated pump protein 
expression as the mechanism of resistance were also found. These findings fully demonstrate the diversity of drug 
resistance. In addition, although CZA-resistant Klebsiella pneumoniae was isolated in the ascites and sputum of patient 1, 
the blood isolate did not develop CZA resistance. This result may be related to the highest drug concentration in the 
blood, which was higher than the mutation concentration, leading to the direct killing of all bacteria. The abdominal 
cavity, which has a large amount of bacteria, was the primary site of infection. In the abdominal cavity, the drug 
concentration was lower than that in the blood, and the drug concentration in the lung was lower. Therefore, bacteria are 
more likely to acquire drug-resistant mutations in the abdominal cavity and sputum.

In this study, we found that the resistance mechanism of CZA-resistant strains isolated from patients was mainly due 
to KPC variants. The mutants are KPC-14, KPC-44 and KPC-33. The MIC values of IMP and MEM of bacteria with 
these KPC variants (KPC-14, KPC-44 and KPC-33) were consistent with the results of other research teams.21–24 In 
addition, we were surprised to find that the mechanism of resistance to CZA that was induced in vitro by the bacterial 
isolates in the ascites specimen in patient 1 was different from the mechanism of resistance of the drug-resistant strains in 
vivo. After induction of CZA resistance in vitro, a new KPC variant, KPC-86 (D179G), appeared. The MIC values of 
IMP and MEM of this variant were significantly reduced (Table 2), which may be due to the location of the mutation site 
on the Ω-loop.25 However, the change in MIC value was not as significant as that of KPC-33 (D179Y),21 which also had 
a mutation at position 179. Compared with the KPC-14 variant (2-amino-acid 242Gly and 243Thr deletion) that occurred 
in resistant strains in vivo, the MIC values IMP and MEM of KPC-86 were not significantly lower than that of KPC-14.24 

Another new KPC variant, KPC-87 (GT242A), appeared in isolate 10B, and the MIC values of IMP and MEM were not 
significantly reduced. Although the mutation site of KPC-87 was the same as that of KPC-14, the difference in the 
mutation mode resulted in a large difference in the MIC values of IMP and MEM between KPC-87 and KPC-14 cells. 
The MIC values of IMP and MEM of another new KPC variant, KPC-88 (D176Y), found in this study were similar to 
those of KPC-33, which may also be related to the location of the mutation site on the Ω-loop.25 The above results fully 
indicate that the CZA resistance mechanism of these strains are random, diverse, and uncertain.

Figure 3 ESBL confirmation test of the CZA-resistant Klebsiella pneumoniae (LY0F1Y and 207F) that were produced in vitro. 
Abbreviations: CAZ, ceftazidime; CTX, cefotaxime; CAZ/CLA, ceftazidime/clavulanic acid; CTX/CLA, cefotaxime/ clavulanic acid.
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Conclusion
In this study, we detected different resistance mechanisms (KPC-14, KPC-44 and KPC-33) of CZA-resistant Klebsiella 
pneumoniae from clinical patients treated with CZA for approximately 10 days. We discovered three new KPC variants 
(KPC-86, KPC-87 and KPC-88) of these CZA-resistant strains that were induced by CZA in vitro. These findings 
indicate that the resistance mechanisms of CZA are generally random and diverse and provide a reference basis for the 
clinical use of CZA. These findings indicate that the resistance mechanisms of CZA are generally random and diverse, 
and that CZA-resistant strains with different resistance mechanisms may also appear in the same patient. This provides a 
reference basis for the clinical use of CZA and the selection of antibiotic after CZA resistance. This also emphasizes the 
importance of preventing the spread of CZA-resistant strains and the importance of drug sensitivity testing.
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