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ABSTRACT

Objectives: This study aimed at revealing the underlying mechanisms of the loss and gain of
ceftazidime-avibactam susceptibility in a non-carbapenemase-producing hypervirulent Klebsiella
pneumoniae (hvKp).

Methods: Here we longitudinally recovered 3 non-carbapenemase-producing K1-ST23 hvKp
strains at a one-month interval (KP29105, KP29499 and KP30086) from an elderly male.
Antimicrobial susceptibility testing, whole genome sequencing, transcriptomic sequencing, gene
cloning, plasmid conjugation, quantitative real-time PCR (qRT-PCR), and SDS-PAGE (sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis) were conducted.

Results: Among the 3 hvKp strains, KP29105 was resistant to the third- and fourth-generation
cephalosporins, KP29499 acquired resistance to both ceftazidime-avibactam and carbapenems,
while KP30086 restored its susceptibility to ceftazidime-avibactam, imipenem and meropenem but
retained low-level resistance to ertapenem. KP29105 and KP29499 carried plasmid-encoded genes
blacrx-m-1s and blacrx.m 71, respectively, but KP30086 lost both. Cloning of gene blacrym71 and
conjugation experiment of blacrx.m.71-carrying plasmid showed that the transformant and transcon-
jugant were susceptible to ceftazidime-avibactam but had a more than 8-fold increase in MICs.
Supplementation with an outer membrane permeabilizer could reduce the MIC of ceftazidime-
avibactam by 32 folds, indicating that porins play a key role in ceftazidime-avibactam resistance.
The OmpK35 of the 3 isolates was not expressed, and the OmpK36 of KP29499 and KP30086 had
a novel amino acid substitution (L359R). SDS-PAGE and qRT-PCR showed that the expression of porin
OmpK36 of KP29499 and KP30086 was significantly down-regulated compared with KP29105.
Conclusions: In summary, we reported the rare ceftazidime-avibactam resistance in a non-
carbapenemase-producing hvKp strain. Resistance plasmid carrying blacrym71 and mutated
OmpK36 had a synergetic effect on the resistance.
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Introduction Ceftazidime-avibactam is a new type B-lactam/p-lac-

Hypervirulent Klebsiella pneumoniae (hvKp) often causes
community infections and exhibits high pathogenicity but
limited resistance to antibiotics [1]. In one study, the
mortality in patients with hvKp bacteraemia was close to
37% [2]. Recently, carbapenem-resistant hypervirulent
K. pneumoniae (CR-hvKp), such as K1/K2 hvKp strain,
which acquires carbapenem-resistance plasmid, has
emerged and poses a new challenge to the treatment of
its infection [3-5]. Novel antibiotics are urgently needed
to control infections caused by these CR-hvKp isolates.

tamase inhibitor combination. Avibactam is effective
against extended-spectrum [-lactamases (ESBLs),
cephalosporinases, serine-carbapenemases and some
oxacillinases but not metallo-f-lactamases [6]. Yu
F et al. revealed the in vitro activity of ceftazidime-
avibactam against CR-hvKp [7]. Unfortunately,
although  ceftazidime-avibactam-based  treatments
exhibited initial optimistic efficacy in treating carbape-
nem-resistant K. pneumoniae (CRKp) infections, some
KPC-producing K. pneumoniae isolates might develop
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resistance, with its mechanisms involving the mutations
in blaxpc gene or high expression of the blaxpc gene
combined with porins deficiency [8-11]. HvKp resis-
tant to ceftazidime-avibactam was also reported due to
producing NDM-type carbapenemase, or the absence of
ompK35 and ompK36 genes while producing KPC-2
[12]. However, ceftazidime-avibactam resistance in
non-carbapenemase-producing K. pneumoniae isolates
has been rarely reported. Both A et al. reported that the
mutated CTX-M-14 isoform in K. pneumoniae DT1
exhibited augmented ceftazidime hydrolytic activity
and increased the MIC of ceftazidime-avibactam to
32mg/L [13]. Castanheira M et al. showed that a
blactx.m.1s-carrying K. pneumoniae combined with
disrupted OmpK35 could increase the MIC of ceftazi-
dime-avibactam to 4 mg/L, but did not reach the level
of resistance [6]. As for non-carbapenemase-producing
CR-hvKp isolates, there are almost no such examples.
In this study, we isolated 3 homologous hvKp iso-
lates that do not produce carbapenemases from
a chronic obstructive pulmonary disease (COPD)
patient, and the second strain was resistant to both
ceftazidime-avibactam and carbapenems. This study
aimed to reveal the underlying mechanism of the loss
and gain of ceftazidime-avibactam susceptibility in the
non-carbapenemase-producing hvKp strain.

Materials and methods
Ethics

The use of patient medical records and the
K. pneumoniae isolates for research purposes was
approved by the Ethics Committee of the China-Japan
Friendship Hospital (2022-KY-054).

Clinical data and strain collection

A 92-year-old male had a history of tuberculosis for
70 years, COPD for 10 years and tracheotomy for 8
months. He was hospitalized due to a 3-month cough
and expectoration. Three K. pneumoniae isolates
(KP29105, KP29499 and KP30086) with different
resistant phenotypes were longitudinally recovered
from his sputum and bronchoalveolar lavage fluid
specimens at a one-month interval. K. pneumonia
isolates were identified using matrix-assisted laser
desorption/ionization time-of-flight mass spectrome-
try (MALDI-TOFMS, Bruker Daltonik, Germany).
After KP29105 was isolated on the 52nd day of admis-
sion, meropenem was used continuously for 6 days,
and on the 20™ day after that, KP29499 was isolated.
Meropenem was discontinued for some time, and

KP30086 was isolated 10 days after the second use of
meropenem. The patient was not administered cefta-
zidime-avibactam during the observation period and
finally died of multiple organ failure and septic shock.

Knockin and knockout experiments

We conducted knockin and knockout experiments
among strains KP29499 and KP30086. Specifically,
a total of three mutants including strains KP30086
+CTX-M-71 (knockin blacrx.m.71 for KP30086),
KP29499-AompK36Comp (knockout original mutated
ompK36 and knockin wild-type ompK36 for KP29499),
and KP29499-ACTX-M-71 (knockout blact.p.71 from
KP29499) were constructed.

The construction of ompK36 and blacrx .71 dele-
tion strains was performed in K. pneumoniae
KP29499 using a CRISPR-Cas9-mediated genome-
editing method containing pCasKP-apr and pSGKP-
spe plasmids [14]. Firstly, the spacers of blactx m.71
and ompk36 were ligated into pSGKP-spe, respec-
tively. Then about 500 bp segment around the delet-
ing sequences was amplificated, and the production
and the spacer-introduced pSGKP-spe plasmid were
transferred into the L-arabinose-induced pCasKP-
apr-harbouring recipient with electrotransformation.
The deletion strains KP29499-ACTX-M-71 and
KP29499-Aompk36 were selected after the cells incu-
bated at 30 °C overnight. Last, the deletion strains
were cultured on a sucrose-containing Luria-Bertani
(LB) plate at 37 °C for curing the pCasKP-apr and
pSGKP-spe plasmid.

The complementation experiment was performed
as previously described [15]. The wild-type ompK36
was amplified by PCR using KP29105 as a template.
The PCR production and the apramycin-resistant
plasmid pDK6 were digested using BamHI and
HindIII endonuclease (NEB, USA). Then, T4 DNA
ligase (NEB, USA) was used for ligating the vector at
16 °C overnight, and the ligated-plasmid was trans-
formed into KP29499Aompk36 and then selected on
a 30mg/ml apramycin-containing LB plate. The
pDK6-ompk36 plasmid-carrying clone was picked
up as KP29499-Aompk36Comp. In addition, the
knockin of blacrx.m.71 into strain KP30086 was
also carried out using the same method described
above. The primers used in the knockin and knock-
out experiments were listed in Table S1.

Antimicrobial Susceptibility Testing (AST)

AST tests were performed using the microdilution
broth method in 96-well plates (MBD, bio-KONT,



Ltd. China), mainly including piperacillin, piperacillin-
tazobactam, ceftazidime, ceftazidime-avibactam, cefo-
taxime, cefepime, aztreonam, imipenem, meropenem,
and ertapenem. In addition, the MIC of ceftazidime,
ceftazidime-avibactam, meropenem and cefotaxime
were also tested by adding the outer membrane per-
meabilizer polymyxin B nonapeptide (PMBN). Briefly,
the PMBN mother liquor was prepared, the bacterial
solution was adjusted to 0.5 McFarland turbidity, and
the bacterial solution and PMBN mother liquor were
added to the 96-well antibiotic susceptibility plate
sequentially so that the final concentration of PMBN
was 10 mg/L.

Hypermucoviscous phenotype determination and
the definition of hvKp

The string test was used to identify the hypermucov-
iscous phenotype of K. pneumoniae strains. Strains
exhibiting a viscous string >5mm were considered
hypermucoviscous [16]. HvKp was defined as
K. pneumoniae strains with hypermucoviscous pheno-
type and harbour hypervirulent plasmid in this study.

Whole-Genome Sequencing (WGS) and data
analysis

Bacterial genomic DNA was extracted from overnight
cultures on Mueller-Hinton broth using TIANGEN
Bacterial Genomic DNA Extraction Kit (DP302-02,
TIANGEN, Beijing, China) and purified using
Agencourt AMPure XP Kit (Beckman Coulter, USA)
according to the manufacturer’s instructions. For
[lumina sequencing, the genomic DNA libraries were
prepared using Nextera XT DNA Library Prep Kit
(Illumina, San Diego, USA) according to the manufac-
turer’s instructions. For nanopore sequencing, a total
amount of 500 ng genomic DNA per sample was used
as input material for the Oxford Nanopore
Technologies (ONT) library preparation, then, all
other steps were followed according to the Native bar-
coding genomic DNA ONT protocol for library pre-
paration and Flongle sequencing. For all three
K. pneumoniae strains, WGS was carried out using
both the Illumina HiSeq 2500 platform and the nano-
pore sequencing method on Flongle flow cells to pro-
duce short and long reads, respectively. Raw reads from
the two sequencing platforms were filtered to remove
low-quality sequences and adaptors using skewer [17]
and PoreChop (https://github.com/rrwick/Porechop),
respectively. The resulting short and long reads were
de novo assembled using SPAdes Genome Assembler
v3.14.0 [18] and Unicycler v0.4.8 [19] to obtain
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complete circular genomes. Gene prediction was per-
formed using Prokka 1.12 [20]. PROVEAN [21] was
used for predicting the effects of mutation on protein
function. The antimicrobial resistance genes, multilocus
sequence types (MLST), and plasmid replicons were
analyzed via the CGE server (https://cge.cbs.dtu.dk/ser
vices/). Virulence genes were identified using the
BIGSdb-Kp database provided by the Institut Pasteur
(http://bigsdb.web.pasteur.fr). The single nucleotide
polymorphism (SNP) was called using Snippy (https://
github.com/tseemann/snippy)  with  KP29105 as
a reference. Large insertion/deletion (indel) and rear-
rangement were analyzed using Mauve software [22].
Insertion sequences were annotated against the ISfinder
database [23]. The promoters were predicted using
BPROM [24]. The ompK35 and ompK36 genes of
KP29105, KP29499 and KP30086 were compared with
the corresponding genes of K. pneumoniae NTUH-
K2044.

Transcriptomic analysis

The bacteria were inoculated into Mueller-Hinton
broth and cultured at 37 °C 200 rpm overnight. The
bacterial solution was adjusted to ODggg 0.5 and then
transferred into a new Mueller-Hinton broth without
antibiotics at 1% inoculation rate, and cultured at 37 °C
200 rpm for 3 hours. Bacterial solution (no more than
1 x 109 cells) was taken for total RNA extraction using
the enzymatic method (lysozyme) with the RNeasy
minikit (Qiagen) following the manufacturer’s instruc-
tions. The concentration and quality of RNA were
measured by Qubit 3.0. After the extracted RNA was
qualified, the ribosomal RNA (rRNA) was removed.
Subsequently, the mRNA fragments were randomly
interrupted into short fragments by an enzyme diges-
tion method. The library was built in a chain-specific
way according to the protocol of the RNA-Seq Library
Prep Kit for Illumina (Transgen, Beijing, China). After
qualified library inspection, Illumina HiSeq 2500
sequencing was performed to obtain the sequence
information of the fragment. FASTQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/)  and
skewer [17] were used for quality filtering and adaptor
removal, respectively. Transcriptomic analysis was con-
ducted among K. prneumoniae strains KP29105 and
KP29499, and their genomes were used as references
for their respective RNA-seq paired-end reads. To com-
pare the gene expressions of the two slightly different
genomes, a comparative genomic analysis was con-
ducted beforehand. Overall, 5227 genes have one-to-
one correspondence in the two genomes. Besides, there
were 74 and 75 strain-specific genes in KP29105 and
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KP29499, respectively. Subread [25] was used for
sequence alignment. The software featureCounts [26]
was used to tally the expression counts of genes in the
reference genome. The differentially expressed genes
(DEGs) were analyzed by DESeq2 [27] for the two
groups. Principal Component Analysis (PCA) was car-
ried out using the overall expression data among the
two groups. KEGG pathway enrichment was performed
for the DEGs. Linear discriminant analysis effect size
(LEfSe) [28] analysis was performed to determine the
features of KEGG pathways.

Cloning and conjugation experiments

The coding sequences of blactx m.15 and blactx .71
genes and their promoters were cloned into the pGEM-
T Easy vector, using the primer pairs in Table S1. The
ligation product was then transformed into Escherichia
coli DH5a competent cells using heat shock-based
transformation method. Conjugation assay was per-
formed according to a previously described method
with slight modification [29]. Briefly, both strain
K. pneumoniae KP29499 and azide-resistant recipient
strain E. coli J53 were cultured overnight on Mueller-
Hinton broth and diluted to the 0.5 McFarland stan-
dard. Next, 100 pl of donor cells and 400 pl of recipient
cells were mixed and inoculated onto a 0.45 pm mem-
brane placed on the surface of a Mueller-Hinton plate
at 37 °C overnight. Next, bacteria on the membrane
were collected, serially diluted and spread on LB plates
containing azide (100 mg/L) and aztreonam (2 mg/L).
Antimicrobial susceptibility testing and PCR amplifica-
tion and sequencing were performed to confirm the
successful transfer of resistant plasmid.

Transcriptional analysis by the quantitative
real-time PCR (qRT-PCR)

A total of 800 ul of bacterial cultures were used for
RNA extraction for each of the 3 K. pneumoniae iso-
lates using the same method as transcriptomic analysis
mentioned above. First-strand cDNA was synthesized
with 1 ug of total RNA using a RevertAid First strand
cDNA synthesis kit (Thermo Fisher Scientific, USA).
The transcriptional expression of the genes acrA, acrB,
ompK35, ompK36, blagyy.;, and blacrx.m was mea-
sured using qRT-PCR on an Applied Biosystems
QuantStudio 5 real-time PCR system (ThermoFisher
Scientific, USA). The amplification conditions were as
follows: 50 °C for 2 minutes, 95 °C for 2 minutes, 40
cycles of 95 °C for 15 seconds and 60 °C for 1 minute.
The expression levels of the target genes were normal-
ized to the rpoB gene using AAC; method and using

the gene expressions of KP29105 as references. The
primers used for qRT-PCR were listed in Table SI1.
All amplifications were carried out from three different
RNA preparations.

Outer membrane protein extraction and analysis

The outer membrane protein fractions were extracted
according to the methodology previously described [30]
with minor changes. Briefly, 50-ml bacterial cultures
were grown overnight in Mueller-Hinton broth. The
cells were harvested after being centrifugated at
5000 x g for 10 minutes. The pellets were washed with
1-ml 10 mM N-2-hydroxyethylpiperazine-N’-2-ethane-
sulfonic acid (HEPES), resuspended with 1.5-ml
HEPES, and lysed with sonication for 10 seconds 12
times with 10-second interval. Unbroken cells were
removed by centrifugation. The supernatants were
further centrifuged at 16,500 rpm for 30 minutes at 4
°C. The cell membrane pellets were suspended in
0.2-ml HEPES. The cytoplasmic membranes were solu-
bilized by adding an equal volume of 2% Sarkosyl and
incubated at room temperature for 30 minutes with
intermittent mixing. The outer membranes were then
collected by centrifugation for 30 minutes, washed with
0.5-ml HEPES without resuspension, and suspended in
50-ul HEPES.

The extracted outer membrane proteins were
adjusted to the same concentration of 5mg/ml, mixed
with loading buffer, heated at 100 °C for 5 minutes, and
then analyzed by denaturing 12% SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis).
Outer membrane proteins of K. pneumoniae NTUH-
K2044 were used as the positive control to interpret the
position of major porins on SDS-PAGE [31]. The pro-
tein gels were recovered for subsequent protein identi-
fication with liquid chromatography/tandem mass
spectrometry (LC-MS/MS).

LC-MS/MS analysis

The protein gel strips were cut into small pieces and
decolorized in 50% acetonitrile (ACN)/50 mmol/L
NHHCO;. Eluent was discarded, and the above opera-
tions were repeated until the gel strips became colour-
less. 100% ACN was added and dehydrated for 30
minutes. ACN was discarded and the gel pieces were
dried at room temperature. Trypsin was added and
incubated at 4 °C for 40 minutes, and then digested in
37 °C water bath for 16 hours. Extract solution (5%
TFA-50% ACN-45% water) was added to extract pep-
tide. The resulting peptide supernatant was transferred
to a new tube, desalted, lyophilized and resuspended in



0.1% formic acid and 2% ACN for LC-MS/MS analysis.
After that, the processed samples were analyzed by LC-
MS/MS to obtain the raw files of the original results of
mass spectrometry. The raw files were analyzed by
using the software MaxQuant (1.6.2.10) to obtain the
identification results.

Growth kinetics

Growth curves for KP29105, KP29499 and KP30086 strains
were measured as follows: bacterial cultures grown to expo-
nential phase at Mueller-Hinton broth were adjusted to
ODggo 0.09-0.10, and diluted 1:100. Three aliquots of 200
pl per dilution were transferred into a 96-well microtiter
plate and covered with paraffin oil. Samples were incubated
at 37 °C and shaken before measurement in a Multiskan GO
Microplate Reader (Thermo Fisher Scientific, USA). All
experiments were performed in triplicate.

Statistical analysis

Statistically significant differences in growth kinetics
were tested using the R package “statmod” [32].
Student’s t-test was employed to check the expression
difference between the two groups. A P-value of 0.05 or
less was defined as significant.

Results
Homology and plasmid profiles

Taking K. pneumoniae strain KP29105 as a reference,
a total of 13 SNPs were found in strains KP29499 and
KP30086, of which 5 mutations were located in the non-
coding regions and 8 mutations were located in the cod-
ing regions (Table 1). In addition, there were 7 and 12
SNPs for strains KP29499 and KP30086, respectively.

All the 3 K. pneumoniae strains were hypermucovis-
cous with the positive string tests. Moreover, they
belonged to ST23 and had the capsular type of KI.
Plasmid analysis indicated that they all contained 2 plas-
mids (pKP29105-1 (CP091062), pKP29105-2
(CP091063), pKP29499-1 (CP089599), pKP29499-2
(CP089600), pKP30086-1 (CP091059), pKP30086-2
(CP091060)). The larger one was a pLVPK-like hyper-
virulent plasmid (IncHI1B(pNDM-MAR) and repB repli-
cons), harbouring rmpA/rmpA2 genes, iucABCDiutA and
iroBCDN virulence clusters (Figure 1(a) and Table 1).
Therefore, they all belonged to hvKp according to our
definition. The smaller plasmid (IncFII(K) replicon) was
a multi-resistance plasmid, showing different structures
among the 3 isolates. Namely, pKP29499-2 was a hybrid
plasmid, with an IncR type plasmid integrated into
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pKP29105-2 behind an insertion sequence 1S6, whereas
pKP30086-2 had a large fragment deletion compared
with pKP29499-2 (Figure 1(b)).

Antimicrobial resistance profiles

The carbapenem-susceptible K. pneumoniae strain
KP29105 was first isolated on the 52" day of admission,
after which meropenem was administrated for several
days; a month later, KP29499 was isolated and acquired
resistance to carbapenem and ceftazidime-avibactam;
another month later, KP30086 was isolated, which lost
the resistant phenotype to ceftazidime-avibactam, carba-
penems, ceftazidime, cefotaxime, cefepime and aztreo-
nam, but the MICs of carbapenems increased 2-4 times
compared with those of strain KP29105 (Table 2).

The resistance genes were analyzed. As shown in
Figure 1(b-c), all the 3 hvKp isolates carried the plasmid-
encoded blatgy 15 gene and chromosomal blagyyy 11 gene.
Notably, KP29105 had a blacrx .15 gene, KP29499 har-
boured a blactx.m.71 gene with a single-base mutation
(G721T, resulting in Gly241Cys substitution) compared
to blactx m.15 and KP30086 lost the blacrx v gene.

We cloned the blacrx m.15 and blacrx 71 genes into
pGEM-T Easy vectors and transformed them into E. coli
DH5a competent cells. AST showed that the transformants
DH5a (CTX-M-15) and DH5a (CTX-M-71) obtained
resistance to cephalosporins and aztreonam but not piper-
acillin-tazobactam, ceftazidime-avibactam and carbape-
nems (Table 2). The MIC of ceftazidime-avibactam for
the transformant DH5a (CTX-M-71) was 1 mg/L, which
was 4- and 8-fold that of DH5a (CTX-M-15) and the
recipient E. coli DH5a, respectively. In addition, the plas-
mid pKP29499-2 was successfully transferred into the
recipient E. coli J53, and the transconjugant exhibited the
same resistance phenotype as the transformants but with
different MICs (Table 2). Notably, the transconjugant also
had a MIC of 1 mg/L for ceftazidime-avibactam.

After co-treatment with PMBN at the concentration
of 10 mg/L, the MIC of ceftazidime, ceftazidime-avibac-
tam, cefotaxime and meropenem decreased 4 to 32
folds, as shown in Table 3.

The AST results for the three knockin and knockout
strains were showed in Table 2. As expected, strain
KP30086+CTX-M-71 recovered resistance to ceftazidime,
ceftazidime-avibactam, cefotaxime, cefepime, aztreonam,
meropenem and  ertapenem. Strain = KP29499-
AompK36Comp showed decreased MIC to ceftazidime-
avibactam (from 32 to 4 mg/L), meropenem (from 16 to 8
mg/L) and ertapenem (from 64 to 16 mg/L). Strain
KP29499-ACTX-M-71 became susceptible to ceftazi-
dime-avibactam, cefotaxime, cefepime, aztreonam, mer-
openem and imipenem.
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Figure 1. Genomic profiles of these 3 clinical K. pneumoniae strains KP29105, KP29499 and KP30086. (a) Circular maps of plasmids in these
3 strains (b) Major structural features of the multi-resistance plasmids in the 3 K. pneumoniae isolates. pKP29499-2 integrated an IncR type
plasmid after an insertion sequence 156 of pKP29105-2, and blacry.m.1s becomes blacry.m.71 by single amino acid substitution. Whereas
pKP30086-2 had a large fragment deletion compared with pKP29499-2, and the blacrx.m gene was located in this fragment (figure 1B).
Boxed arrows indicate the positions of open reading frames (ORFs) and their directions of transcription. ORFs encoding resistance genes
are portrayed by red arrows. Green arrows indicate insertion sequences. Gray areas denote more than 95% DNA identity between
sequences. (c) Resistance genes in the 3 clinical K. pneumoniae strains. Asterisks represent genes with mutations.

Table 2. Antibiotic resistance characteristics (MICs, mg/L) of 3 clinical K. pneumoniae isolates and the transconjugant, transformants
and mutants.

DH5a (CTX- DH5a (CTX-  KP30086 KP29499- KP29499-

Antibiotics  KP29015 KP29499 KP30086 J53  Transconjugant DH5a M-15) M-71) +CTX-M-71 ACTX-M-71  AompK36Comp
Piperacillin >128 >128 >128 <4 >128 <4 >128 >128 >128 >128 >128
TZP >128 >128 >128 <4 <4 <4 <4 <4 >128 64 >128
Ceftazidime >512 512 <1 <05 32 <05 64 64 256 <1 256
CZA 1 32 0.5 <0.125 1 <0.125 0.25 1 16 2 4
Cefotaxime >512 >512 <0.5 <0.5 512 <0.5 256 256 512 <0.5 >512
Cefepime >512 >512 1 <0.5 512 <0.5 32 128 512 1 >512
Aztreonam >256 >256 0.5 <0.25 128 <0.25 64 128 >256 1 >256
Imipenem 0.25 2 0.5 <0.125 0.25 <0.125  <0.125 <0.125 2 2 2
Meropenem  <0.125 16 0.5 <0.125 0.25 <0.125 <0.125 <0.125 8 1 8
Ertapenem  <0.125 64 2 <0.125 0.5 <0.125 <0.125 <0.125 64 4 16

TZP, Piperacillin-tazobactam; CZA, Ceftazidime-avibactam; -, Intrinsic resistance.

Outer membrane proteins and efflux pumps

the ompK36 gene in both strains KP29499 and
profiling

KP30086. The mutation led to amino acid substitution

The ompK35 and ompK36 genes among the 3 hvKp
strains were analyzed with K. pneumoniae NTUH-
K2044 as a reference. No indels and rearrangements
were detected around ompK35 and ompK36. No muta-
tions were found in the ompK35 gene and its promoter
region. A single-base mutation (T1076G) was found in

(L359R) and had a deleterious effect on the function of
OmpK36 according to PROVEAN.

The expression at the transcriptional level of ompK35
and ompK36 genes was analyzed by gRT-PCR. The
ompK35 expression was deficient in all the 3
K. pneumoniae strains. In addition, strains KP29499 and
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Table 3. Antibiotic resistance characteristics (MICs, mg/L) of
K. pneumoniae strain KP29499 to ceftazidime, ceftazidime-avi-
bactam, meropenem and ceftriaxone.

Antibiotics PMBN(-) PMBN(+)
Ceftazidime 512 16
Ceftazidime-avibactam 32 1
Meropenem 16 4
Cefotaxime >512 512

PMBN, polymyxin B nonapeptide.

KP30086 had a significantly lower expression for the
ompK36 gene compared with KP29105 (Figure 2(a)).

The expression of porins at the translational level
was tested using SDS-PAGE, and the identification of
proteins was carried out using LC-MS/MS. The results
showed that OmpA could be found in all the 3 isolates,
OmpK36 was lost from K. pneumoniae strains KP29499
and KP30086, and OmpK35 was absent in all the 3
isolates (Figure 2(b)).

The expression of genes acrA and acrB was exam-
ined using the gRT-PCR method. No significant differ-
ence was observed among the 3 strains (Figure 2(a)).

1.4, KP29105 mKP29499 mKP30086 _
1.2
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0.4 1
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Transcriptomic data for strains KP29105 and
KP29499

Transcriptomic analysis was performed to detect the
potential mechanisms involved in the resistance of cefta-
zidime-avibactam and carbapenems in strain KP29499.
A total of 675 DEGs were identified. Among them, 359
up-regulated and 316 down-regulated DEGs were
observed after data filtering when compared to strain
KP29105. PCA analysis showed that the gene expressions
of strains KP29105 and KP29499 were clustered into two
distinct groups (Figure S1A). The results of KEGG enrich-
ment analysis were showed in Figure S1B-C.

The expression levels of genes related to porins,
efflux pumps and p-lactamases were examined.
Similar to the qRT-PCR results, the outer membrane
gene ompK35 was expressed at a very low level among
strains KP29499 and KP29105. The ompA expression of
the two strains was very high, and there was no sig-
nificant difference. In addition, lower expression of
gene ompK36 was observed in strain KP29499 but not
to a statistically significant level. Moreover, there were

3
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Figure 2. Porin profiles and growth curves of K. pneumoniae strains KP29105, KP29499 and KP30086. (a) Relative expression at the
transcriptional level of genes ompK35, ompK36 and blacry.. Data were normalized to the expression levels of gene rpoB. K. pneumoniae
NTUH-K2044 and KP29105 were set as the basic expression for porins and CTX-M, respectively. (b) SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) of outer membrane proteins. K. pneumoniae NTUH-K2044 was used as reference. (c) Growth curves of the
K. pneumoniae isolates. Three independent experiments were carried out. The significance level was as follows: *p < 0.05.



no significant differences in the expression of pB-lacta-
mase genes blacrx.m, blarem, blasyy, and efflux pump-
related genes such as eefAB, mdtABC, acrAB, acrR,
marR, ogxR, ramR, rarA, rps] and soxR.

Growth curves

The 24-hour growth curves of the K. pneumoniae
strains KP29105, KP29499 and KP30086 were tested.
KP29105 had a higher growth rate compared to the
other strains (Figure 2(c)), but the difference was not
statistically significant.

Discussion

Ceftazidime-avibactam provides a novel therapeutic
option against CRKp strains [33], but the resistance
strains have been reported worldwide [34,35].
Ceftazidime-avibactam resistance is usually caused by
blaypc-related mechanisms [36]. In this study, we
reported the ceftazidime-avibactam resistance in a non-
carbapenemase-producing hvKp strain KP29499, which
has been rarely reported. Most notably, this strain is
a K1-ST23 hvKp strain, which is worrisome and should
be monitored closely.

Strain KP29499 contained 3 p-lactamase genes: blargy;.
18> blagiyv.1: and blacrxv.71. TEM-1B confers resistance
to penicillins and narrow-spectrum cephalosporins [37].
SHV-11 is not ESBL, and it is intrinsic in Klebsiella and
had a low level of expression according to the transcrip-
tomic analysis, which was consistent with previous reports
[38,39]. Therefore, only the functions of CTX-M-71 were
examined by cloning and transformation experiments.

Strains KP29105 and KP29499 carried blacrx.m.1s
and blacrxm.71 genes, respectively, while KP30086
lost both. There is no consensus on the hydrolytic
activity of CTX-M-71 and CTX-M-15 for third- and
fourth-generation cephalosporins [40,41]. Our study
showed that the transformant DH5a (CTX-M-71) had
the same MICs for ceftazidime and cefotaxime com-
pared to DH5a (CTX-M-15), and higher MICs for
cefepime, aztreonam and ceftazidime-avibactam.
Notably, although neither the transformants nor the
transconjugant acquired resistance to ceftazidime-avi-
bactam, a more than 2-fold increase in MICs from <
0.125 to 0.25 or 1 was observed, indicating that the
blactx.m gene and other mechanisms were involved
in the ceftazidime-avibactam resistance.

PMBN (10 mg/L), an outer membrane permeabili-
zer, can significantly decrease the MICs of ceftazidime
and ceftazidime-avibactam by 32 folds, indicating that
the porins played an important role in the ceftazidime-
avibactam resistance, as reported previously [6,42].
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OmpK35 and OmpK36 are two main non-specific por-
ins in K. pneumoniae, permitting the diffusion of some
nutrients and hydrophilic molecules such as p-lactams
into the cell [43]. The mutation, deficiency, or loss of
function of OmpK36 or OmpK35 porins, combined
with KPC or CTX-M might result in the elevated
MIC of -ceftazidime-avibactam [6,8,44,45].
study, 3 clinical hvKp isolates shared the same
ompK35 gene as the typical hvKp NTUH-K2044, and
KP29105 had the wild-type ompK36 gene, but KP29499
and KP30086 had a novel amino acid substitution
(L359R) for ompK36, which had a deleterious effect
on the protein function according to PROVEAN result.

The porins OmpK35 and OmpK36 were then ana-
lyzed at the transcriptional and translational levels. For
porin OmpK35, all the 3 strains had low expression at
the transcriptional level and were not visible at the
translational level. According to previous reports,
K. pneumoniae NTUH-K2044 expresses OmpK36 and
lacks OmpK35 [46], the same result was obtained in
our study. In addition, strains KP29499 and KP30086
had significantly lower transcriptional levels for gene
ompK36 compared with KP29105. Meanwhile, the SDS-
PAGE experiment showed that OmpK36 was absent
from KP29499 and KP30086 at the translational level.
A similar phenomenon has been previously reported in
phosphate-regulated porin PhoE, in which another
unknown protein involved in promoter recognition
has been mutated, causing phoE to fail to be tran-
scribed/translated correctly [47]. There could be other
mechanisms resulting in the invisibility of OmpK36 at
the translational level, including lower expression level,
low quantity of this protein or its constructional altera-
tion by post-translational modifications [48].

Although strain KP30086 lost the porin OmpK36, it
didn’t obtain the resistance for ceftazidime-avibactam,
indicating that the OmpK36 mutant alone cannot cause
ceftazidime-avibactam resistance. Strain KP29499, the
MIC of ceftazidime-avibactam was 32 mg/L, had a CTX-
M-type ESBL and deficient OmpK36, and the MIC was
reduced to 1 mg/L after PMBN was added, which verified
that the high ceftazidime-avibactam MICs in KP29499 was
associated with the co-existence of the mutated OmpK36
and CTX-M-71. Besides, the MICs of ceftazidime-avibac-
tam of the newly constructed strains KP30086+CTX-M-71
and KP29499-ACTX-M-71 demonstrated the role of
blacrx.a.71 in ceftazidime-avibactam resistance, and strain
KP29499-AompK36Comp revealed the role of ompK36 in
ceftazidime-avibactam resistance.

OmpK36 is the primary channel for the permea-
tion of ertapenem and meropenem but not for imi-
penem [49]. Mutations in the ompK36 gene confer
high-level carbapenem resistance to KPC-producing

In our
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K. pneumoniae strains [50]. OmpK36 deficiency in
CTX-M-15-producing K. pneumoniae can lead to
resistance to ertapenem and reduce susceptibility to
meropenem [43,49]. Herein, a consistent result was
obtained. Our results showed that in strain KP30086,
OmpK36 deficiency alone can cause low-level ertape-
nem resistance and an increase in MICs of merope-
nem but not to a resistance level. Moreover, the co-
existence of CTX-M-71 and OmpK36 deficiency in
KP29499 caused the resistance of the 3 carbapenems,
with the highest MIC in ertapenem, followed by
meropenem and imipenem. Before the CRKp strain
KP29499 was recovered from the patient, meropenem
was administrated for several days, which may relate
to the mutation in the ompK36 gene, as suggested by
the previous studies [49,51]. OmpK36 absence is not
only associated with antibiotic resistance but also
decreases bacterial fitness [43,52]. The same phe-
nomenon was observed in the 3 K. pneumoniae
strains, namely, KP29499 and KP30086 had relatively
lower growth rates compared with KP29105.

In summary, the within-host evolution of ceftazidime-
avibactam resistance in K. pneumoniae is far from being
fully elucidated. In the present study, the repeated in-vivo
loss and gain of the ceftazidime-avibactam susceptibility
in a series of clinical hvKp strains were captured, with
CTX-M-71 and mutated OmpK36 involved in ceftazi-
dime-avibactam resistance. Close attention is required to
prevent the spread of these K. pneumoniae strains.
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