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Abstract

Background/Objectives: Carbapenem-resistant Klebsiella pneumoniage (CRKP) is a major nosocomial
pathogen. Although newer agents have reduced colistin use in high-income countries, this polymyxin
remains important in many low- and middle-income settings. Colistin resistance in K. pneumoniae is
mainly driven by chromosomal changes in the MgrB-PhoPQ pathway or plasmid-mediated mcr genes.
This study aimed to investigate chromosomally mediated colistin resistance in CRKP clinical isolates from
a Tunisian tertiary hospital. Methods: Between 2010 and 2015, 317 non-duplicate CRKP isolates were
collected at Charles Nicolle Hospital, Tunis. Colistin MICs were determined by broth microdilution.
Phenotypic tests and PCR characterized carbapenemases, extended-spectrum -lactamases, AmpC,
plasmid-mediated quinolone resistance, mcr and virulence genes. Porins (OmpK35/0mpK36) and the
mgrB, phoP and phoQ loci were analyzed by SDS-PAGE and sequencing. Clonal relatedness was assessed
by ERIC-PCR and multilocus sequence typing. Results: Five isolates (1.6%) were colistin-resistant. All
were multidrug-resistant, produced OXA-48 and two also carried NDM-1. The isolates belonged to five
distinct sequence types, including high-risk clones (ST11, ST101, ST147). No mcr genes were detected. Four
isolates carried disruptive mutations in mgrB, and the remaining strain harbored inactivating mutations
in both phoP and phoQ with an intact mgrB. Truncating alterations in PhoP/PhoQ and frequent loss or
truncation of OmpK35/0OmpK36 were observed. Conclusions: In Tunisian CRKP, colistin resistance was
mediated by chromosomal alterations, primarily disruption of the MgrB-PhoPQ pathway, in the absence
of mcr genes. These mechanisms in both high-risk and emerging sequence types underscore the
adaptability of CRKP and the need for surveillance where colistin remains an important therapeutic
option.

Keywords: colistin resistance; mgrB; phoP; phoQ; carbapenemase; porins; multidrug resistance;
virulence factors
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1. Introduction

Antimicrobial resistance (AMR) is a global public-health crisis, and carbapenem-resistant
Klebsiella pneumoniae (CRKP) epitomizes the problem [1]. Over the past two decades, CRKP has
spread throughout hospitals, aided by acquisition of carbapenemase genes and loss or alteration of
major porins that impede (3-lactam entry. Patients with CRKP infections often have few therapeutic
options, so polymyxins such as colistin (polymyxin E) are used as last-resort drugs [2].

Colistin’s bactericidal action involves binding to the negatively charged lipid A component of
lipopolysaccharide (LPS), displacing Mg?*/Ca?* ions and disrupting the outer membrane [3].

For many years, colistin has been used as a last-resort drug against multidrug-resistant Gram-
negative pathogens, including carbapenem-resistant K. pneumoniae (CRKP). More recently, however,
several new treatment options have become available for CRKP, such as {-lactam/{3-lactamase
inhibitor combinations and cefiderocol, which have displaced colistin as a first-line option in many
high-income settings [4]. Nevertheless, in many low- and middle-income countries, including North
African hospitals, access to these newer agents remains limited and colistin is still widely used in
routine practice.

Chromosomal colistin resistance results from mutations that dysregulate lipid A modification
pathways. In K. pneumoniae, the PhoPQ and PmrAB two-component systems (TCSs) sense
environmental signals and control expression of the pmrCAB and arnBCADTEF (pmrHFIJKLM)
operons responsible for adding 4-amino-4-deoxy-L-arabinose (L-Ara4N) or PEtN to lipid A.
Disruptive mutations in the mgrB gene (a 47-amino acid negative regulator of PhoPQ) remove
feedback inhibition, leading to constitutive activation of PhoPQ and PmrAB and up-regulation of
LPS-modifying enzymes. Similarly, activating mutations in phoP/phoQ, pmrA/pmrB,or crrA/cryB can
up-regulate these operons; the net effect is lipid A modification and reduced colistin binding. These
chromosomal changes are stable and cannot be transferred horizontally, but they can accumulate
within clonal lineages [3].

Beyond colistin, CRKP often carries multiple -lactamases, aminoglycoside-modifying enzymes
and plasmid-borne quinolone resistance genes, contributing to multidrug-resistance profiles. The
combination of carbapenemase production, porin loss, and colistin-resistance mechanisms produces
extensively or pan drug-resistant strains that are difficult to treat.

Tunisia has reported both plasmid-mediated mcr genes [5,6] and chromosomal mgrB mutations
[7,8] among clinical K. pneumoniae isolates, highlighting the local public-health importance of this
resistance.

This study aimed to investigate the molecular and phenotypic basis of colistin resistance in
CRKP clinical isolates recovered from a Tunisian university hospital. We focused on chromosomal
mechanisms involving the mgrB-PhoPQ regulatory pathway, while acknowledging that other two-
component systems (such as PmrAB and CrrAB) and genome-wide changes may also contribute to
colistin resistance but were not explored here due to resource constraints. In addition, because colistin
resistance in CRKP usually emerges on a background of broad p-lactam resistance, we also
characterized outer membrane porin alterations to better define the multidrug-resistant profile of
these isolates.

2. Materials and Methods

2.1. Study Design

Between 2010 and 2015, all clinical CRKP strains were collected from various specimens at the
Microbiology Laboratory of Charles Nicolle Hospital in Tunis, Tunisia. Among the collected CRKP
isolates, colistin resistance was assessed by determining the minimum inhibitory concentration (MIC)
using the broth microdilution method, following the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guidelines [9]. All subsequent phenotypic assays, molecular
characterizations, and genetic analyses were performed on the colistin-resistant CRKP strains.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.2. Species Identification and Antimicrobial Susceptibility Testing

Bacterial species were identified using the API20E system (BioMérieux, Marcy-1'Etoile, France)
and confirmed by Matrix-Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF) (Bruker
Daltonics GmbH, Bremen, Germany).

Initially, susceptibility to amoxicillin, amoxicillin—clavulanic acid, cefoxitin, ceftazidime,
cefotaxime, cephalotin, cefepime, ertapenem, imipenem, aztreonam, amikacin, tobramycin,
netilmicin, nalidixic acid, ofloxacin, ciprofloxacin, fosfomycin, tetracycline, minocycline, and
tigecycline was determined by disk diffusion using Mueller-Hinton agar (Bio-Rad), according to
EUCAST guidelines [9].

MICs of ertapenem, imipenem, and meropenem were determined using E-test strips
(BioMérieux, France), while MICs of amoxicillin-clavulanic acid, cefepime, cefotaxime, ceftazidime,
and tigecycline were assessed using the Vitek 2 system (BioMérieux). All results were interpreted
according to EUCAST breakpoints and guidelines [9].

2.3. Phenotypic Assays

The modified Hodge test (MHT) was performed according to CLSI guidelines [10] using an
ertapenem disk (10 ug). In addition, the Carbapenem Inactivation Method (CIM) was used to detect
carbapenemase activity in all isolates, as previously described [11].

Screening for class A carbapenemases was performed using the phenylboronic acid (PBA)
method. Inhibition zones obtained with imipenem disks with or without PBA (0.05 M solution) were
compared after overnight incubation; an increase of 25 mm in the presence of PBA was interpreted
as positive for class A carbapenemase production [12].

Screening for class B carbapenemases was performed by comparing inhibition zones around
imipenem disks with or without ethylenediaminetetraacetic acid (EDTA, 10 uL of a 0.5 M solution)
[13]. An increase in the inhibition zone of >7 mm in the presence of EDTA was considered indicative
of metallo-f3-lactamase production.

Phenotypic detection of extended-spectrum (3-lactamases (ESBLs) was carried out by the double-
disk synergy test (DDST) according to CLSI recommendations [10]. AmpC producers were defined
as isolates showing a negative ESBL phenotype while being resistant to both cefoxitin and
amoxicillin-clavulanic acid.

2.4. Chromosomal Modifications in LPS Biosynthesis

A targeted molecular analysis was conducted to investigate chromosomal alterations in the LPS
biosynthesis pathway, focusing on the mgrB, phoP, and phoQ genes. These genes were amplified by
polymerase chain reaction (PCR) using gene-specific primers under optimized thermal cycling
conditions. The resulting PCR products were purified and subjected to Sanger sequencing.

DNA and deduced amino acid sequences were analyzed using the VECTOR NTI (Invitrogen,
California, USA) and compared with the reference genome of the colistin-susceptible K. pneumoniae
ATCC 13883 strain (GenBank accession number NZ_JOOWO00000000).

2.5. Molecular Detection of Resistance Genes

Multiplex PCR assays were conducted to identify the most commonly encountered
carbapenemase genes, including class A (blakec and blaces), class B (blamr and blaviv), and class D
(blaoxa-ssiie), following previously established protocols [14]. The detection of the blanom gene was
carried out as described in other studies [15].

In addition, screening was performed for ESBL genes (blacrx-m, blarem, blasnv, blaves, blaces, and
blarer) and plasmid-mediated AmpC B-lactamase genes (blacir, blamox, blarox, blaesc, blapra, and blaacc)
[14]. Furthermore, plasmid-mediated quinolone resistance (PMQR) genes (qurA, qnrB, qnrC, qnrD,
qnrS, qepA, 0qxAB, and aac(6’)-Ib-cr) were investigated [16], together with aminoglycoside resistance
genes (acc(6')-1b, aac(3’)-1a, aac(3')-11a, aac(3’)-1Va, aph(3’)-1a, aph(3’)-11a, aph(3’)-Vla, ant(2”)-1a) [17].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The presence of plasmid-mediated colistin resistance was assessed through PCR amplification
of mcr genes using specific primers for each target [18].

The PCR products were subsequently purified and sequenced, and the resulting DNA sequences
were compared with reference nucleotide sequences available in the GenBank database.

2.6. Detection of Virulence-Associated Genes in K. pneumoniae

The virulence profile was analyzed by PCR to check for the presence of nine genes linked to virulence
in K. pneumoniage, namely capsular serotype K1 and hypermucoviscosity phenotype (magA), allantoin
metabolism (allS), regulator of mucoid phenotype A (rmpA), iron system capture (iroN), capsular serotype
K2 and hypermucoviscosity phenotype (cps), adhesion type 3 fimbriae (mrkD), iron transport and
phosphotransferase function (kfit), siderophore (entB), and siderophore yersiniabactin (ybtS) [19].

2.7. Molecular Epidemiology and Phylogenetic Analysis

Enterobacterial Repetitive Intergenic Consensus (ERIC) PCR was used as described previously
[20] to assess the genetic relatedness of the K. prneumoniae strains. This method targets repetitive DNA
sequences within the bacterial genome, providing insight into clonal diversity.

Multilocus sequence typing (MLST) was performed using a previously standardized MLST
protocol. The scheme used the following seven housekeeping genes: gapA, infB, mdh, pgi, phoE, rpoB,
and tonB [21]. The allelic profile was summarized by assigning a sequence type (ST) via a web
database (www.pasteur.fr/recherche/genopole/PF8/mlstKpneumoniae.html).

The phylogenetic relationship among colistin-resistant CRKP isolates was inferred from the
concatenated nucleotide sequences of the seven MLST housekeeping genes (gapA, infB, mdh, pgi,
phoE, rpoB, and tonB) using the neighbor-joining method implemented in MEGA (version 11.0.13).
Prior to tree construction, nucleotide sequences were aligned with the ClustalW algorithm.
Evolutionary distances were computed using the Tamura-Nei model, and branch lengths represent
the number of base substitutions per site. The tree with the optimal topology was selected
automatically, and all positions containing gaps and missing data were eliminated from the final

dataset (Figure 1).
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Figure 1. Phylogenetic tree of colistin-resistant CRKP isolates constructed using the neighbor-joining method in
MEGA (v11.0.13) after multiple sequence alignment with ClustalW. Evolutionary distances were estimated
according to the Tamura-Nei model, and branch lengths indicate the number of nucleotide substitutions per
site. The dendrogram illustrates the genetic relatedness among the five CRKP isolates (CRKP1-CRKP5) and is
annotated with the corresponding ERIC-PCR patterns and sequence types (STs). The heatmap aligned with the
tree depicts the distribution of acquired f-lactamase genes (red color), plasmid-mediated quinolone resistance
(PMQR) genes (blue color), and virulence-associated genes (green color).

2.8. Characterization of Outer Membrane Proteins and Sequencing of ompK35 and ompK36 Genes

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Outer membrane protein preparations were obtained by sonication of bacterial cells cultured in
Mueller-Hinton broth, followed by selective solubilization of the cytoplasmic components with 2%
sodium lauroyl-sarcosynate and ultracentrifugation. The samples were then boiled, loaded onto
11.0% sodium dodecyl sulfate-polyacrylamide gels, and stained with Coomassie blue [22]. The
ompK35 and ompK36 genes were amplified, sequenced, and compared with the ompK gene sequences
of K. pneumoniae KCTC2242, which produces OmpK35 and lacks OmpK36 (NCBI accession number
CP002910), and K. pneumoniae NTUH-K2044, which produces OmpK36 and lacks OmpK35 (NCBI
accession number AP006725), using VECTOR NTI (Invitrogen, California, USA) [23].

3. Results

3.1. Prevalence of Colistin Resistance in CRKP Isolates and Antimicrobial Resistance Profile

A total of 317 nonredundant clinical CRKP strains were collected from various wards of Charles
Nicolle Hospital between 2010 and 2015. Of these, 5 isolates exhibited resistance to colistin,
accounting for 1.6% of the total isolates. The colistin-resistant isolates were primarily recovered from
the Intensive Care Unit (ICU) (n=4), with one isolate from the Orthopedics ward. They were
recovered from different specimen types: pulmonary (n=2), catheter (n=2), and wound (n=1).

The patients' ages ranged from 24 to 84 years, with 4 of the 5 patients being male. They were
admitted either for respiratory distress or polytrauma. Three of these patients were treated during
hospitalization with a combination of colistin and imipenem. Besides, combinations of different
antibiotic families, namely aminoglycosides (such as amikacin or gentamicin) and fluoroquinolones
(mainly ciprofloxacin), in association with imipenem, were used. Despite antibiotic treatment, 1
patient died during hospitalization (Table 1).

Table 1. Clinical characteristics, treatment, and outcomes of patients infected with colistin-resistant CRKP.

Age
Patie Strai Speci Isolati Underlyi Out
atie ram Ward pectmen  Is0"atio (Years)/Gend n .er ymg Antibiotic Treatment utcom
nt ID Type n Date Disease
er
. Tigecycline,
R t I
1 CRKP1 ICU' Pulmonary 2013  27/M? espiratory Gentamicin, P Ov¢
distress . d
Ceftazidime
Orthopedi A icillin+clavulan I
2 CRKP2 rihopedi Catheter 2015 84/F3 Polytraumatism moxaiinrciaviian improve
cs ate d
Vancomycin,
Respirat: Imi , Rif: in,
3 CRKP3 ICU'  Catheter 2015  75/M2 espiratory  fmipenem, BRmpI, - 5.4
distress Amikacin, Colistin,
Fosfomycin
Gentamicin,

Imi , Colistin, T
4 CRKP4 ICU' Pulmonary 2015  32/M?  Polytraumatism 1o —O S AMPIOVE
Vancomycin, d

Ciprofloxacin

Amoxicillin+clavulan
ate, Gentamicin,
5 CRKP5 ICU Wound 2015 24/M2 Polytraumatism Imipenem,
Fosfomycin, Colistin,

Improve

Ciprofloxacin

1ICU, Intensive Care Unit; 2M, Male; * F, Female; A. Nucleotide alignment; Al. mgrB gene.

All isolates were confirmed as K. pneumoniae by both API20E and MALDI-TOF. Antimicrobial
susceptibility testing by disk diffusion revealed resistance to all tested penicillins and cephalosporins,
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as well as fluoroquinolones and gentamicin; two isolates were non-susceptible to tigecycline based
on MICs obtained with the VITEK2 system (Table 2).

E-test results confirmed resistance to ertapenem for all five isolates, with MICs ranging from 2
to >32 mg/L. Two isolates were resistant to imipenem (MICs 2-24 mg/L), and three were resistant to
meropenem (MICs 1-24 mg/L). All isolates exhibited colistin resistance, with MICs ranging from 8 to
32 mg/L (Table 2). Furthermore, all isolates tested positive for carbapenemase production using both
MHT and CIM. EDTA-based synergy testing was positive for the two blanom-1-producing isolates and
negative for the remaining strains, whereas no isolate showed a >5-mm increase in imipenem
inhibition zone in the presence of phenylboronic acid, in keeping with the absence of KPC-type
carbapenemases (Table 2).

3.2. Characterization of Antimicrobial Resistance Genes

Molecular fingerprints grouped the 5 isolates into 4 distinct patterns: A (2 strains), B (1 strain),
C (1 strain), and D (1 strain). Furthermore, the MLST results revealed the presence of 5 different
sequence types (STs): ST11, ST101, ST2502, ST147, and ST4870 (Figure 1).

The phylogenetic analysis of the five colistin-resistant CRKP isolates revealed two main clusters.
CRKP1 and CRKP5 grouped closely together, whereas CRKP2 and CRKP4 formed a separate sub-
cluster, and CRKP3 appeared more distant from the other isolates (Figure 1).

All strains carried the blaoxa-4s gene, and blanom1 was additionally detected in two strains (CRKP4
and CRKP5). The extended-spectrum (-lactamase (ESBL) blacrx-m-15 was present in all strains except
for CRKP1, which harbored the AmpC p-lactamase blapra1. Other (-lactamase genes identified
included blarem., blasuv-1, and blaoxa-1, along with plasmid-mediated quinolone resistance genes qnrS1,
gnrB1, and aac(6’)-Ib-cr in certain strains. No aminoglycoside resistance genes were detected. No
plasmid-mediated colistin resistance genes (mcr) were detected. Three virulence-associated genes,
mrkD, entB, and ybtS, were present in all strains, while rmp and kfu were exclusively found in CRKP3
(Figure 1).

3.3. Porin Expression and ompk35/ompk36 Alterations

SDS-PAGE analysis showed that all strains expressed a ~32 kDa protein corresponding to the
structural protein OmpA but failed to express a full complement of porins compared to the positive
controls K. pneumoniae KCTC2242 (expressing OmpK35 but lacking OmpK36) and K. pneumoniae
NTUH-K2044 (expressing OmpK36 but lacking OmpK35) (NCBI accession numbers CP002910 and
AP006725, respectively).

Notably, three isolates, CRKP1, CRKP2, and CRKP3 (belonging to pulsotypes B/ST11, C/ST101
and D/ST2502, respectively), lacked the ~39 kDa band corresponding to the major porin OmpK35.

Sequence analysis of ompK35 in CRKP1 revealed the insertion of an ISKpn14 element (780 bp)
located 852 nucleotides upstream of the start codon. This IS1-family insertion, positioned within the
putative promoter region, is likely responsible for the absence of detectable OmpK35 among outer
membrane proteins (Table 3).

In CRKP2 (pulsotype C, ST101) and CRKP3 (pulsotype D, ST2502), sequencing of ompK35
followed by alignment with the reference strain K. pneumoniae KCTC2242 identified multiple
alterations. These included point mutations (C156T in CRKP3), deletions [a six-nucleotide deletion
(5'-CACCAA-3’) at position 137 in CRKP2 and a single-nucleotide deletion at position 184 in CRKP3],
and a single-nucleotide insertion at position 166 in CRKP2. Collectively, these changes introduced
premature stop codons, leading to truncated OmpK35 proteins of 314 amino acids in CRKP2 and
only 62 amino acids in CRKP3, compared with the full-length 359-amino acid protein in the reference
strain (Table 3).

In the CRKP4 strain (pulsotype A, ST147), sequence analysis of the ompK36 gene revealed several
point mutations as well as the insertion of a nine-nucleotide sequence [5'-CTGTCTCCT-3'] located at
position 550 upstream of the start codon. These genetic alterations result in a protein sequence that

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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diverges from that of the reference strain K. pneumoniae NTUH-K2044. Consistent with these findings,
no detectable OmpK36 band was observed in SDS-PAGE profiles(Table 3).

In the CRKP5 strain (pulsotype B, ST4870), two major mutations were identified: the insertion
of a guanine at position 65 and a thymine at position 129, both upstream of the start codon. These
frameshift events introduce a premature stop codon, leading to the production of a truncated protein
of only 22 amino acids instead of the full-length 365-residue OmpK36 (Table 3).

3.4. Chromosome-Mediated Colistin Resistance: Mutations in mgrB, phoP and phoQ

Sequencing of colistin resistance-associated genes (mgrB, phoP, and phoQ) revealed multiple
alterations across the five CRKP isolates (Table 4; Figure 2).

Analysis of the mgrB gene revealed distinct alterations among the CRKP isolates. Three isolates
(CRKP1, CRKP3, and CRKP5) carried a deletion at nucleotide 132, resulting in frameshift events and
altered protein sequences. CRKP4 exhibited multiple point mutations and nucleotide deletions
(AA42, ACC48-49), leading to a premature stop codon at amino acid 19. In contrast, CRKP2 showed
no detectable alterations, maintaining an intact mgrB sequence. Phylogenetic analysis supported
these observations, with CRKP1, CRKP2, CRKP3, and CRKP5 clustering closely with the reference K.
pneumoniae ATCC 13883. CRKP4 was the most divergent isolate, forming a separate branch due to its
unique disruptive mutations and premature stop codon.

Comparative analysis of the phoP gene revealed heterogeneous mutational profiles among the
five CRKP isolates. CRKP1 carried three nucleotide changes (C29T, C31A, C363T) leading to amino
acid substitutions. CRKP2 showed mutations (G57C, T457G, G554C), also resulting in amino acid
substitutions without evidence of truncation. CRKP3 harbored three substitutions (A471T, C510A,
and C537T) predicted to alter the amino acid sequence. In contrast, CRKP4 exhibited a complex
mutation pattern (insertion of nucleotide A at position 7, C32T, C47A, C112A, insertion of nucleotide
A at position 143), generating a premature stop codon at amino acid 7, consistent with a truncated
non-functional protein. Finally, CRKP5 displayed two substitutions (T17A and C31G) affecting the
N-terminal region.

Phylogenetic reconstruction supported these findings: CRKP1 and CRKP5 clustered closely,
reflecting their related mutation profiles, while CRKP2 grouped separately but remained relatively
close to the reference strain. CRKP3 branched independently, consistent with its distinct
substitutions. In contrast, CRKP4 was the most divergent isolate, clearly separated from both the
reference and the other strains, in line with its severely truncated protein sequence.

Analysis of the phoQ gene revealed multiple disruptive events across the studied CRKP isolates.
CRKP1 carried combined mutations (C219T, InsA486, InsGC498-499), which introduced a premature stop
codon at amino acid 175. CRKP2 harbored an extensive set of substitutions and indels (T32G, C35G, A36C,
T37A, T38G, AC48, InsA58, InsAA65-66, AC91) that generated a premature stop codon at amino acid 41,
predicting a severely truncated PhoQ protein. CRKP3 exhibited frameshift-inducing mutations (AA5,
G29C, T130A, AC611), leading to an altered protein sequence. The most severe alterations were found in
CRKP4, with a cluster of substitutions and deletions (C10T, T11G, G12A, T14C, G15T, G17T, C19T, A20T,
AT34, AGCC105-106-107) that produced a premature stop codon at amino acid 4, consistent with complete
loss of function. Finally, CRKP5 carried multiple substitutions and indels (C219T, C512A, C517A, AG527,
InsT538), resulting in a premature stop codon at amino acid 207.

Phylogenetic reconstruction further highlighted these differences: CRKP1, CRKP2, and CRKP3
formed distinct but relatively close clusters. CRKP5 remained closer to the reference strain but
branched separately, consistent with its partial truncation. In contrast, CRKP4 was the most divergent
isolate, clearly separated from all other strains and the reference, in agreement with its early stop
codon at position 4.
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40 60 ;70 100 110 130
mgrB_K.pneumoniae ATCC 13883 (1) GTG. C GTC CAG! TGTTGCTG CICAGATG-———----— CT TGCG. ——-GGA' ——CA( TTGCi T C
mgrB_CRKP1 (1) GTG. C GTC CAG! 'TGTTGCTG CICAGATG-———---—--— CT TGCG. ——-GGA' ——CA( GC TTGCi T C 2'
mgrB_CRKP2 (1) GTG. C GTC C G 'TGTTGCTG CICAGATG-———----— CT TGCG. ——-GGA' ——CA( TTGCi T C GTA—
mgrB_CRKP3 (1) GTG GTC: TGTTGCTG CICAGATG----—-——— CT' TGCG. ———GGA' ——CA( TTGC:
mgrB_CRKP4 GAAAGCGCCGCTTCCGCTGCTGTCTTTGGTCTGCAGA CCGGAGG——TGTTGCTGTAGCCCCAGTTTTCATCCCACTTCGCGTAGGTTGCGAAGATACGGATAGCCGGACGAGACCAGACGCTGTTGCCTGCCTGCCACTGT GAGCCAG

mgrB_CRKP5 (1) GTGAAA-C-GIT.'I_I'GTC.CAIAICIGG.G.TGTTGCTG'I'GICICAG.TI ———————— CTTAACGTARTETGCGACEA - - -GGATEET CAGTITEE - -CAGEEGCAT TTGCAGTAT TART ARATT- CC-GT

A2. phoP gene

(O 10 20 30 40 50 60 70 80 920 100 110 120 130 140 150 160 170 180 190 209
phoP_K.pneumoniae ATCC 13883 (1) ATGCGC-GTACTCGTGE! TGAGGATAATGIC'TGCTGCGTCACCAC TCAAAGTTCABCTGCAGGAGCTGGGCCATCAGGTCGATGCGGCGGAAGATGCCAGGGAAGCGGABTACTATCTGGGCGAACATCTCCCGGATATC-GCCATCGTCGATCTCGGCCTGCCGGATGAAGACGGTTTATCACTGATCCGCCGCTGGCGCAGCCAC
phoP_CRKP1 (1) ATGCGC-GTACTCGTGGETGAGGATAATGTCATGCTGCGTCACCACETCAAAGT TCAGCTGCAGGAGCTGGGCCATCAGGTCGATGCGGCGGAAGATGCC: G GGAGTACTATCTGGGCGARCATCTCCCGGATATC-GCCATCGTCGATCTCGGCCTGCCGGATGAAGACGGTTTATCACTGATCCGCCGCTGGCGCAGCCAC

phoP_CRKP2 (1) ATGCGC-GTACTCGTGGETGAGGATAATG ' TGCTGCGTCACCACETCAAARGTTCACCTGCAGGAGCTGGGCCATCAGGTCGATGCGGCGGAAGATGCC: G GGAGTACTATCTGGGCGARCATCTCCCGGATATC-GCCATCGTCGATCTCGGCCTGCCGGATGAAGACGGTTTATCACTGATCCGCCGCTGGCGCAGCCAC
phoP_CRKP3 (1) ATGCGC-GTACTCGTGGTITGAGGATARTG 'TGCTGCGTCACCACETCAAAGTTCAGCTGCAGGAGCTGGGCCATCAGGTCGATGCGGCGGAAGATGCC: GGAETACTATCTGGGCGAACATCTCCCGGATATC-GCCATCGTCGATCTCGGCCTGCCGGATGAAGACGGTTTATCACTGATCCGCCGCTGGCGCAGCCAC
phoP_CRKP 4 (1) ATGCGCAGTACTCGTGGETGAGGATAATGECTTGCTGCGTCACCACATCAAAGT TCAGCTGCAGGAGCTGGGCCATCAGGTCGATGCGGCGGAAGATGCC, TACTATCTGGGCGAACATCTCCCGGATATCAGCCATCGTCGATCTCGGCCTGCCGGATGAAGACGGTTTATCACTGATCCGCCGCTGGCGCAGCCAC
phoP_CRKP5 (1) ATGCGC-GTACTCGTGGATGAGGATAATG CGTGCTGCGTCACCACITCAAAGTTC CTGCAGGAGCTGGGCCATCAGGTCGATGCGGCGGAAGATGCCAGGGAAGCGGAITACTATCTGGGCGAACATCTCCCGGATATC GCCATCGTCGATCTCGGCCTGCCGGATGAAGACGGTTTATCACTGATCCGCCGCTGGCGCAGCCAC

(209) 209 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 417
phoP_K.pneumoniae ATCC 13883(207) CGACGTGTCGC ICGGTGCTGGTGCTGACCGCCCGCGAAGGATGGCAGGATAAAGTGGAAGTGCTGAGCGCCGGGECGGATGATTACGTCACCAAGCCTTTCCATATTGAAGAGGT TGCCGCCCGCATGCAGGCG TGCTGCGCCGTAACAGCGGlCTGGCCTCGCAGGTGATCTCCCTGCCGCCGTTCCAGGTCGACCTCTCCCGGC
phoP_CRKP1(207) CGACGTGTCGC! ICGGTGCTGGTGCTGACCGCCCGCGAAGGATGGCAGGATAAAGTGGAAGTGCTGAGCGCCGGGECGGATGATTACGTCACCAAGCCTTTCCATATTGAAGAGGT TGCCGCCCGCATGCAGGCGETGCTGCGCCGTAACAGCGGTCTGGCCTCGCAGGTGATCTCCCTGCCGCCGTTCCAGGTCGACCTCTCCCGGL
phoP_CRKP2(207) CGACGTGTCGC! ICGGTGCTGGTGCTGACCGCCCGCGAAGGATGGCAGGATAAAGTGGAAGTGCTGAGCGCCGGGECGGATGATTACGTCACCAAGCCTTTCCATATTGAAGAGGT TGCCGCCCGCATGCAGGCGETGCTGCGCCGTAACAGCGGECTGGCCTCGCAGGTGATCTCCCTGCCGCCGTTCCAGGTCGACCTCTCCCGGL
phoP_CRKP3(207) CGACGTGTCGC! ICGGTGCTGGTGCTGACCGCCCGCGAAGGATGGCAGGATAAAGTGGAAGTGCTGAGCGCCGGGECGGATGATTACGTCACCAAGCCTTTCCATATTGAAGAGGT TGCCGCCCGCATGCAGGCGETGCTGCGCCGTAACAGCGGRCTGGCCTCGCAGGTGATCTCCCTGCCGCCGTTCCAGGTCGACCTCTCCCGGC
phoP_CRKP 4(209) CGACGTGTCGCTATCGGTGCTGGTGCTGACCGCCCGCGARGGATGGCAGGATARAGTGGAAGTGCTGAGCGCCGGGTCGGATGATTACGTCACCAAGCCTTTCCATATTGARGAGGTTGCCGCCCGCATGCAGGCGTTGCTGCGCCGTAACAGCGGECTGGCCTCGCAGGTGATCTCCCTGCCGCCGTTCCAGGTCGACCTCTCCCGGC
phoP_CRKP5(207) CGACGTGTCGCT.CGGTGCTGGTGCTF CCGCCCGCGAAGGATGGCAGGAT, (‘TGGAAGTGCTGAGCGCCGGC’CGGATGATTACGT(‘ CCAAGCCTTTCCATATT! TTGCCGCCCGC: TGCAGGCC‘TGCTGCGCCGTAACAGCGC CTGGCCTCGCAGGTGATCTCCCTGCCGCCGTTCCAGGTCGACCTCTCCCGGC

(419) 419 430 440 450 460 470 480 490 500 510 520 530 540 550 560 570 580 590 600

phoP_K.pneumoniae ATCC 13883(417) CGAGCEGTCGGTGAATGACCAGCCGATCAAGCTGACCGCCETTGAATACACCATAATGGAARACCCTGATCCGTAACCGEGGCARAGTGGTCA AAGATTEGCTGATECTCCAGCTTTAGCCGGATGCCGAART CACACCATCGACGTGCTGATGGGTEGGCTGCGCAAGAAAATTC. GCTGAATACC IGGACG
phoP_CRKP1(417) CGAGCTGTCGGTGAATGACCAGCCGATCAAGCTGACCGCCITTGAATACACCATTIATGGAAACCCTGATCCGTAACCGEGGCARAGTGGTCA AAGATTCGCTGATGCTCCAGCTTTACCCGGATGCCG: T CACACCATCGACGTGCTGATGGGTEGGCTGCGCAAGARAATTCAGGCTGAATACC (GGACG

phoP_CRKP2(417) CGAGCEGTCGGTGAATGACCAGCCGATCAAGCTGACCGCCGTTGAATACACCATEATGGAAACCCTGATCCGTARCCGEGGCARAGT GGTCA AAGATTEGCTGATECTCCAGCTTTAGCCGGATGCCG. T GCCACACCATCGACGTGCTGATGGGTEGGCTGCGCARGAAAATTCATGCTGAATACCCTCGGGACG

phoP_CRKP3(417) CGAGCEGTCGGTGAATGACCAGCCGATCAAGCTGACCGCCUTTGAATACACCATFATGGAAACCCTGATCCGTAACCGEGGCAAAGTGGTCAGARAAGATTEGCTGATECTCCAGCT TTATCCGGATGCCG! CACACCATCGACGTGCTGATGGGTEGGCTGCGCARGAAARTTCABGCTGAATACC AGGACG

phoP_CRKP 4(419) CGAGCGGTCGGTGAATGACCAGCCGATCAAGCTGACCGCCETTGAATACACCATEATGGAAACCCTGATCCGTAACCGTGGCAAAGTGGTCA AAGATTGGCTGATTCTCCAGCTTTACCCGGATGCCGAART TCEAGAARGCCACACCATCGACGTGCTGATGGGTGGGCTGCGCARGAARATTCAGGCTGAATACC AGGACG

phoP_CRKP5(417) CGAGCIGTCGGTGAATGACCAGCCGATCAAGCTGACCGC ETTGAATACACCAT] ATGGAAACCCTGATCCGTAACCGIGGCAAAGTGGTCA AAGATTlGCTGAT'CTCCAGCTTT?ICCGGATGCCGAA.TI iAGAAAGCCACACCATCGACGTGCTGATGGGTIGGCTGCGCAAGAAAATTC (GCTGAATACC! AGGACG

A3. phoQ gene

30 60 70 120

@1l
phoQ_K. pneumoniae ATCC13883 (1) AT B TATCTTCC CCT G--CCGG T c G C CAT TRC
phoQ_CRKP1 (1) AT CGGI TATCTTCC ICCT) C G Cl G--CCGGt T CCTG 1C¢ CAT TGC
phoQ_CRKP2 (1) AT C G TA CG GCAG] CGI-\T CCCTH GAC ' TGAACCGG J TEGCAGACC-IG! TGC
phoQ_CRKP3 (1) ATGA- GGG TATCTTCCCC ICCT) G--CCGGt T ICCTG C
CcBAG
cBEc

phoQ_CRKP4 (1) AT GGGATGATCTCTGTTTATCTTCCCT G| CCTCCATG CAG G--CCGGCGABCAGGCTTTCCCRGG GATCTC] CCAT A——-TTGTTCGACGATTTCTCGCGCAA -—-—GACAGCCCTACCCCCTGGACGGGACGCAGGGTATCAACCCGCTGGCCGCGGTCCAAAACGGC—-CCGG

PROQ_CRKPS (1) AT GGGAIITICIGITATCTTCCCI o Cchice GECTACCECAT TCETEEGCTATAGCRTTACCTT CCACCETICRCCTGETGCCECECCAGACEARTCT -~ CITT TATATCCTCECGAGATGCCARRACCG

cCTECEEG-C] G--CCGGE!

(208) 208 240 270 280 340 350 360 | 380 3% g0 415
phoQ_K. pneumoniae ATCC13883 (203) GEICT

50 260 ; 3
C GG-T TCTA-- c -ATGT ] c 1G-—-CBETTG
phoQ_CRKP1 (203) G C T TCTA-- -ATGT T c TG---CTETTG
C T TC -ATGT c T c 1G---CTETTG
& ——CCATG -ATGTTEECTG! ACGCAT] c 1G---CEETTG
GABAGC!

%
ccea cG
ccea GG
ccea GG
phoQ_CRKP3 (202) GCCCT, ccea GG

phoQ_CRKP2 (204) G
phoQ_CRKP4 (195) GCI-\CTGGGTCTGCTGGI-\TCCCCGGCCCATCGTCTTCCACCAGGATGTGCI-\GATGGCTGTCGGTGGTCTGGCCCI-\TGAAAACTTCCACI-\AI-\CTCCAGACAATACTTACATGTTT TGGAGI-\ACGTTACCCATCCCTTCCATAAGATCGTTCTGCTFW‘(‘F CC. FTGATCT(‘F{‘(‘{‘{‘ G TGT(‘(‘ \GCGAGATATTGACCCCTTTG
TTG

phoQ_CRKPS5 (203) GCECTATTGACCEC CABARCC---- TGAATATG CEGABGG-TGACEETIATCTA--CBATGAGEAGEECAAACTEC TETGGECEEAGCETE-ATG T TECAT GCETGECGARACGCATICARCCEEAATGECT GARACGCRATGGCTTCEATCACATIGARCECGATETEGACA GCAGEAGTATG -~ CITE

(415) 415 420 430 44 470 0 520 53 540 550 560 570 580 590 600 622

450 460
phoQ_K. pneumoniae ATCC13883 (399) GCGC; I GBARG] T8C] 5 CTCTGAGATGACCCAC 106G TCGCATCAB—CCTCT TI- I TGAGCATTG-TGBT GA--CACCA-TT BeA-Gor-CARG c-—|sc -ATGE- C‘T T
phoQ_CRKP1 (399) GCGC A G ' TCC! CEC] CT) L tofcicle] C ITTC. TTAAGCCAT--TGTTGETGGGECC — TCH }CTCC JCCAGGC TATG GTTG TT
phoQ_CRKP2 (400) GCGC A GGAAC T c CIC! CTACEC! Li—— :Ig Cl:I_TEIT CA-TTC -BcT-C: TGETIT-
phoQ_CRKP3 (398) GCGC: c CGCTATCCEC ccc T -cciicT GCETE- CATTG-TGETGE- CA-TTC -GeT-C: TGETATT
(

phoQ_CRKP4 (402) GCGC--TGAT-, ATAACTTGTTGAAACCGGAAGTCAU:LlLJLLL GCCAvabLJLvLL Abbbblbi ATTCCCGGTTC: TGAGGGTGCCCCCCCTGCGCAT- GCTGGEGCC IG--TAAT, (‘CETTCTGCTGC- GACGATGCGGCTTATCTGCTC-—-—CT CATCCCC TCGTGGACG ITGATCT-

(
PhoQ_CRKPS (399) GCGCRH1BACEA1EAGH 1TCAGEAA CACCTGSACEOTA CCGCGAACA CGCOCACEACTCTGRGATEACCCAC 1 EB8 1CBEsATCARCCTCTACECGS -~COACCACCARR 16 A1 -~ BEA1EABCAT - 168G ~—ICGAT-CACCA-TTCBCTIBEA-BoTTCATECBe—BeCTAT-ArGC-ToriBACCToq T

Z
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(622) 522 71 750 760 780
phoQ_K. pneumoniae ATCC13883 (586) IGTGC] T GIG! Gl ’II GCT AC] CTC|
phoQ_CRKP1 (603) TT IGTGC] o GEGG-G! CA ACACCACTC
phoQ_CRKP2 (587) - GTGC] T i GEGG-G! GCG cA ACACCACTC
phoQ_CRKP3 (585) IGTGC CCC CCTGTG-Ti CATCCCCCTGAGGEGGCE' GTGA— ATACCGETG-ATGGTA GCTGTACA GT GCGTTAG CTCA CAAACCAAGGG iT-TGA' TTTGCTC IACCTCCCTCI
phoQ_CRKP4 (588) --TCTC-GTGCGCACCGAGCGCAGTG-TACTCTG JCCCC-TH IG-GGCGTTT' T-GTGA-ATGATATCGETG-. ATGGTATTGCT IACAT-GTAATAGCGTTAACGC iC-TACAAACCAG! G GGT— —TGC-CGACCACCCTCT--CAGC
phoQ_CRKP5 (588) -BrCTATGTGCHEGECCCEERA-EETCETECT TCCCC-TGEEGEGG-G! TEGTGE-AGE-TECE —ATG("I'GCT CARAG-AGETGC -BACATCACE- TCAATEC-CAACRECACTCETEEAGCTGACEE!
(829) 829 840 920 940 960 970 980 990 1000 1010 1020 1036
phoQ_K. pneumoniae ATCC13883 (778) GCBAACGCTATGACAAATAGC--GCAGTACCC-TCAGEGATCTCAGT G icCBCT! GEAC] GCTGCGCG I TCGACGAGGCGGAGCCGGTGATGCTGGAGCAGATAAGCCGCATCTCGCAGCAGATTGGTTATTACCTGCATCGCGCCAGCA
phoQ_CRKP1 (801) GCGAACGCTATGACAAATACC--GCACTACCC-TCACCGATCTCACT & CCECT! GG G AGTACA GCTGCGCH TCGACGAGGCGGAGCCGGTGATGCTGGAGCAGATAAGCCGCATCTCGCAGCAGATTGGTTATTACCTGCATCGCGCCAGCA
phoQ_CRKP2 (781) GCGAACGCTATGACAAATACC--GCACTACCC-TCACCGATCTCACT G CCECT GEACA GCTGCGCH TCGACGAGGCGGAGCCGGTGATGCTGGAGCAGATAAGCCGCATCTCGCAGCAGATTGGTTATTACCTGCATCGCGCCAGCA
phoQ_CRKP3 (784) GCGAACGCTATGACHAATACC--GCACIACCC-TCACCGATCTCACT! CCGCT! GCTGCGCH (TCGACGAGGCGGAGCCGGTGATGCTGGAGCAGATARGCCGCATCTCGCAGCAGATTGGTTATTACCTGCATCGCGCCAGCA

phoQ_CRKP4 (778) TCETCCAGCTAACGCTATGACTAATGGCCAGCAGAACCCATCGGGGATCTC TCCACCTTGGAGCAAACCCCCTGCGGGTGGAATCACAAG ACACCTGG———GCTGCGCGCCACCGACAT AGA-TCGACGAGGCGGAGCCGGTGATGCTGGAGCAGATARGCCGCATCTCGCAGCAGATTGGTTATTACCTGCATCGCGCCAGCA

phoQ_CRKP5 (779) GcBAacGeTATGACERATHBC --GeABEACCC-TCEBEGATCTCRTTCRERG TClcARE 2 - BB CBCTdBE G- HcAliEca -BacEACcACHBE GBI GeTGCGCGECEABRAEA TBAGEE T CGACGAGGCGGAGCCGGTGATGC TGGAGCAGATAAGCCGCATCTCGCAGCAGATTGGTTAT TACCTGCATCGCGCCAGCA

(1093) 1093 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 1290 1300

phoQ_K. pneumoniae ATCC13883(1036) GACAGCETGACTTCCGCTETCAACAAGGTCTATCAGCGL TCAATATCTCGCTCGACATCTCGCCGGAGATCACTTTTGTCGGCGAGCAGARCGATTTTATGGAAGTGATGGGTAACGTTCTTGATAACGCCTGTARGTATTGECTGGAGTTEGTGGAAGT TTCCGTGCGCCAGACCACCGACAGCCATCTGCACATCCTGG
phoQ_CRKP1(1059) GACAGCETGACTTCCGCTETCAACAAGGTCTATCAGCGCAAAGGGGTCAATATCTCGCTCGACATCTCGCCGGAGATCACTTTTGTCGGCGAGCAGAACGATTTTATGGAAGTGATGGGTAACGTTCTTGATAACGCCTGTAAGTATTGECTGGAGT TEGTGGAAGT TTCCGTGCGCCAGACCACCGACAGCCATCTGCACATCCTGG

phoQ_CRKP2(1042) GACAGCETGACTTCCGCTETCAACAAGGTCTATCAGCGCAAAGGGGTCAATATCTCGCTCGACATCTCGCCGGAGATCACTTTTGTCGGCGAGCAGAACGATTTTATGGAAGTGATGGGTAACGTTCTTGATAACGCCTGTAAGTATTGECTGGAGT TEGTGGAAGT TTCCGTGCGCCAGACCACCGACAGCCATCTGCACATCCTGG

phoQ_CRKP3(1042) GACAGCETGACTTCCGCTETCAACARGGTCTATCAGCGC: GTCAATATCTCGCTCGACATCTCGCCGGAGATCACTTTTGTCGGCGAGCAGAACGATTTTATGGAAGTGATGGGTAACGTTCTTGATAACGCCTGTAAGTATTGECTGGAGTTEGTGGARGT TTCCGTGCGCCAGACCACCGACAGCCATCTGCACATCCTGG

phoQ_CRKP4(1036) GACAGCETGACTTCCGCTETCAACAAGGTCTATCAGCGC, GTCAATATCTCGCTCGACATCTCGCCGGAGATCACTTTTGTCGGCGAGCAGAACGATTTTATGGAAGTGATGGGTAACGTTCTTGATAACGCCTGTAAGTATTGECTGGAGTTEGTGGARGT TTCCGTGCGCCAGACCACCGACAGCCATCTGCACATCCTGG

phoQ_CRKP5(1037) GACAGCGTGACTTCCGCTTTCAACAAGGTCTATCAGCGCARAGGGGTCAATATCTCGCTCGACATCTCGCCGGAGATCACTTTTGTCGGCGAGCAGAACGATTTTATGGAAGTGATGGGTARCGTTCTTGATAACGCCTGTARGTATTGTCTGGAGTTTGTGGAAGT TTCCGTGCGCCAGACCACCGACAGCCATCTGCACATCCTGG

B. Amino acid alignment
B1. MgrB
M1 40 51
MgrB_K.pneumoniae ATCC13883 (1) V FIPW————
MgrB_CRKP1 (1) V ———=
MgrB_CRKP2 (1) V FIPW--—-

MgrB_CRKP3 (1) V _—

MgrB_CRKP5 (1) V I

9 of 18

B2. PhoP
(18) 18 170 180 190 226
PhoP_K. pneumoniae ATCC13883 (18) RRNS S| T} ‘
PhoP_CRKP1 (18) RRNS & T |
PhoP_CRKP2 (18) V! RRNS! S T I
PhoP_CRKP3 (18) RRNS S|
PhoP_CRKP 4 (16) SSAAGAGPSGRCGGRCQGS - E [YH-SAAGARTTCRERCWC-PPAKDGRIKWKC-APGRI TSPSLSILKRLPPACRRCCAVTAAWPRR SPCRRSRS SPGASGR S SS— PPLNTPLWKP SV E ﬁ FSSFTRMPKFEKATPSTC— GCA THRTSSPRCAARBICS
PhoP_CRKP5 (18) PPFQVDLSRRELSVNDQ -
B3. PhoQ
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@1 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 208

PhoQ_K. pneumoniae ATCC13883 (1) MKGLLRHIFPLSLRVRFLLATAGVVLVLSLAYGMVALVGYSVSFDKTTFRLLRGESNLFYMLARWENGATIDVDIPENLNMESPTVTLIYDEQGKLLWAQRDVPWLAKRIQPEWLKRNGFHEIEADVDSSSMLLRNN-HE IQEQLDATREQGDDSEM-THSVAIN— PIT“KIPQLS (V] PVELKRSYNIWSW [YWLAANLEL
Phoq_CRKP1 (1) MKGLLRHIFPLSLRVRFLLATAGVVLVLSLAYGMVALVGYSVSFDKTTFRLLRGESNLEFYMLARWENGAIDVDIPENLNMESPTVTLIYDEQGKLLWAQRDVPWLAKRIQPEWLKRNGFHEIEADVDSSSMLLRNN-HEIQEQLDAIREQGDDSEM-THSVAIKP: GP'I'QTPS NTNSGqSKRQ\I GEVGEV

PhoQ_CRKP2 (1) MKGLLRHIEFPRCRRYNPCWT DDF.GDQPLPIHzQNAS QHCGGRHHSGGAQAOLYGVELVCHCAGRQPAA

PEPGLCRCRPELLHGEPGGL-R-HP— DTLAPAARR?SLLYA.MGFRRY RRHBGKPEYGKEDGDPYLR-AGOTAVEAA- CQLA.ETH(TGMAETE‘WLP D-§RCROO0YAWAQ-—--P-BSGTAGRYPRTGRE]

PhoQ_CRKP3 (1) MBDCCGISSPCHYGFASCWRPPEHCWCS e TEwwewwa 1EEAT 1K pcacCABRET SE1CHRDGK THLETS TSRKT- TWKERR- P STMSRANCCGRTVMFBGWRNAFNRNG-NAMBSMREK PMS TRBLCCCAT T-MRERNSWTLSANRET TLE TRWRSTSTI\PP - B8 TBrRUSSS. YVPPATC

PhoQ_CRKP4 (1) MKG-SLrTEPHLAGNTSSHOAP-ASRESPARISPSYCSTISRATDS piPWTGRRVS TRMPRSKTARHWYCWl PGBS 55 TRMCRWESV PMK TS TNSROY LHVLWRTLPIBS IRSFCSAT IluEMSSElLTPLR]NlL<PEVI|P"QGAN|CN |<E|R|PPLI\ML» ——PI RRCGHSAPHPR- L RTERSHIL

PhoQ_CRKP5 (1) MKGLLRHIFPLSLRVRFLLATAGVVLVLSLAYGMVALVGYSVSFDKTTFRLLRGESNLE YMLARWENGAIDVDIPENLNMESPTVTLIYDEQGKLLWAQRDYPWLAKRIQPEWLKRNGFEETEADVDSSSMLLRNN -HE IQEQLDATREQGDDSEM-THSVAIN- LY PATSKMEO TSTWiS IEIPLELHAOLY AVGAGLSMCWEPTCC

Consensus (1) MKGLLRHIFPLSLRVRFLLATAGVVLVLSLAYGMVALVGYSVSFDKTTFRLLRGESNLE YMLARWENGAIDVDI PENLNMES PTVTLIYDEQGKLLWAQRDV PWLAKRIQPEWLKRNGFHEIEADVDSSSMLLRNN HEIQEQLDAIREQGDDSEM THSVAI LYPATR L SA IIV SIP  ASL VV AGLLV L

(208) 208 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 390 400 415

PhoQ_K. pneumoniae ATCC13883(205) L.PLLWVAAWW SlRPlESLAKEV**f*RELEEHHREKLNPNTT LTRLVENL--NREVRSERE - - RYD-KYRTTLTDLTHSLKTPLAVMOSTLR--————] SLRGEKISVDEAEPVMLEQISRISQOIGYYLHRASMRSGGTLLSRELHPIAPLLDSLTSALNKVYQORKGVNISLDISPEL TEVGEQNDEMEVMGNVLDNA
Phog_CRKP1(205) AAKEAAGDPPCC-GSPACGSLRPH-~--— VAGORGARTGGTSPAKSSEPTPLA§---PGHSASTA-———-- WEA-ASANAMINTALPSPISLTV-KRRWR-CRVHCARCABRRSESTRRSR-CWSR-BASRSREVITCIAPACARANPS—AGNY TRSPECLTA-LPLSTRS I SAKGSTSRSTSRRRSLLSESRTI LWX-WVTFLITP

PhoQ_CRKP2(194) AGDEPAVGRRPGGAWRBEESLAREVR----ELEEHHREKINPNTTRELTRLYS -~ LNREVRSERE - - RYD-KYRTTLTDLTHSLKNAAGG----CKS---TLRSLRGEKISVDEAEPVMLEQISRISQQIGYYLHRASMRSGGTLLSRELHPTAPLLDSLTSALNKVYQRKGVNI SLDISPEITFVGEQNDEMEVMGNVLDNA

—RYD-KYRTTLTDLTHSLKTPLAVMOSTLR- —--SLRGEKISVDEAEPVMLEQISRISQQIGYYLHRASMRSGGTLLSRELHPTAPLLDSLTSALNKVYQRKGVNISLDISPEITFVGEQNDFMEVMGNV LDNA

VR*LLTTNQCIiSLLNLPRQLTRGGilF NRLVRSERE

PhoQ_CRKP3(199) CRIEVEPPEVASP-HGEAYR-WYRCT
PhoQ_CRKP4(201) LCZELLGVETL--MESLMVLEDM-----R-R-LOTRR-BUPT TLUEABENWSGFEY - - SWLCSSS-——————— RYD-WPAEHIGDLAPPWSKBPAG--GITR- LGCAPPT-IDEAEPVMLEQTSRISQQTGY YLHRASMRSGGTLLSRELHPTAPLLDSLTSALNKVYQRKGVNI SLDISPEI TFVGEQNDFMEVMGNY LDNA
PhoQ_CRKP5(205) Cll-FPCCGSLLV-E, ESLAKEVR----ELEEEHREKLNBNTTRRADPGEOOHQPPGLORARTL-QT PHY PHRSHSOCENAAGGUEE YIALAARREDOR -~~~ -] BRGGACDAGADK PHLAADWLEPASROHBAQRRH Bli= PG TTPDRPPA-QRDFRFOOGLSAQRGOY LARHIAGDHFCRRAERE YESDG-RS————— RL-VL

Consensus(208) VIP LRPIESLAKEV ELEEHHREKLNPNTTRELTR GSS NRLVRSERE RYD KYRTTLTDLTHSLKTPLAV R SLRGEKISVDEAEPVMLEQISRISQQIGYYLHRASMRSGGTLLSRELHPTAPLLDSLTSALNKVYQRKGVNISLDISPEITEVGEQNDFMEVMGNVLDNA

Figure 2. Multiple sequence alignments of mgrB, phoP, and phoQ genes and their encoded proteins in colistin-resistant CRKP strains. A. Nucleotide sequence alignments of A1 mgrB, A2 phoP, and
A3 phoQ genes in colistin-resistant CRKP isolates compared to the K. pneumoniae ATCC 13883 reference strain. B. Corresponding amino acid sequence alignments of B1 MgrB, B2 PhoP, and B3
PhoQ proteins. Conserved regions are indicated by colored boxes, while mismatches, insertions, and deletions highlight genetic variations. Yellow indicates conserved positions across all isolates,
blue highlights variable sites (at least one sequence with a difference), and dashes represent insertions/deletions.

Table 2. Antibiotic resistance profiles of colistin-CRKP isolates.

Phenotypic Assays MICs*
Broth
Strain Resistance Patterns E-Test Strips VITEK Microdilution
MHT!CIM2EDTA3PBA* Method
etho

ETPXIMPXMEM?2 AMPSAMC!TZP’CXMSFOX°CTX'CAZFEPBAMK“YGMNALBCIP1TGC8SXT” COoL»

AMP3, AMCS, TZP?, CXM8, FOX®, CTX, 10 CAZ11, CRO®,
CRKP 1 + o+ . - 32 24 24 32 232 2128 264 264 64 64 <1 16 <l 232 24 1 2320 32
FEP3, AMK!4, NAL5, 16CIP, SXT17V7

AMP5, AMCS, TZP7, CXM#, FOX?, CTX10, CAZ!1, CRO'2, FEP®3,
CRKP 2 + . - 332 4 12 =32 32 2128 >64 64 264 64 =64 16 =16 =32 >4 2 40 16
AMK4, GM®, NALS, 16CIP, SXT17

AMP5, AMCS, TZP7, CXM8, FOX9, CTX10, CAZ!!, CRO2, FEP13,
CRKP 3 + + - - >32 4 6 >32 232 2128 264 >64 >64 16 264 264 216 =32 >4 2 2320 8
AMKY, GM®, NAL?5, 16CIP, TGC!8, SXT1”
AMP5, AMCS, TZP7, CXM8, FOX9, CTX10, CAZ!!, CRO2, FEP13,
CRKP 4 + + + - 32 12 16 >32 232 2128 264 >64 =64 >64 16 8 >16 232 >4 4 >320 8
GM, NAL?, 16CIP, TGC?8, SXT17
AMP5, AMCS, TZP7, CXM8, FOX9, CTX10, CAZ!!, CRO2, FEP3,
CRKP 5 + + + - 2 2 1 >32 232 2128 264 >64 =64 264 264 8 >16 232 >4 4 2320 8
GM, NAL?, 16CIP, TGC?8, SXT17
1 MHT, Modified Hodge Test ; 2CIM, Carbapenem Inactivation Method ; 3 EDTA, Ethylene Diamine Tetraacetic Acid ; * PBA, Phenyl Boronic Acid ; > AMP, Ampicillin ; ¢ AMC, Amoxicillin-
clavulanic acid ; 7 TZP, piperacillin-tazobactam ; 8 CXM, cefuroxim ; * FOX, cefoxitin ; 1* CTX, cefotaxime ; ' CAZ, ceftazidime ; 1> CRO, ceftriaxone ; 1* FEP, cefepime ; * AMK, Amikacin ; > NAL,

nalidixic acid ;  CIP, ciprofloxacin ; 17 SXT, sulfamethoxazole/trimethoprim ; ¥ TGC, tigecycline ; ¥ GM : Gentamicin ; ? ETP, Ertapenem ; 2! IMP, Imipenem ; 22 MEM, Meropenem ; 2 COL,

Colistin ; *MICs were performed according to EUCAST guidelines (mg/L).
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Table 3. Porin alterations, nucleotide and protein mutations in ompK35 and ompK36 among colistin-resistant CRKP.

Porin Characteristics

i ompK35 ompK36
Strai . . . .
SDS- SDS- Nucleotide Mutations Protein Mutations
PAGE Modification PAGE Modification
result result
. . L. 151 ompK35
CRK Disruption by IS1 at position (-852) upstream of
- + NA'! I I NA
P1 the A of the start codon
1
) CRKP2 (1) ---ATGARAGITARAGTACTGICCCTCETGET? | MKVKVLSLLV PALLVAGAAN AAETYNKDGN KLDLYG
K. pneumoniae NTUK-K2044 () a1 BB lcraRe 51 DGDQTYVRVG VKGETQINDQ LTGYGOWEYN VOANNT
. CRKP2 (48) AGGCGCAGCAAATGCGGCTGAAATTTATAACA? 101 GLKFGDAGSF DYGRNYGVVY DVTSWTDVLP EFGGDT
CRK Premature codon stop at position (+317) N NA! K. pneumoniae NTUH-K2044  (51) CGGTGCAGCCAACGCIGCAGAMATCTATAACA? 151 — ATYRNSDFFG LVDGLNFALQ YOGKNGSPSG EGALSE
- 101 o S s . o
201 YGTSLTYDIY DGISAGFAYS NSKRLGDQNS KLALGR
CRKP2 (98) ACCTGTACGGTAAAATTGACGGTCTGCACTACT
P2 downstream of the A of the start codon K. pnemmoniae NTUH-K2044  (101) ACTTCTATGGARARATGGTCGGCGAGcacezc1 201 ANNIYVANQY AQTYNVTRAG SVGFANKARN FKWLLS
151 301 AEGTDLEGTS TWIS*NTLTI T*LYYLONKP VGLO*L
CRKP2 (142) ARAGAGCGTCGACGGTGACCAGACCTACGTGCGT
K. pneumoniae NTUH-K2044  (151) ACCAGCAGCGACGAT-ACCAe-cemamacccer S0 Vo LPSSWLHW AWFTSSKLOA A*QKG
151
K. pneumoniae NTUH-K2044  (151) ACCAGCAGCGACGATACCACCTATGCCCGTZ 1 MMKRNILAVV IPALLVAGAA NAAEIYNKNG
CRKP3  (151) ACCAGTAGCGACGATACCACCTATGCCCGT? 51 TSSDDTTYAR IA*KAKLRST IS*SATASGN
201
age K. pneumoniae NTUH-K2044 (201) TCAGATCAACGATCAGCTGATCGGCTACGG( 101 RA*KRANTVH STMAVTTARS TTSKRQPICW
CRK Premature codon stop at position (+63) NA! CRKP3  (200) TCAGATCAACGATCAGCTGATCGECTACGR 151  ASQPTVTPTS SVWLTV*ASR CSTRVKTTMT
- + 251 AMA
P3 downstream Of the A Of the start COdOl’l K. pneumoniae NTUH-K2044 (251) ACGCGTCCAATGTTGAAGGTTCCCAGACCAC 201 TVSHCLOATP ALTVASIRKL T. TKPKPG
CRKP3  (250) ACGCGTCCAATGTTGAAGGTTCCCAGACCAC 291 TT*LRKKITT SLVKLRTLKQ LYSISLTSAC
. 301 301 PAAMRIWLNT SKWVPGTTLT RT*TSTLRIN
K. pneumoniae NTUH-K2044 (301) GCAGGCCTGAAAGCGGGCGAATACGGTTCA!T
CRKP3  (300) GCGGGCCTGAAAGCGGGCGAATACGGTTCA1 39 1 RPWVSFTSSN
. 501 151
. | CRRE 4 (501) ! CRKP 4 (151) ATYRNSDFFGLVDGLNFALQYQG
K. pneumoniae NHTUH-K2044 (501) T . pneumoniae NHTUH-K2044 (151) ATYRNSDFFGLVDGLNFALQYQC
551 201
CRKP 4  (551) TGICTCCTACCAACAACGGTCGTACC CRKP 4 (201) YGTSLTYDIYDGISAGFAYSNSE
CRK Frameshift mutation at position (+178) K. pneumoniae NHTUH-K2044  (550) ====—==—. ACCAACAACGGTCGTGG] K. pneumoniae NHTUH-K2044 (198) FGTSLTYDIWDGISAGFAYSHSE
+ NA! - P 601 251
P4 downstream of the A of the start codon CRKP 4 (601) TACGGTACTITCTCTGACCTATGACA1 CRKP 4 (251) ANNIYLASQYTQTYNATRAGSLC
K. pneumoniae NHTUH-K2044  (592) TICGGCACCTCTCTGACCTACGATATK. pneumoniae NHTUH-K2044 (248) ANNIYLASQYTQTYNATRAGSLG
651 301
CRKP 4 (651) CGCATACTCTAACTCCAAACGTCTTC Translation of CRKP 4 (301) QSKGKDLEG-YGDQDILKYVDVC
K. pneumoniae NHTUH-K2044  (642) CGCGTACTCTCACTCCAAACGTACCC K- Pneumoniae NHTUH-K2044  (298) QSKGKDLERGYGDQDILKYVDVC
Consensus  (651) CGC TACTCT ACTCCARACGT ¢
1 MKVKVLSLLV PALLVAGAAN AG*NL*QRRQ QIRPVE
51 51 STATRPTCV* A*KAKPRSTT S*PVTAQWEY NVQAN}
. CRKP 5 (51) CGCAGCARATGCGGGCTGAAI 101 AGLKFGDAGS FDYGRNYGVV YDVTSWTDVL PEFGGL
CRK Frameshift mutation at position (+178) K. pneumoniae NHTUH-K2044 (51) CGCAGCARATGCGG-CTGAAI 151 yATYRNSDFF GLVDGLNFAL OYQGKNGSPS GEGALES
NA! - 101 201 GYGTSLTYDI YDGISAGFAY SNSKRLGDON SKLALC
P5 downstream of the A of the start codon CRKP 5  (101) CTGTACGGTAAAATTGACGG 201 DANNIYIATQ YTQTLQRDPR RFPGLC*QSA ELRSGC

CTGTACGOTARAATTCACGE 301 PAV*R*GSGR LRRPGHPEIC *RWRNLLLOQ KHVHLC
351 QRRYLYRRRG CTGPGLPVL

K. pneumoniae NHTUH-K2044 (100

Mutations are highlighted in grey; premature stop codons are indicated by red asterisks; ' NA, Not Applicable.
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Table 4. Chromosome-mediated colistin resistance: mutations in mgrB, phoP and phoQ.
B hoP Predicted h
Strain mgr. Predicted Effect P 0, redicte P O,Q Predicted Effect
Mutations Mutations Effect Mutations
Frameshift P ‘ "
remature sto
- Altered C29T; C31A; AA C219T; InsA486; . P
CRKP1 AT132 . L codon at AA
protein C363T substitutions InsGC, 498-499 175
sequence
T32G; C35G;
A36C; T37A,;
G57C; T457G; AA T38G; P t t
CRKP2 None Intact MgrB . rematite stop
G554C substitutions AC48; InsA58; codon at AA 41
InsAA65-66;
AC9I1
Frameshift > Frameshift >
CRKP3 ATI32 ltered brotei A471T; C510A; AA AA5; G29C; ltered i
altered protein altered protein
p C537T  substitutions T130A; AC611 p
sequence sequence
C10T; T11G;
Multiple point G12A; T14G;
mutations; P ture st InsA7, C32T; Premature G15T; G17T; P ¢ "
rematur rematur
CRKP4  AA42, ACC48- oM SOP c47a, C1124; stop codonat CI19T; A20T; oo oo
at AA19 codon at AA 4
49 InsA143 AA7 AT34;
AGCC105-106-
107
Frameshift > AA C219T; C512A; Premature stop
CRKP5 AT132 altered protein T17A; C31G o C517A; AG527; codon at AA
substitutions
sequence InsT538 207

A, nucleotide deletion; Ins, nucleotide insertion; AA, amino acid.

4. Discussion

In this study, five colistin-resistant CRKP isolates were identified among 317 non-duplicate
clinical strains collected over a five-year period in a Tunisian hospital.

These colistin-resistant isolates accounted for 1.6% of all CRKP strains and were mostly
recovered from intensive care unit (ICU) patients. Although this prevalence is relatively low, it
remains clinically concerning. Reported colistin resistance rates vary globally, with higher values in
some regions, such as 39.1% in Nigeria, 22.5% in Kenya, and 19.2% in parts of Asia, while many
European and North American countries report rates below 5% [24-26]. Our findings align more
closely with these lower global estimates. However, since our isolates were collected between 2010
and 2015, direct comparison with more recent prevalence data should be interpreted cautiously.

Colistin resistance is primarily driven by the burden of healthcare-associated infections and
extensive use of polymyxins, particularly in ICUs [27]. Resistance may also emerge spontaneously
through chromosomal mutations or be acquired via horizontal gene transfer, even in the absence of
prior colistin exposure [8]. In our study, patients infected with colistin-resistant CRKP ranged in age
from 24 to 84 years, were predominantly male, and were admitted for severe conditions such as
respiratory distress and polytrauma, clinical scenarios often requiring broad-spectrum antibiotics
and invasive procedures, both risk factors for acquiring MDR infections.

Combination therapies incorporating colistin and imipenem, along with aminoglycosides and
fluoroquinolones, were commonly used in our cohort, reflecting current clinical practices aimed at
enhancing treatment efficacy against CRKP [28]. Although in vitro and observational studies support
the synergistic potential of colistin-imipenem combinations [29], therapeutic success remains
variable. In our series, only one patient died during hospitalization, suggesting a possible benefit of
combination therapy, though clinical outcomes remain unpredictable in critically ill patients.
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Colistin-resistant isolates in our study exhibited resistance to multiple other clinically relevant
antimicrobials, consistent with many reports documenting extensive multidrug resistance in CRKP
worldwide (32, 33). Moreover, literature indicates that colistin MICs tend to be higher in isolates
harboring chromosomal mutations affecting regulatory genes compared to isolates with plasmid-
mediated resistance mechanisms (mcr genes) [32], highlighting distinct resistance dynamics between
genomic and plasmid sources.

All the colistin-resistant CRKP isolates belonged to diverse sequence types (ST11, ST101, ST147,
ST2502, and ST4870), reflecting substantial genomic plasticity. All carried the blaoxa-s carbapenemase
gene, while most also harbored ESBL genes such as blacrx-m-15; additionally, two strains carried blanom-
1. This resistance gene profile aligns with patterns observed in other studies, where high-risk clones
like ST11 and ST147 are key vectors of blaoxa4s and blanom1, and the regional distribution of these
enzymes can vary significantly [33-35]. Co-occurrence of OXA-48 with ESBLs, particularly blactx-ws,
is also commonly reported [36]. Moreover, the detection of plasmid-mediated quinolone resistance
genes (qnrS1, qnrB1, and aac(6’)-Ib-cr) is consistent with previous studies showing their frequent
association with ESBL- and carbapenemase-producing K. pneumoniae, especially in NDM- and KPC-
positive strains [37]. Importantly, none of our isolates carried plasmid-mediated mcr genes, in line
with surveillance data indicating that mcr-driven colistin resistance remains relatively uncommon in
K. pneumoniae (39, 40).

Although porin loss primarily contributes to reduced susceptibility to 3-lactams rather than to
polymyxins, we included OmpK35/0OmpK36 characterization to provide a more complete picture of
the multidrug-resistant background in which chromosomal colistin resistance arises. We did not
investigate other potential contributors to resistance such as efflux pumps or penicillin-binding
proteins, which represent an additional limitation of our study.

Carbapenem resistance in K. pneumoniae is frequently associated with loss or functional
alteration of the major porins OmpK35 and OmpK36, often caused by insertion sequences or
mutations leading to truncated, non-functional proteins, as demonstrated in this study. These
findings are consistent with Tunisian reports that highlight porin loss, in combination with
carbapenemase production, as a key mechanism of resistance (25, 35). These data underscore the
multifactorial nature of CRKP resistance, where both enzymatic degradation and impaired antibiotic
influx through porin disruption synergistically reduce treatment efficacy.

The virulence gene profile, dominated by entB, ybtS, and mrkD, with rmpA and kfu detected only
in one isolate, suggests that colistin-resistant CRKP typically retain baseline virulence traits but only
occasionally acquire hypervirulence markers.

The absence of plasmid-mediated mcr genes in our isolates is consistent with prior studies
suggesting that chromosomal mutations are the dominant mechanism of colistin resistance in clinical
K. pneumoniae strains [3]. All isolates harbored disruptive mutations in the mgrB-phoPQ regulatory
system, including insertions, deletions, or substitutions causing premature stop codons or
frameshifts. One isolate (CRKP2) lacked mgrB alterations but presented inactivating mutations in
both phoP and phoQ), suggesting that colistin resistance can emerge independently of mgrB disruption.
Importantly, although our study did not detect insertion sequences in mgrB, previous studies have
reported that IS elements are the most frequent mechanism of mgrB inactivation globally (41, 42).
These sequences, such as ISKpn14 or IS5-like elements, often insert into the coding region or promoter
of mgrB, thereby silencing its expression and conferring resistance [42]. Our findings support
previous reports indicating that while mgrB inactivation is a predominant mechanism, mutations in
other components of the PhoPQ system can also confer resistance (43, 44).

In our isolates, the predicted impact of the observed mutations in PhoP and PhoQ ranged from
non-synonymous substitutions to very early truncations. For example, several strains carried
multiple amino acid changes in PhoP or PhoQ without protein truncation, for which the functional
effect on signalling and lipid A modification cannot be inferred from sequence data alone. In contrast,
the premature stop codon at position 7 in PhoP in CRKP4 and the extremely early stop codon at
position 4 in PhoQ in the same strain almost certainly abolish protein function. Together with the
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disruptive mutations observed in mgrB, these findings strongly suggest profound dysregulation of
the PhoPQ regulatory cascade in some isolates. However, we were not able to perform functional
studies such as complementation assays, lipid A profiling or gene expression analysis, so we cannot
definitively distinguish between allelic variation with limited impact and mutations that directly
drive the colistin-resistant phenotype.

Our study confirms that chromosomal mechanisms remain the primary drivers of colistin
resistance in Tunisian CRKP and that these occur in diverse clonal lineages, both globally
disseminated and locally emerging. These observations underline the importance of genomic
surveillance to monitor the evolution and spread of resistance in critical-care settings.

Limitations

This study has several limitations. First, only five colistin-resistant CRKP isolates were
investigated, all recovered from a single tertiary-care hospital, which limits the generalizability of our
findings to other Tunisian or regional healthcare settings. Second, the isolates were collected between
2010 and 2015; they therefore reflect an earlier therapeutic context in which colistin was more
frequently used against CRKP and may not fully capture the current epidemiology in the era of newer
agents such as p-lactam/p3-lactamase inhibitor combinations and cefiderocol. Third, our molecular
analysis focused on a limited set of chromosomal loci (mgrB, phoP, phoQ), and we did not explore
other pathways that may contribute to colistin or carbapenem resistance, such as PmrAB/CrrAB two-
component systems, efflux pumps or penicillin-binding proteins. Fourth, we did not have access to
whole-genome sequencing for these isolates, which would have provided a more comprehensive
view of resistance determinants and mobile genetic elements. Finally, we did not perform functional
assays to validate the impact of the identified mutations on lipid A modification or colistin
susceptibility; as a result, the causal role of individual amino acid changes in PhoP/PhoQ remains
inferred rather than experimentally demonstrated.

5. Conclusions

Our findings show that chromosomally mediated colistin resistance in CRKP isolates from a
Tunisian hospital is driven primarily by inactivating mutations in the mgrB-PhoPQ pathway, in the
absence of mcr genes. These mutations occur in both globally disseminated and locally emerging
sequence types, underscoring the diversity and adaptability of CRKP in clinical environments.
Although newer therapeutic options for CRKP have become available in recent years, colistin remains
an important component of treatment in many settings, particularly where access to these agents is
limited. Continuous surveillance and molecular characterization are therefore essential to detect the
emergence of resistance and to inform infection control and treatment strategies.
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Abbreviations

The following abbreviations are used in this manuscript:

AMR Antimicrobial resistance
CIM Carbapenem Inactivation Method
CLSI Clinical and Laboratory Standards Institute
CRKP Carbapenem-resistant Klebsiella pneumoniae
DDST Double Disk Synergy Test
EDTA Ethylenediaminetetraacetic acid
ERIC-PCR Enterobacterial Repetitive Intergenic Consensus Polymerase Chain
Reaction
ESBL Extended-spectrum (-lactamase
EUCAST European Committee on Antimicrobial Susceptibility Testing
ICU Intensive Care Unit
LPS Lipopolysaccharide
MALDI- Matrix-Assisted Laser Desorption/lonization-Time of Flight
TOF
MDR Multidrug-resistant
MEGA Molecular Evolutionary Genetics Analysis
MIC Minimum inhibitory concentration
MLST Multilocus sequence typing
NDM New Delhi Metallo-B-lactamase
OMP Outer membrane protein
PBA Phenylboronic acid
PMQR Plasmid-mediated quinolone resistance
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
ST Sequence type
TCS Two-component system
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