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KEY WORDS Abstract Polymyxin B and polymyxin E (colistin) are presently considered the last line of defense against
human infections caused by multidrug-resistant Gram-negative organisms such as carbapenemase-producer
Enterobacterales, Acinetobacter baumannii, and Klebsiella pneumoniae. Yet resistance to this last-line
drugs is a major public health threat and is rapidly increasing. Polymyxin S, (S,) is a polymyxin B analogue

Klebsiella pneumoniae;
Polymyxin resistance;

?;gzrf previously synthesized in our institute with obviously high antibacterial activity and lower toxicity than
Whole genome polymyxin B and colistin. To predict the possible resistant mechanism of S, for wide clinical application,

sequencing; we experimentally induced bacterial resistant mutants and studied the preliminary resistance mechanisms.
Structural variation; Mut-S, a resistant mutant of K. pneumoniae ATCC BAA-2146 (Kpn2146) induced by S,, was analyzed by
Inversion whole genome sequencing, transcriptomics, mass spectrometry and complementation experiment. Surpris-

ingly, large-scale genomic inversion (LSGI) of approximately 1.1 Mbp in the chromosome caused by 1S26
mediated intramolecular transposition was found in Mut-S, which led to mgrB truncation, lipid A modifica-
tion and hence S, resistance. The resistance can be complemented by plasmid carrying intact mgrB. The
same mechanism was also found in polymyxin B and colistin induced drug-resistant mutants of Kpn2146

*Corresponding authors. Tel.: +86 10 67058991 (Congran Li), +86 10 67061033 (Xuefu You), fax: +86 10 63017302.
E-mail addresses: congranli@imb.pumc.edu.cn (Congran Li), xuefuyou@imb.pumc.edu.cn (Xuefu You).
Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2023.06.003
2211-3835 © 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting
by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:congranli@imb.pumc.edu.cn
mailto:xuefuyou@imb.pumc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2023.06.003&domain=pdf
https://doi.org/10.1016/j.apsb.2023.06.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2023.06.003
https://doi.org/10.1016/j.apsb.2023.06.003

Intramolecular transposition mediated polymyxin resistance in K. pneumoniae 3679

(Mut-B and Mut-E, respectively). This is the first report of polymyxin resistance caused by 1S26 intramo-
lecular transposition mediated mgrB truncation in chromosome in K. pneumoniae. The findings broaden
our scope of knowledge for polymyxin resistance and enriched our understanding of how bacteria can
manage to survive in the presence of antibiotics.

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-
ences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Polymyxin B and colistin have been used widely for decades to
treat serious infections caused by multidrug-resistant Gram-
negative organisms. Resistance to polymyxins has been reported
in Klebsiella pneumoniae by employing several strategies'. One
common strategy is the modifications of LPS by 4-amino-4-
deoxy-L-arabinose (L-Ara4N) and/or phosphoethanolamine
(pEtN) to reduce the negative charge. Other mechanisms include
the overproduction of surface capsular polysaccharides (CPS)’
and the released CPS can capture or bind polymyxins, thereby
reducing the number of drugs reaching the surface of bacterial
cells, resulting in increased polymyxin resistance®. LPS modifi-
cations involve multiple two-component systems (TCS), including
PmrA/PmrB, PhoP/PhoQ and CrrA/CrrB*, Meanwhile, PmrA/
PmrB controls the pmrHIJKLM operon, and PhoP/PhoQ controls
the arnBCADTEF®. The mutations of these TCS and their
controlled operons make it easy for bacteria to obtain polymyxin
resistance'®. The plasmid-borne MCR-family genes are able to
confer colistin resistance by mediating the transfer of pEtN to
lipid A™®. MgrB is a small transmembrane protein produced upon
activation of the PhoP/PhoQ TCS, and acts as a negative regulator
on the system in K. pneumoniae’ ''. A growing number of lit-
eratures have reported polymyxin resistance associated with mu-
tations in mgrB gene, including insertion of repeat sequences'”,
frameshift”, deletion of the mgrB locus'*">, and premature
termination of mgrB translation'®. Particularly, mgrB mutation
mediated polymyxin resistance related to insertion sequence (IS)
is showing an increasing trend in clinical examination'”"'®,

The continuous development of genomics has brought great
convenience to the study of drug resistance of pathogens'®. High
throughput sequencing technology combined with molecular
biology technology has constructed a variety of antibiotic resis-
tance gene databases and analysis tools, which is conducive to us
to efficiently find various new drug resistance genes and under-
stand the causes and development process of drug resistance”.
Besides, transcriptomics and proteomics”'~* also have potential
applications in drug resistance detection, which can correlate ge-
notype data with phenotypic results, especially when genotype
and phenotype are inconsistent, or when there is no obvious drug
resistance gene but drug resistance has been confirmed™’.

Nephrotoxicity is an important concern with polymyxin use
and a common adverse effect clinically’*. The available poly-
myxins are complex mixtures, individual constituents may have
different pharmacological as well as different toxic effects.
Synthesis of individual components and evaluation of their
antibacterial activity and renal toxicity are important for new
polymyxin development. Previous research in our institute
discovered individual component polymyxin S,, which showed

good activity and less toxicity compared with polymyxin B and
colistin®. High plasma stability in vitro and strong efficacy in a
mouse systemic infection model (EDsy = 0.9 mg/kg) against
NDM-1-producing K. pneumoniae indicated that polymyxin S2
could be a potential candidate with similar or better antimicro-
bial potency and lower toxicity than the current clinical poly-
myxin B and colistin®®. To predict the possible resistant
mechanism of polymyxin S, for wide clinical application, we
experimentally induced bacterial resistance to polymyxin S, and
studied the preliminary resistance mechanisms. In this study, we
reported the characterization of polymyxin resistant mutants
caused by an inversion of approximately 1.1 Mbp in the chro-
mosome by [S26 mediated intramolecular transposition, which is
the first report of polymyxin resistance caused by IS26 intra-
molecular transposition mediated mgrB truncation in chromo-
some in K. pneumoniae.

2. Materials and methods

2.1.  Bacterial strains and growth conditions

Kpn2146 was from the American type culture collection (ATCC);
polymyxin S,-resistant Kpn2146 (Mut-S), polymyxin B-resistant
Kpn2146 (Mut-B) and colistin-resistant Kpn2146 (Mut-E) were
mutants obtained in our laboratory by polymyxin S, polymyxin B
and colistin induction respectively. Cation adjusted Muller Hinton
II broth (CAMHB) was used for growth of strains in liquid me-
dium, and supplemented with 1.5% agar for growth on solid
medium. Unless otherwise indicated, all strains were grown at
37 °C and liquid cultures were additionally shaken at 200 rpm.
Growth was monitored by measuring absorbance at 600 nm via a
spectrophotometer. Bacterial strains were stored in the Collection
Center of Pathogen Microorganism of Chinese Academy of
Medical Sciences (CAMS-CCPM-A, China). All of the plasmids
and strains used in this study are listed in Table 1.

2.2.  Invitro induction of polymyxin resistant mutants

Polymyxin S, was added to the solid medium with a final con-
centration of 4 ng/mL. Kpn2146 was then inoculated on the solid
media at 2 x 108 CFU/plate. Plates were placed in a constant
temperature incubator at 37 °C for about 3 days (up to 7 days) and
checked daily to identify spontaneously resistant bacterial sub-
populations. The single colonies grew on the plates were isolated,
purified on new S,-containing plates, and preserved. The stability
of the drug resistance colonies was detected by passaging on drug-
free plate for 3 consecutive days. Mutants (including Mut-S used
in the current study) with stable resistance phenotype were stored


http://creativecommons.org/licenses/by-nc-nd/4.0/

3680

Haibin Li et al.

Table 1

Plasmids and strains used in this study.

Plasmid or strain

Description

Ref. or source

pCasKP-Apr*
pTOPO-mgrB (Zeocin)
pTOPO-mgrB-L (Zeocin)

pTOPO-mdh (Zeocin)
pTOPO-Apr-mgrB
pTOPO-Apr-mgrB-L
pTOPO-Apr-mdh
pKT25

pKT25-phoQ
pUTI18C
pUT18C-mgrB
pUT18C-mgrB-L
pKT25-zip

pUT18C-zip

Kpn2146

Mut-S

Mut-B

Mut-E

Mut-S (pTOPO-Apr-mgrB)
Mut-S (pTOPO-Apr-mgrB-L)
Mut-S (pTOPO-Apr-mdh)
Mut-B (pTOPO-Apr-mgrB)
Mut-B (pTOPO-Apr-mdh)
Mut-E (pTOPO-Apr-mgrB)
Mut-E (pTOPO-Apr-mdh)
E. coli BTH101

E. coli XL1-Blue

Plasmid carrying apramycin resistance gene

Plasmid carrying mgrB gene and encoding resistance to Zeocin™
Plasmid carrying the left half of truncated mgrB gene (mgrB-L)
and encoding resistance to Zeocin™

Plasmid carrying mdh gene and encoding resistance to Zeocin™
Plasmid carrying mgrB gene and encoding resistance to apramycin
Plasmids carrying mgrB-L and encoding apramycin resistance
Plasmid carrying mdh gene and encoding resistance to apramycin
Plasmid carrying T25 fragment and encoding resistance to kanamycin
Plasmid carrying phoQ gene and encoding resistance to kanamycin
Plasmid carrying T18 fragment and encoding resistance to ampicillin
Plasmid carrying mgrB gene and encoding resistance to ampicillin
Plasmid carrying mgrB-L and encoding resistance to ampicillin

A derivative of pKT25 in which the leucine zipper of GCN4 is
genetically fused in frame to the T25 fragment

A derivative of pUT18C in which the leucine zipper of GCN4 is
genetically fused in frame to the T18 fragment

Wild Type Klebslela pneumoniae ATCC BAA2146

Kpn2146 mutant obtained by polymyxin S, induction

Kpn2146 mutant obtained by polymyxin B induction

Kpn2146 mutant obtained by colistin induction

PMut-S containing pTOPO-Apr-mgrB plasmid

Mut-S containing pTOPO-Apr-mgrB-L plasmid

Mut-S containing pTOPO-Apr-mdh plasmid

Mut-B containing pTOPO-Apr-mgrB plasmid

Mut-B containing pTOPO-Apr-mdh plasmid

Mut-E containing pTOPO-Apr-mgrB plasmid

Mut-E containing pTOPO-Apr-mdh plasmid

Reporter strain for BACTH assay

An all-purpose line of competent cells that are

ideal for routine cloning needs

27
This study
This study

This study
This study
This study
This study
Euromedex
This study
Euromedex
This study
This study
Euromedex

Euromedex

ATCC
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Euromedex
Tsingke

#Abbreviations: Apr: apramycin resistance.

at —80 °C for later use. Mut-B and Mut-E were obtained with the
same approach.

2.3.  Antimicrobial susceptibility assays

Minimum inhibitory concentrations (MICs) were determined
using broth microdilution (BMD) method according to EUCAST
guidelines™®. Briefly, fresh bacterial cultures were adjusted to 0.5
McFarland, 1:100 diluted in CAMHB, and inoculated (final
inoculate dose of about 5 x 10° CFU/mL) into a 96 well plate
containing serial concentrations of polymyxin B, polymyxin S, or
colistin diluted in CAMHB and incubated for 20—24 h at 37 °C.
MIC was determined as the lowest concentration that inhibit the
growth of the bacteria by naked eyes’. In vitro polymyxin
resistance was defined as an MIC to polymyxin >2 pg/mL ac-
cording to EUCAST breakpoint™®.

2.4.  Detection of mutations in polymyxin resistance related
genes

Detection of mutations in polymyxin resistance related genes in
Mut-S was performed by PCR in a thermocycler (BioRad,
Singapore). Amplicon identity was validated via Sanger
sequencing. Genomic DNA was extracted with TTANamp Bacteria
DNA Kit (Tiangen Biotech, Beijing, China) following the manu-
facturer’s recommendations. The harvested DNA was detected by
the agarose gel electrophoresis and quantified by NanoDrop 2000

(Thermo Scientific). All primers were designed using NCBI
Primer-BLAST. The PCR reaction volume was 50 pL consisting
25 pL 2 x Phanta® Flash Master Mix (P520, Vazyme Biotech,
Nanjing, China), 2 pL each of forward and reverse primers, 19 pL
sterile distilled water and 2 pL template DNA. Kpn2146 reference
strain was used as a positive control for the investigated genes.
Supporting Information Table S1 summarizes sequences of the
primers used in this study.

2.5. Isolation and structure characterization of lipid A

Lipid A extraction was performed as described before with some
modifications®'*°. Cell pellets were suspended in PBS, chloro-
form and methanol were then added to the tube for a single-phase
Bligh-Dyer mixture (chloroform:methanol:water, 1:2:0.8, v/v/v).
After incubating at room temperature for 20 min, pellets were
collected and resuspended in hydrolysis buffer (50 mmol/L so-
dium acetate, pH 4.5; 1% SDS), assisted by sonication at a con-
stant duty cycle for 5 s at 25% output (5 s/burst, ~5 s between
bursts, 5 min in total), then keep in a water bath at 95 °C for 1 h.
The SDS solution was converted into a two-phase Bligh-Dyer
mixture by adding chloroform and methanol to form a chlor-
oform:methanol:water (2:2:1.8, v/v/v) mixture. The lower phases
were collected and washed twice with the upper phase of a pre-
equilibrated two-phase Bligh-Dyer mixture (2:2:1.8, v/v/v), fol-
lowed by drying under nitrogen. The dried lipids were re-
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dissolved in chloroform/MeOH (1:1, v/v) and characterized by
Triple TOF 5600 (AB Sciex) in negative ion mode.

2.6. RNA sequencing

Wild type (Wt) and Mut-S strains were collected at ODgg of 0.4.
RNA was isolated using a Bacteria RNA Extraction Kit (R403,
Vazyme Biotech, Nanjing, China) in accordance with the manu-
facturer’s instructions. RNA quality was monitored on 1% agarose
gels. RNA integrity was assessed using the RNA Nano 6000
Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies,
CA, USA). Total RNA was used as input material for the RNA
sample preparations. mRNA was purified from total RNA using
probes to remove rRNA. Fragmentation was carried out using
divalent cations under elevated temperature in First Strand Syn-
thesis Reaction Buffer. First strand cDNA was synthesized using
random hexamer primer and M-MuLV Reverse Transcriptase, then
use RNaseH to degrade the RNA. And in the DNA polymerase I
system, use dUTP to replace the dNTP of dTTPm as the raw
material to synthesize the second strand of cDNA. Remaining
overhangs were converted into blunt ends via exonuclease/poly-
merase activities. After adenylation of 3’ ends of DNA fragments,
adaptors with hairpin loop structure were ligated to prepare for
hybridization. Then USER Enzyme was used to degrade the sec-
ond strand of cDNA containing U. The library fragments were
purified with AMPure XP system (Beckman Coulter, Beverly,
USA) to select cDNA fragments of preferentially 370—420 bp in
length. Then PCR was performed with Phusion High-Fidelity
DNA polymerase, Universal PCR primers and Index (X) Primer.
At last, PCR products were purified (AMPure XP system) and
library quality was assessed on the Agilent Bioanalyzer 2100
system. The clustering of the index-coded samples was performed
on a cBot Cluster Generation System using TruSeq PE Cluster Kit
v3-cBot-HS (Illumia) according to the manufacturer’s in-
structions. After cluster generation, the library preparations were
sequenced on an Illumina Novaseq platform and 150 bp paired-
end reads were generated. RNA sequencing was conducted by
[lumina Novaseq platform at the Novogene Co., Ltd. (Beijing,
China). Differentially expressed genes with a log2 fold change
(IogFC) of >0 (upregulated expression) or a logFC <0 (down-
regulated expression) and a Q-value <0.05 were considered sig-
nificant for this analysis.

2.7.  Quantitative PCR with reverse transcription (RT-gPCR)

The extraction method of total RNA was the same as that of
transcriptome sequencing. An aliquot (400 ng) of total RNA from
each strain was subjected to cDNA synthesis using FastKing RT
(with gDNase) (Tiangen, Beijing, China). The cDNAs of arnA,
arnB, arnC, arnD, arnF, arnT, IpxL, IpxO, IpxT, phoP, phoQ,
mgrB, eptA, and 23SrRNA (used as an internal control) were
quantified using SuperReal PreMix Plus (SYBR Green) (Tiangen,
Beijing, China) and a qTOWER®" Real-Time PCR (qPCR) Sys-
tems (Analytik Jena, Shanghai, China) according to the manu-
facturers’ instructions. All specific primers (Table S1) were
designed according to the genome of Kpn2146 (NCBI reference
sequence: NZ_CP006659.2). The relative RNA expression levels
were calculated according to the 272*<" method with normaliza-
tion to the 23S rRNA levels. cDNAs were obtained from three
independent extractions of mRNA and each one was amplified by
RT-gPCR on three independent occasions.

2.8.  Genomic sequencing

Bacteria from a single colony were cultured at 37 °C in CAMHB
broth and collected at ODgqq of 0.4. The cells were collected and
genomic DNA was extracted using TIANamp Bacteria DNA Kit.
The whole genome of wild type and Mut-S were sequenced
respectively using Illumina NovaSeq PE150 and PacBio Sequel
platform by Beijing Novogene Bioinformatics Technology Co.,
Ltd. For Illumina NovaSeq PE150 data, SAMTOOLS software
(V0.1.18, http://www.htslib.org/)*" was used to detect the indi-
vidual SNPs and insertion and deletion of small fragments (<50
bp), as well as the variation analysis of SNP/InDel in the func-
tional regions of the genome. The variation map of the whole
genome was created by Circos (V0.64, http://circos.ca/)*> to show
reads coverage and the distribution of SNP and InDel in-
formations. The insertion (INS), deletion (DEL), inversion (INV),
intra-chromosomal translocation (ITX), and inter-chromosomal
translocation (CTX) between the mutant and wild type strains
were analyzed by BreakDancer software (V1.4.4, http://
breakdancer.sourceforge.net/)*>.  For PacBio Sequel data,
Genome Assembled with SMRT Link software (V5.0.1, https://
www.pacb.com/support/software-downloads/) was used.
Genomic alignments were performed using the MUMmer
(V3.23)** and LASTZtools (V1.03.54)*"*. Genomic synteny was
analyzed based on the alignment results.

2.9.  Complementation assays

To determine whether alteration in mgrB gene was mediating
polymyxin resistance, complementation assay was performed. The
full-length mgrB gene from polymyxin-susceptible Kpn2146
isolate was amplified by PCR using 2 x Phanta® Flash Master
Mix (P510, Vazyme Biotech, Nanjing, China) and primers mgrB-
ext-F and mgrB-ext-R (Table S1). The left half of truncated mgrB
gene (mgrB-L) from polymyxin S,-resistant Kpn2146 was
amplified using the primer mgrBL-F and mgrBL-R. For con-
struction of the control plasmid, the partial and therefore non-
coding mdh sequence (full length mdh was supposed to encode a
malate dehydrogenase®®) was PCR amplified with primers mdh-
ext-F and mdh-ext-R (Table S1). The amplified fragments were
cloned into plasmid pCR™-Blunt II-TOPO® (Invitrogen,
Shanghai, China) and the resulting plasmids pTOPO-mgrB
(Zeocin), pTOPO-mgrB-L (Zeocin) and pTOPO-mdh (Zeocin)
(encoding resistance to Zeocin™) were introduced respectively
into Escherichia coli TOP10 competent cells (Tsingke Biotech-
nology, Beijing, China) by chemical transformation. Because
Kpn2146 is a multidrug resistant strain’’, and the Mut-S, Mut-B
and Mut-E were also resistant to zeocin and kanamycin, the
kanamycin-resistant gene of pTOPO (Zeocin) plasmid was
replaced by an apramycin-resistant gene for successful selection
of plasmid containing colonies. An apramycin resistance cassette
(AprR) was amplified from pCasKP*® using primers ZZ2-F and
Z72-R, and was ligated into fragments amplified from pTOPO-
mgrB (Zeocin), pTOPO-mgrB-L (Zeocin) or pTOPO-mdh (Zeo-
cin) with deletion of kanamycin-resistant gene by primers pCR2-F
and pCR2-R (Table S1). The assembly was conducted using
Gibson Assembly® Master Mix (NEB, Gene Company, Beijing,
China) according to the manufacturer’s instructions, and trans-
formed into electrocompetent E. coli topl0 strains by electropo-
ration. Transformants were selected by overnight incubation at
37 °C on Mueller—Hinton agar supplemented with apramycin
(50 pg/mL, MedChemExpress, Shanghai, China). Plasmids were
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isolated using the EasyPure® Plasmid MiniPrep Kit (Transgen,
Beijing, China), confirmed by sequencing, and the correct pTOPO
(Apr) plasmids were then introduced into Mut-S, Mut-B and Mut-
E respectively by electroporation. The transformants were selected
on plates containing 50 pg/mL apramycin and checked by PCR
with primer pair pCR2r-F/pCR2r-R (Table S1). The MICs of the
transformants for colistin, polymyxin B and polymyxin S, were
determined.

2.10.  Bacterial two-hybrid assays

The two-hybrid assay was performed as reported before'”
following manufacturer’s instructions (Euromedex). The genes
encoding the proteins of interest (phoQ and mgrB or mgrB-L
amplified by PCR using appropriate primers) are sub-cloned into
pKT25 and pUT18C vectors in frame with the T25 and T18
fragment open reading frames by using standard molecular
biology techniques™”.

The plasmid pKT25-phoQ was constructed by amplifying
phoQ from Kpn2146 with primers T25-phoQ-F and T25-phoQ-R,
cutting with Xbal and Kpnl and ligating into pKT25 by the
enzyme sites introduced (Xbal and Kpnl). To construct pUT18C-
mgrB, mgrB was amplified from Kpn2146 with primers T18-
mgrB-F and T18-mgrB-R, cut with Xbal and Kpnl and ligated into
pUT18C cut by the same enzymes. In the same way, to construct
pUTI18C-mgrB-L, mgrB-L was amplified from Mut-S with
primers T18-mgrBL-F and T18-mgrBL-R, cut with Xbal and Kpnl
and inserted pUT18C. Vectors and recombinant plasmids were
commonly propagated at 30 °C in standard XL1-Blue strains
(Tsingke Biotechnology Co., Ltd.). The recombinant plasmids
encoding the T25-phoQ, T18-mgrB and T18-mgrB-L hybrid pro-
teins were then transformed into cyaA2 strain E. coli BTH101
competent cells. As a positive control, competent reporter cells
should be co-transformed with the control plasmids pKT25-zip
and pUT18C-zip. The bacteria are co-transformed with the two
recombinant plasmids and plated on either indicator or selective
media to reveal the resulting Cya™ phenotype.

The resulted strains to be assayed for §-galactosidase activity
were grown in 3 mL LB broth in the presence of 0.5 mmol/L IPTG
and appropriate antibiotics (100 pg/mL ampicillin and 50 pg/mL
kanamycin) at 30 °C with vigorous agitation overnight (stationary
phase). Other steps strictly follow the instruction provided by the
Micro (-galactosidase Assay Kit (Beijing Solarbio Science &
Technology Co., Ltd.).

2.11.  Virulence of the strains in mouse systemic infection model

CD-1 (ICR) mice (19—21 g, half male, half female) were pur-
chased from Vital River Laboratories (Beijing, China). All ani-
mals were housed under controlled humidity (30%—70%),
temperature (22 £+ 3 °C) and a 12 h light—dark cycle. Animals had
free access to food and water during the study. All the animal
studies complied with the animal husbandry guidelines, and all
animal experiments were performed according to national stan-
dards for laboratory animals in China (GB/T 35892-2018), with
approval from Laboratory Animal Welfare & Ethics Committee in
Institute of Medicinal Biotechnology, Peking Union Medical
College. Kpn2146, Mut-S, and Mut-S (pTOPO-Apr-mgrB) were
subjected to in vivo virulence comparison using murine systemic
infection model by intraperitoneally injection in the presence of
5% mucin. Cell pellets from fresh overnight cell cultures were
properly diluted in saline, and then further 10-fold diluted in 5%

mucin. Four to five infection doses were used for each strain.
0.5 mL of the bacterial suspensions in 5% mucin were injected
intraperitoneally to each mouse randomly allocated to different
groups. Animal deaths were recorded for 7 days post infection,
and the median lethal doses needed to kill 50% of the mice (LDsg)
and the 95% confidence intervals (CI) were calculated by the
Probit method.

2.12.  Study on the universality of IS26 intramolecular
translocation mediated large-scale genomic inversion in K.
pneumoniae

In order to verify whether the new mechanism of polymyxin
resistance we found is accidental, we used Kpn2146 and K.
pneumoniae ATCC 700603 (Kpn700603) strains as the original
strains for induction of drug resistant mutants in vitro again with
the three polymyxin drugs (polymyxin S2, polymyxin B and
colistin), and the experiment was repeated three times. For the
induced drug-resistant strains, we used two pairs of primers 2146-
R-F1/2146-R-R1 and 2146-R-F2/2146-R-R2 (Table S1) to verify
whether genome inversion occurred.

2.13.  Statistical analysis

Statistical analysis was performed by SPSSv16.0. P values were
calculated using one-way ANOVA to compare the differences
between each pair of groups. P < 0.05 was considered statistically
significant.

2.14.  Accession number(s)

Sequence data from this study were deposited under BioProjects
PRINA779558 (https://www.ncbi.nlm.nih.gov/bioproject/PRINA
779558/), PRINA947837 (https://www.ncbi.nlm.nih.gov/bioproje
ct/PRINA947837/), PRINA947927 (https://www.ncbi.nlm.nih.gov
/bioproject/PRINA947927/), and PRINA947477 (https://www.ncb
i.nlm.nih.gov/bioproject/PRINA947477/).

3. Results

3.1.  Antibacterial susceptibility of Mut-S

As shown in Table 2, Mut-S demonstrated persistent resistance to
polymyxins, including polymyxin S,, polymyxin B and colistin,
with MIC values of 16—32 pg/mL, which was 32—64 times higher
than those against the susceptible wild type strain (Kpn2146).
Further susceptibility test of Mut-S to fourteen antimicrobial
agents of different categories demonstrated that Mut-S had similar
susceptibility to other antibiotics as the wild type strain except
polymyxins (Table 2).

3.2.  PCR amplification of polymyxin resistance related genes
and second-generation whole genome sequencing of Mut-S

The Mut-S was tested for the presence of gene mutations
responsible for resistance to polymyxins in K. pneumoniae by
PCR and sequencing, the checked genes included crrB, mgrB,
pmrA, pmrB, phoP and phoQ. The results demonstrate no muta-
tions in crrB, pmrA, pmrB, phoP and phoQ (Fig. 1). However,
mgrB gene cannot be amplified normally even with different
primer pairs (mgrB-F1/mgrB-R1 or mgrB-F2/mgrB-R2) (Table S1
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https://www.ncbi.nlm.nih.gov/bioproject/PRJNA947837/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA947837/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA947927/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA947927/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA947477
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA947477
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Table 2

Antimicrobial susceptibility profile of Mut-S in comparison to wild type strain.

Strain ~ MICs (ng/mL)*

MEM CIP PXS, FEP CTX CAZ TET

AMK PNC MH CST VAN GEN ATM PXB

WT 128 128 0.125 >256 >256 >256 >256
Mut-S 128 128 32 >256  >256  >256  >256

>256  >256 128 0.25 >256 >256 128 0.25
>256  >256 64 32 >256  >256 128 16

Abbreviations: MEM, meropenem; CIP, ciprofloxacin; PXS,, polymyxin S,; FEP, cefotaxime; CTX, ceftazidime; CAZ, ceftazidime; TET, tetra-
cycline; AMK, amikacin; PNC, penicillin, MH, minocycline; CST, colistin; VAN, vancomycin; GEN, gentamicin; ATM, aztreonam. PXB, poly-
myxin B. WT: Wild Type (Kpn2146); Mut-S: Polymyxin S,-resistant Kpn2146.

“MICs (minimum inhibitory concentrations) were determined by broth microdilution method as recommended by CLSL

and Fig. 1). Mut-S was then subjected to second-generation whole
genome sequencing, mapping reads with the reference sequences
of Kpn2146 revealed no mutations in polymyxin resistance related
genes including mgrB (data not shown).

3.3.  LPS modification by addition of 4-amino-4-deoxy-
larabinose (L-Ara4N) in Mut-S

To examine if polymyxin resistance was related to LPS modifi-
cations, we carried out matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF) analysis on lipid

A isolated from Mut-S as well as Kpn2146. In wild type strain,
normal unmodified lipid A was seen. In contrast, Mut-S demon-
strated evidence of modified lipid A with the addition of 4-amino-
4-deoxy-L-arabinose (L-Ara4N). The MALDI-TOF spectra of
lipid A isolated from wild type strain (Fig. 2A and C) show
a dominant peak from hexa-acylated lipid A (mass/charge ratio
[m/z] of 1841), while the MALDI-TOF spectra of lipid A isolated
from Mut-S strain demonstrated an additional peak with m/z of
2103 (Fig. 2B and D), indicating modification of lipid A by
addition of 2 molecules of L-Ara4N (m/z of 131) to the hexa-
acylated lipid A.

mgr8_F2
: mgrB_F1 mgrB_RA1 :
I i -, 1
I l I 1 X Lol
| I : 1 = | ,

5 | 8 yebp - mgr8 : -— ! kdgR ——3
I | I I
| —> > | > 4 —
| 291 bp 144 bp I 240 bp I 792 bp
1 I p! I
" < 462 bp :
I< ’I

1152 bp
Figure 1  PCR detection of polymyxin resistance-related genes in Mut-S in comparison with Kpn2146. (A) Agarose gel electrophoresis of PCR

products of pmrA, crrB, and phoQ genes; (B) Agarose gel electrophoresis of PCR products of mgrB gene amplified with primers mgrB-F2/mgrB-
R2 and pmrB gene; (C) Agarose gel electrophoresis of PCR products of mgrB gene amplified with primers mgrB-F1/mgrB-R1 and phoP, phoQ
genes. The odd lanes were samples from Mut-S, and the even lanes were samples from wild type strain. (D) The location of primer pairs for

amplification of mgrB gene on the chromosome.
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Lipid A modifications in Mut-S in comparison to Kpn2146. MALDI-TOF spectra showing the mass/charge (m/z) ratio values of the

isolated lipid A. (A) Mass spectroscopy analysis of lipid A from the wild-type strain. (B) Mass spectroscopy analysis of lipid A from Mut-S.
Proposed chemical structures of wild type lipid A from Kpn2146 with m/z value of 1841 (C) and 4-amino-4-deoxy-L-arabinose modified lipid

A from Mut-S with m/z value of 2103 (D).

3.4.  RNA-Seq of Mut-S and RT-gPCR validation

As LPS modifications were detected, while no gene mutations
were found, we went on to check the expression of LPS modifi-
cation related genes. In RNA-Seq of Mut-S in comparison to wild
type strain, a total of 338 differentially expressed genes were
detected, including 214 upregulated genes and 124 downregulated
genes (Fig. 3). Analysis of genes upregulated in Mut-S showed a
significant increase in the expression of the PhoP/PhoQ TCS
(2.03-fold for phoP, 2.40-fold for phoQ, respectively) in com-
parison to Kpn2146. The gene products of the arnBCADTEF
operon (also called pmrHFIJKLM operon), which is under the
positive control of PhoP, demonstrated different degrees of upre-
gulation (2.70—7.52-fold) in Mut-S in comparison to the control.
On the contrary, the expression of mgrB, a negative regulatory
gene of TCS system, which in turn is positively regulated by
PhoP/PhoQ, was 0.32-fold downregulated. The expression of the
two genes eptA and eptB responsible for transfer of pEtN to Lipid
A was downregulated 0.20- and 0.52-fold, respectively. Other
genes upregulated in expression included lipopolysaccharide
biosynthesis related gens (IpxT, IpxO, IpxL) and magnesium
transporter genes (mgtC, mgtA) (Supporting Information
Table S2). Thirteen genes with significantly altered expression in
RNA-seq were selected for further RT-qPCR validation, including
upregulated genes (phoP, phoQ, arnA, arnB, arnC, arnD, arnT,

arnF, Ipx0, IpxL and IpxT ) and downregulated genes (mgrB and
eptA). The RT-qPCR values echoed the RNA-seq results (Fig. 4A
and B), the expression of phoP, phoQ, arnA, arnB, arnC, arnD,
arnT, arnF, IpxO, IpxL and IpxT were upregulated, while the
expression of mgrB and eptA were downregulated. KEGG is a
database resource for understanding high-level functions and
utilities of the biological system. We used KOBAS software to test
the statistical enrichment of differential expression genes in
KEGG pathways. From the results, we concluded that the up-
regulated genes were mainly enriched in two-component system
(kpn02020) and cationic antimicrobial peptide (cAMP) resistance
(kpn01503) pathway and the down-regulated genes were also
mainly enriched in two-component system (kpn02020). Both
KEGG signaling pathways enriched in up-regulated genes con-
tained phoQ and phoP genes. Hence, our results also suggested
that the PhoQ/PhoP signaling system responds to the presence of
certain cationic antimicrobial peptides’’. The PhoQ/PhoP
signaling system regulates genes important for growth under these
conditions, as well as additional genes important for virulence in
many Gram-negative pathogens'®*>*!. The results also shed light
on our subsequent efforts to unravel the mysteries of polymyxin
resistance. The differentially expression of genes catalyzing the
transfer of L-Ara4N and pEtN to lipid A on lipopolysaccharide
surface and mediating polymyxin resistance are summarized in
Fig. 4C.
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Figure 3

Transcriptome analysis of Mut-S in comparison to Kpn2146. (A) Volcano map displaying the number of upregulated and down-

regulated genes between Mut-S and the control group. (B) KEGG enrichment analysis of upregulation genes. (C) KEGG enrichment analysis of
downregulated genes; the color of the dot represents the size of the P adjust value and the size of the dot represents the number of differential

genes.

3.5.  Truncation of mgrB gene by IS26 mediated intramolecular
transposition in Mut-S

The expression changes of LPS modification related genes in
Mut-S and no confirmed mutations in the corresponding genes
motivated us to try other means. Considering the shortcomings of
the second-generation whole genome sequencing, we went with
the newer third generation whole genome sequencing (long-read
sequencing). Reads were mapped against the reference genome of
Kpn2146 (NCBI Reference Sequence: GCA_000364385.3). Sur-
prisingly, comparison of the genomic structure of Mut-S from
long-read sequencing with that of the wild type strain revealed an
inversion of approximately 1.1 Mbp (Fig. 5). Detailed analysis of
the inverted region in Mut-S revealed an IS26 of 820 bp belonging
to the IS6 family inside the coding region of mgrB gene at
nucleotide position 26 (Fig. 6A), which resulted with the disrup-
tion of mgrB expression. Further examination found the presence
of another IS26 downstream of mgrB in reverse orientation as the
IS26 inside the mgrB gene in Mut-S. Besides, in Mut-S, 8 bp

target site duplications (TSD) with reverse orientation were found
on both sides of the inverted region, and the 8 bp TSD is right
before IS26 on the left side, and right after [S26 on the right side.
The arrangement of the sequences suggested the occurrence of
intramolecular transposition in the chromosome of Mut-S
(Fig. 6B). To confirm the inversion, primers for amplifications
of the regions containing the two inversion sites were designed
(Table S1) and the amplified PCR products were subjected to
Sanger sequencing. The results were consistent with what was
found in third generation whole genome sequencing (Fig. 5).

3.6.  Susceptibility to polymyxins and confirmation of
intramolecular transposition in Mut-B and Mut-S

As shown in Table 3, similar to Mut-S, mutants Mut-B and Mut-E
showed consistent resistance to polymyxin S2, polymyxin B and
colistin. PCR amplifications of the regions containing the pur-
posed inversion sites also confirmed the inversion of the approx-
imately 1.1 Mbp in Mut-B and Mut-E genome.
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Figure 4

Expression of polymyxin resistance related genes. (A, B) RT-qPCR analysis of the polymyxin resistance related genes. Data are

presented as mean + SD of three independent biological replicates. Wt: wild type strain Kpn2146, Mut-S: Mutant obtained from Kpn2146 by
polymyxin S, induction. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Schematic diagram of the differentially up-regulated and down-regulated
genes related to lipid A modification. The diagram was drawn with notations shown in KEGG website (https://www.genome.jp/kegg/

document/help_pathway.html).

3.7.  Complementation of Mut-S, Mut-B and Mut-E with plasmid
carrying mgrB

To further confirm mgrB mutation resulted from the inversion of
the 1.1 Mbp is the reason for polymyxin resistance in the three
mutants, we conducted complementation experiment with re-
combinant plasmids pTOPO-Apr-mgrB carrying wildtype mgrB,
pTOPO-Apr-mgrB-L carrying truncated mgrB and pTOPO-Apr-
mdh carrying a noncoding fragment of mdh used as negative
control. The plasmids were introduced to the strains by electro-
poration. As shown in Table 3, Mut-S, Mut-B and Mut-E
demonstrated elevated MICs in comparison to the wild type
strain, the corresponding strains complemented with pTOPO-Apr-
mgrB demonstrated recovery of susceptibility to polymyxins with
MICs decreased to the wild type levels. In contrast, transformation
with pTOPO-Apr-mdh and pTOPO-Apr-mgrB-L did not restore
susceptibility of the strains to polymyxins, with MICs of the
related strains similar to the original mutants.

3.8.  Bacterial adenylate cyclase two-hybrid system

As expected, cyaA2 strain E. coli BTH101 which contained
plasmids pKT25 and pUT18C expressing subunits alone (T25 and
T18) showed colorless spots on LB-X-Gal plates. The cyaA2
strain BTH101 which contained plasmids pKT25-phoQ and
pUT18C-mgrB expressing fusion proteins (T25-phoQ and T18-
mgrB) showed blue spots on LB-X-Gal plates. The cyaA2 strain
BTH101 which contained plasmids pKT25-phoQ and pUT18C-
mgrB-L expressing fusion protein (T25-phoQ and T18-mgrB-L)
showed colorless spots on LB-X-Gal plates. The results suggest
that wild-type MgrB can interact with PhoQ, whereas the trun-
cated MgrB-L can’t (Data not shown).

The efficiency of complementation between the two hybrid
proteins was further quantified by assaying the (-galactosidase
enzymatic activities in bacterial extracts, an easy and robust assay
that is correlated with cAMP levels produced in the cells, as the
expression of (-galactosidase is positively regulated by cAMP/
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Genomics analysis comparison of Illumina sequencing and long-read sequencing. (A, B) are IGV (v2.11.9) views of part of the

Illumina sequencing and long-read sequencing assembly. The red arrow indicates 8 bp direct target site duplication. Each sub-figure represents a
region containing inversion sites. Circos plots of the global distribution of genes, SNP variants, and signature are shown in (C) for Illumina
sequencing and (D) for long-read sequencing. The inner circle is the sample genome (Mut-S) and the outer circle is the reference genome

(Kpn2146).

CAP. The strain expressing T18-MgrB and T25-PhoQ showed a
significantly higher level of (-galactosidase activity when
compared with strains expressing the T18 and T25 fragments
alone or expressing the T18-MgrB-L and T25-PhoQ (Fig. 7), the
corresponding (-galactosidase activities were 6329.71 U/mg

protein, 792.13 U/mg protein and 733.33 U/mg protein,
respectively.
3.9.  Polymyxin-resistant mutants (Mut-S) increases virulence

The corresponding LDs, values were calculated after mice were
sequentially infected with different concentrations of strains
[Kpn2146, Mut-S and Mut-S (pTOPO-Apr-mgrB)]. For the WT
strain, the LDs, value was 4.37 x 10° CFU/mouse, while the LDs,
value for the Mut-S strain was 2.69 x 10° CFU/mouse. When the
Mut-S strain were complemented with the pTOPO-Apr-mgrB
plasmid, the LDso value was elevated compared with that before
supplementation, being 3.31 x 10> CFU/mouse (Table 4).

3.10.  Study on the universality of large-scale genomic inversion
To explore the universality of IS26 intramolecular translocation
mediated large-scale genomic inversion in K. pneumoniae, we
repeated the in vitro resistance induction experiment three more
times in the laboratory. Interestingly, we also found different
forms of genome segment inversion in polymyxin resistant strains

and the mgrB gene was also truncated in different forms compared
to WT (Fig. 8A). In the first repeated experiment, we did not find
large-scale genomic inversion in the polymyxin S, induced drug-
resistant strains, but there was large-scale genomic inversion in the
polymyxin B and colistin induced drug-resistant strains. The
reversed position of its fragment in the polymyxin B induced
drug-resistant strains was consistent with the initial findings, and
the mgrB gene in the colistin induced drug-resistant strains which
have large-scale genomic inversion were completely reversed,
including 27 bp upstream of the start codon (Fig. 8B); In the
second repeated experiment, the strains with large-scale genomic
inversion (Mut-S-2, Mut-B-2, Mut-E-2) all had fragment inversion
in the same way, i.e., mgrB-L included 8 bp upstream of the stop
codon of mgrB gene (Fig. 8C); In the third repeated experiment,
the mutants with fragment inversion occurred in different ways
among the resistant strains induced by the three drugs. In the
polymyxin S, induced resistant strains (Mut-S-3), mgrB-L was 57
bp upstream of the stop codon (Fig. 8D). mgrB-L differed by 1 bp
in polymyxin B induced resistant strains (Mut-B-3) and Colistin
induced resistant strains (Mut-E-3), which were 133 and 134 bp
upstream of the stop codon, respectively, and the corresponding
mgrB-R were 11 and 10 bp (Fig. 8E and F). In the three repeated
experiments, the three drugs can induce sequence inversions of the
same size (such as the results of the second repeated experiment)
or different sizes (such as the first and third repeated experiments).
The proportion of drug-resistant strains that had large-scale
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genomic inversion in the total acquired drug-resistant strains also
varies. In the repeated experiments, mutants with large-scale
genomic inversion were all from Kpn2146, while large-scale
genomic inversion were not found in Kpn700603 derived mu-
tants of the three experiments.

4. Discussion

In the present study, we demonstrated a novel polymyxin resis-
tance mechanism in K. pneumoniae that the inversion of genome
sequence mediated by insertion sequence (IS) on bacterial chro-
mosome leads to the truncation of mgrB and hence regulation of

antibiotic resistance gene expression, which results with antibiotic
resistance. Previous studies suggested that mgrB gene is a key
target for acquired resistance to colistin in K. pneumoniae®’.
Deletion, mutation, and duplication of mgrB gene mediate poly-
myxin resistance. In our study, the mgrB gene was divided into
two parts by IS26 due to the inversion of genome structure (Fig. 6)
and mgrB gene expression was downregulated as demonstrated by
RNA-Seq and RT-qPCR. Since mgrB gene has negative regulation
on phoP/phoQ TCS in K. pneumoniae®, mgrB down regulation
was expected to be associated with overexpression of the phoP/
phoQ operon and also of the arnBCADTEF operon which is
positively regulated by the phoP/phoQ TCS and whose products
are eventually responsible for modification of the LPS target.
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Table 3  Polymyxin susceptibility of mutants before and after complementation.

Strain Chromosomal mgrB status MICs" (png/mL)

S PXB CST
Kpn2146 WT 0.125 0.25 0.25
Mut-S Interrupted by I1S26 element 32 16 32
Mut-S (pTOPO-Apr-mgrB) Interrupted by 1S26 element 0.125 0.25 0.25
Mut-S (pTOPO-Apr-mdh) Interrupted by IS26 element 32 16 16
Mut-S (pTOPO-Apr-mgrB-L) Interrupted by 1S26 element 32 8 16
Mut-B Interrupted by I1S26 element 32 16 16
Mut-B (pTOPO-Apr-mgrB) Interrupted by 1S26 element 0.125 0.25 0.25
Mut-B (pTOPO-Apr-mdh) Interrupted by IS26 element 32 8 16
Mut-E Interrupted by 1S26 element 32 16 32
Mut-E (pTOPO-Apr-mgrB) Interrupted by 1S26 element 0.125 0.25 0.25
Mut-E (pTOPO-Apr-mdh) Interrupted by 1S26 element 32 8 32

Abbreviations: S,, polymyxin S,; PXB, polymyxin B; CST, colistin; WT, Wild Type strain Kpn2146; Mut-S, Polymyxin S,-resistant Kpn2146; Mut-

B, Polymyxin B-resistant Kpn2146; Mut-E, Colistin-resistant Kpn2146.

*MICs (Minimum inhibitory concentrations) were determined by broth microdilution method as recommended by EUCAST.

Indeed, RNA-Seq results and RT-qPCR analysis of the arnB-
CADTEF operon confirmed the activation of this operon in Mut-S
(Fig. 4). The changes of these genes did lead to the modification of
lipid A with L-Ara4dN moiety of the glycolipid undecaprenyl
phosphate-alpha-L-Ara4N as demonstrated by mass detection
(Fig. 2). Complementation assays with a plasmid carrying wild
type mgrB recovered the susceptibility of mutants to polymyxins,
while the strains carrying mgrB-L did not recovered the suscep-
tibility of mutants to polymyxins. This confirmed the function of
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Figure 7 MgrB and MgrB-L interacts with PhoQ. Cells expressed
protein fusions to the T18 and T25 subunits of B. pertussis adenylyl
cyclase. Reconstitution of adenylyl cyclase activity was inferred from
beta-galactosidase activity. The control represents cyaA2 strain
BTH101 which contained plasmids (pKT25 and pUT18C) expressing
subunits alone (T25 and T18). The experimental 1 represents the
cyaA?2 strain BTH101 which contained plasmids (pKT25-phoQ and
pUT18C-mgrB) expressing fusion protein (T25-phoQ and T18-mgrB).
The experimental 2 represents the cyaA2 strain BTH101 which con-
tained plasmids (pKT25-phoQ and pUTI18C-mgrB-L) expressing
fusion protein (T25-phoQ and T18-mgrB-L). For each strain, the mean
and standard deviation for three independent measurements is shown.

mgrB truncation in mediating polymyxin resistance. However, it is
weird that we did not detect the addition of pEtN to lipid A which
comprises the second most common alteration underpinning
colistin resistance’, and what’s more, the eptA gene which is
responsible for modification of lipid A by pEtN group, was
downregulated. The results may suggest the complexity of regu-
lation of lipid A modification in K. pneumoniae, and pEtN
modification is less effective than L-Ara4N at increasing the lipid
A net charge™.

The insertion sequence 1S26 belonging to the IS6 family, was
found in many Gram-negative bacteria as components of both
chromosome and plasmids and was known to play a key role in the
dissemination of antibiotic-resistance genes™. IS26 mediated
transfer of resistance genes between plasmids or plasmids and
chromosomes has been reported previously*® **. IS26 has been
shown to form fusions (cointegrates) between two DNA molecules
rather than move as a discrete single unit*’. The IS26 mechanism
of movement has long been recognized to be different from the
mechanism used by most ISs of different families. IS26 using the
replicative mechanism gives rise to deletion or inversion of DNA
located between the IS and its target site’’. In Kpn2146, none of
the eleven full copies of IS26, the most frequent IS element in the
genome, had the expected 8 bp direct repeat (DR) of the inte-
gration target sequence, suggesting that each copy underwent
homologous recombination after its last transposition event’’.
Considering the mechanism of I1S26 and previous studies™, we
speculate the model of cointegrate formation with duplication of
the IS26 and generation of a target duplication in our mutants, i.e.,
intramolecular transposition. The 3’-OH groups generated by

Table 4  Virulence comparison of the strains in mouse sys-
temic infection model.

Strain LDs, (CFU/ 95% confidence
mouse) intervals
Kpn2146 437 x 10° 2.69 x 10°
—7.08 x 10°
Mut-S 2.69 x 10° 1.12 x 10°
—6.76 x 10°
Mut-S (pTOPO-Apr-  3.31 x 10° 1.66 x 10°
mgrB) —6.76 x 10°
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Figure 8 Schematic diagrams of diverse inversion by intramolecular transposition in polymyxin resistant mutants in Klebsiella pneumoniae.

(A) Partial genome sequence of WT. (B) Schematic diagram of genomic inversion region of colistin induced drug-resistant strains in the first
repeated experiment (Mut-E-1). (C) Schematic diagram of genomic inversion region of polymyxins (polymyxin S2, polymyxin B, colistin)
induced drug-resistant strains in the second repeated experiment (Mut-S-2, Mut-B-2, Mut-E-2). (D—F) Schematic diagram of genomic inversion
region of Polymyxins induced drug-resistant strains in the third repeated experiment (Mut-S-3, Mut-B-3, Mut-E-3).

cleavage at both IS26 ends attack the target site on the opposite
strand (“frans”). DNA between 1S26 and the target site is instead
inverted (“a b” becomes “b a”), bracketed by the original IS and a
new copy in an inverted orientation. The target site (an 8 bp region
in mgrB) is also duplicated but in an inverted orientation, and
mgrB is truncated into two parts (mgrB-L and mgrB-R) (Fig. 6).
PCR amplification of regions containing the inverted sites in the
genomes of Mut-B and Mut-E and verification by sequencing
confirmed the same inversion of genome sequence. Further
complementation experiment of the three mutants (Mut-S, Mut-B
and Mut-E) with a plasmid carrying wildtype mgrB confirmed the
contribution of mgrB truncation (mediated by intramolecular
transposition of IS26) to polymyxin resistance. As far as we know,
this is the first report that IS26 mediates bacterial resistance to

polymyxin antibiotics through replication and translocation only
within the genome of K. pneumoniae.

To explore the generality of this polymyxin resistance mech-
anism in Kpn2146, we reinduced the drug-resistant strains in vitro
and verified them by PCR amplification. On the basis of the
original findings, large-scale genomic inversion at different posi-
tions of mgrB were detected in polymyxin resistant mutants from
Kpn2146 (Supporting Information Table S3). As expected, we did
not find large-scale genomic inversion in the Kpn700603 resistant
mutants, as its genome does not contain 1S26 sequences.

Next-generation sequencing (NGS) was often used to study the
mechanism of bacterial drug resistance. Illumina sequencing al-
lows rapid, cheap, and accurate whole genome bacterial analyses,
but short reads (<300 base pairs) do not usually enable complete
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genome assembly’'. The de novo assembly of short reads results
in fragmented assemblies because repetitive sequences in bacterial
genomes are invariably longer than the length of a short read and
the span of paired-end reads”. In the past few years, long-read
sequencing technologies have been developed by Pacific Bio-
sciences (PacBio) and Oxford Nanopore Technologies (ONT).
Long reads have greater overlap than is provided by short reads,
allowing more accurate assemblies, especially in repeat regions.
Long-read sequencing offers easier assembly and the ability to
span repetitive genomic regions which is the premise of more
accurate identification of genomic structural variation®”. Unfor-
tunately, although these technologies have become available to
researchers, it has not been popularized in clinic>*. In our study,
when comparing the Illumina sequencing results with reference
gene, the inversion was not found due to the shortcoming of short
reads. However, when the long-read sequencing results were
compared with the reference gene, the sequence arrangement can
be easily elucidated (Fig. 5). Our results strongly demonstrate the
advantage of long-read sequencing in detection of bacterial
genome structure variation. Therefore, we have reasons to suspect
that the clinical isolates that have no confirmed PmrA/B, PhoP/Q
or MgrB mutations by Illumina sequencing, but show polymyxin
resistance®” ', may have gene truncation caused by large-scale
genomic inversion.

Comparing the Illumina sequencing results with the long-read
sequencing results (Fig. 5A and B), a distinctive protrusion of
about two-fold higher abundance can be found in the inversion site
of mgrB in both graphs, indicating the direct target site duplica-
tion. This kind of protrusion was hence used for identification of
similar inversion in polymyxin resistant K. pneumoniae. We first
checked whether the genome translocation can happen in other
strains using three whole genomes sequenced carbapenem
resistant-polymyxin susceptible ATCC strains with annotated
IS(s) on the chromosomes [K. pneumoniae subsp. pneumoniae
ATCC BAA-2470 (Kpn2470), K. pneumoniae subsp. pneumoniae
ATCC BAA-2472 (Kpn2472) and K. pneumoniae ATCC BAA-
2473 (Kpn2473)], the three polymyxins (polymyxin S2, poly-
myxin B and colistin) were again used as the inducer for in vitro
mutant induction. After several rounds of experiments, 8 mutants
from the 3 parental strains were found to have segment inversions
manifesting as distinctive protrusions at the supposed target
duplication regions, even though the possible relating ISs were
different as before (being IS903, ISKpn14, and ISKpn26) (Sup-
porting Information Table S4 and Fig. S1). We further investigated
the presence of the mechanism in clinical polymyxin resistant K.
pneumoniae strains saved in our laboratory. A total of 9 strains
demonstrating colistin and polymyxin B resistance were subjected
to whole genome sequencing using the PacBio platform and
analyzed. However, no segment inversions or even truncations of
the mgrB gene were found in these clinical isolates (Supporting
Information Table S5). We then went on with investigation the
presence of the mechanism in clinical polymyxin resistant strains
using online database Bacterial and Viral Bioinformatics Resource
Center (BV-BRC, Bacterial and Viral Bioinformatics Resource
Center)ix, 344 out of 27,134 K. pneumoniae isolates were
screened out as colistin and/or polymyxin B resistant. Further
screening of the 344 isolates with feature: product “mgrB”
resulted with 101 strains containing “PhoP/PhoQ regulator
MgrB”. The gene arrangements of these strains were analyzed,
and 18 strains with abnormity in mgrB gene assembly and inser-
tion sequence (IS) in the abnormal region were found (Supporting
Information Table S6, Fig. S2), which were possible polymyxin

resistant strains caused by IS mediated inversion in mgrB. Eight of
these strains (K. pneumoniae EuSCAPE-TR208, K. pneumoniae
EuSCAPE_TR232, K. pneumoniae Kpngiani7132592, K. pneu-
moniae Kpngiani7132503, K. pneumoniae Kpngiani7132624, K.
pneumoniae Kpngiani7132509, K. pneumoniae Kpngiani7132514
and K. pneumoniae Kpngiani7132522) with “reads” sequencing
data available from SRA (Sequence Read Archive from NCBI,
https://www.ncbi.nlm.nih.gov/sra) were subjected to detail anal-
ysis by Geneious (version 2023.0), and the distinctive protrusions
in mgrB coding region were found in all these strains, and the
possible related insertion sequences were annotated as IS1 and IS5
(Table S6, Fig. S3). Although more work is required to further
characterize these mutants, data presented in this report strongly
support the presence of this unique polymyxin resistant mecha-
nism by insertion sequence induced chromosome inversion in K.
pneumoniae. Whether this mechanism can be applied to other
antibiotics and other type of strains remains to be determined.

The bacterial two-hybrid is a rapid genetic approach to detect
and characterize interactions between a wide variety of bacterial,
eukaryotic, or viral proteins in vivo™ . Euromedex bacterial two-
hybrid (BACTH, for “Bacterial Adenylate Cyclase-based Two-
Hybrid”) system is a simple and fast approach to detect and char-
acterize protein—protein interactions in vivo. By bacterial two
hybrid system and the subsequent (3-galactosidase activity detection
experiments, we conclude that the truncated MgrB is unable to exert
normal functions. On the other hand, our results also suggested that
the N-terminal region of MgrB is a critical part in maintaining its
activity, as previously reported that the two N-terminal lysines play
an important role in regulating PhoQ activity®.

Mut-S demonstrated increased virulence in mouse systemic
infection model, while complementation of Mut-S with wild type
mgrB partly lowered the elevated virulence, indicating that mgrB
mutation participated in mediating the elevated virulence pheno-
type of Mut-S. It has also been reported that mgrB mutation
induced PhoPQ-governed lipid A remodeling which confers not
only resistance to polymyxins, but also enhances K. pneumoniae
virulence by decreasing antimicrobial peptide susceptibility and
attenuating early host defence response activation®'. It was then
plausible to speculate that the elevated virulence of Mut-S was due
to its increased resistance to antimicrobial peptides®'. This may be
a self-protection mechanism that bacteria develop when exposed
to antibiotics. Hence, the evidence presented in this work
demonstrate that inactivation of mgrB not only resulted in poly-
myxin resistance, but also enhanced K. pneumoniae virulence, and
highlighted a connection between virulence and antimicrobial
resistance.

5. Conclusions

Taken together, we reported the characterization of Kpn2146
polymyxin resistant mutants caused by an inversion of approxi-
mately 1.1 Mbp in the chromosome by IS26 mediated intra-
molecular transposition in K. pneumoniae ATCC BAA-2146 in
this study. Our results indicate that genome rearrangement due to
replicative translocation of IS26 can lead to altered expression of
resistance genes, which in turn generates resistance and improves
strain virulence. Similar inversions can also be found in clinical
polymyxin resistant K. pneumoniae and generated by other K.
pneumoniae strains after induction. A deeper understanding of the
resistance of K. pneumoniae population to polymyxin antibiotics
will be very important for understanding the evolution of poly-
myxin resistance, for the clinical application of polymyxins and
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interpreting public health monitoring data, and for the design and
implementation of new control strategies against this important
pathogen.
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