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Abstract

Klebsiella pneumoniae is a prominent opportunistic pathogen increasingly associated with multidrug resistance and virulence.
One of the main mechanisms of antimicrobial resistance in K. pneumoniae is active efflux, primarily mediated by the resistance-
nodulation-division (RND) family of pumps. AcrAB-TolC is the key RND efflux pump in K. pneumoniae, regulated by the transcrip-
tional activator RamA and its repressor RamR. Although overexpression of AcrAB-TolC has been linked to drug resistance in
various clinical strains, its physiological roles in K. pneumoniae remain insufficiently studied. In this study, we generated iso-
genic deletions of acrB and ramR in both the genetically tractable K. pneumoniae Ecl8 and the virulent ATCC 43816 strains. We
examined the phenotype of the AacrB and AramR mutants by assessing antimicrobial susceptibility, biofilm formation, growth
under infection-related conditions and both in vitro and in vivo infection models. Loss of acrB increased susceptibility to drugs,
decreased biofilm formation and reduced in vitro virulence in both Ecl8 and ATCC 43816. However, only in Ecl8 was the loss of
AcrB found to diminish growth under infection-like conditions and decrease in vivo virulence in the Galleria mellonella infection
model. In contrast, in ATCC 43816, it had no effect. Our findings suggest that AcrAB-TolC exhibits strain-specific physiological
functions, highlighting its dual role in antimicrobial resistance and pathogenicity, and thereby broadening our understanding
of efflux-mediated adaptations in K. pneumoniae. Exploring the broader functions of RND efflux pumps in K. pneumoniae can
provide insights into the potential effects of targeting them with inhibitor molecules.

INTRODUCTION

Klebsiella pneumoniae is a major cause of opportunistic and nosocomial infections worldwide [1]. As a commensal member of the
human microbiota, K. pneumoniae can exploit compromised host defences to cause various opportunistic infections, including
urinary tract infections, pneumonia, wound infections and bacteraemia [2]. The occurrence and levels of antimicrobial resistance
in K. pneumoniae have risen sharply over recent decades, resulting in its classification as a critical priority pathogen by the World
Health Organization [3, 4]. Alarmingly, hypervirulent K. pneumoniae strains have emerged in recent years, exhibiting increased
virulence and the ability to infect healthy individuals [5].

In K. pneumoniae and other Gram-negative pathogens, the resistance-nodulation-division (RND) superfamily efflux pumps span
the entire cell envelope, conferring intrinsic resistance to a wide range of antimicrobial compounds [6]. The archetypal RND efflux
pump in Enterobacteriaceae is the AcrAB-TolC efflux system, comprised of the inner membrane transporter AcrB, the periplasmic
adapter protein AcrA and the outer membrane channel TolC [7]. In clinical Gram-negative isolates, RND efflux pumps, such as
AcrAB-TolC, are frequently overexpressed, thereby contributing to multidrug resistance by expelling antibiotics and reducing their
intracellular accumulation [8]. RamA is a key transcriptional activator of AcrAB-TolC expression in Enterobacteriaceae such as
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Table 1. List of bacterial strains and plasmids used in this study

Strain/plasmid Description Reference

Strain

WT Ecl8 WT K. pneumoniae Ecl8 [22]

WT ATCC 43816 WT K. pneumoniae ATCC 43816 Jose Bengoechea

ATCC 43816 AramR K. pneumoniae ATCC 43816 with the ramR gene deleted This study

Ecl8 AramR K. pneumoniae Ecl8 with the ramR gene deleted This study

ATCC 43816 AacrB K. pneumoniae ATCC 43816 with the acrB gene deleted This study

Ecl8 AacrB K. pneumoniae Ecl8 with the acrB gene deleted This study

ATCC 25922 E. coli ATCC 25922, control strain for antimicrobial susceptibility testing ATCC

Plasmid

pKD4 Template plasmid used to generate a PCR construct consisting of FRT-flanked [24]
kanamycin resistance cassette for gene inactivation; Kan®

pACBSCE Plasmid encoding the arabinose-inducible lambda Red recombinase system; Chl* [25]

pFLP-Hyg Temperature-sensitive plasmid encoding FLP recombinase which removes FRT- [26]
flanked antibiotic resistance markers; Hyg"

ChI®, chloramphenicol resistant; Hyg®, hygromycin resistant; Kan®, kanamycin resistant.

K. pneumoniae and Salmonella enterica [9, 10], with MarA as the equivalent in Escherichia coli [11]. RamA activity is repressed by
its local repressor RamR through binding to the ramA promoter region [12]. RamR itself is regulated by environmental signals,
including bile acids and antibiotics, which bind to RamR and decrease its affinity for DNA binding, including the ramA promoter
[13]. Therefore, inactivating mutations in ramR that render RamR non-functional result in significant RamA accumulation and
AcrAB-TolC overexpression, thereby affecting the microbe-antibiotic response [14]. For example, mutations in ramR have been
identified in clinical K. pneumoniae isolates, contributing to tigecycline resistance by upregulating acrAB-tolC expression [15].

In addition to their role in multidrug resistance, RND efflux pumps, including AcrAB-TolC, play a role in bacterial virulence
[16]. In several species of Enterobacteriaceae, the loss of acrB confers reduced virulence in vitro and/or in vivo [17-19]. In
K. pneumoniae 52145R and A2312, deleting acrB has previously been shown to increase antimicrobial susceptibility and reduce
virulence in mouse infection models [20, 21]. However, the roles of the AcrAB-TolC efflux pump in K. pneumoniae Ecl8, a widely
used reference strain for targeted genetic manipulation, and K. pneumoniae ATCC 43816, a hypervirulent reference strain widely
used for studying pathogenesis, have not been studied [22, 23]. Furthermore, the loss and overexpression of AcrAB-TolC activity
in K. pneumoniae have not been studied in relation to biofilm formation, growth in infection-relevant conditions and in vitro
infection.

In this study, isogenic acrB and ramR deletion strains of K. pneumoniae Ecl8 and ATCC 43816 were generated. The phenotypes of
the mutants were characterized by measuring antimicrobial susceptibility, biofilm formation, survival in human serum, growth in
artificial lung media and the ability to cause infection in vitro and the in vivo Galleria mellonella infection model. This study shows
that whilst AcrAB-TolC plays a fundamental role in antimicrobial susceptibility in different K. pneumoniae strains, its impact on
growth in infection-relevant conditions and in vivo virulence is strain-dependent. This could have potential implications for the
targeting of AcrAB-TolC by inhibitors in different K. pneumoniae strains.

METHODS
Bacterial strains

The bacterial strains used are described in Table 1. Unless stated otherwise, all strains were grown in Luria-Bertani (LB) broth
(Sigma-Aldrich, USA) and incubated at 37 °C with aeration.

Generation of the ramR and acrB deletion mutant strains

The acrB and ramR mutant strains of Ecl8 and ATCC 43816 were constructed using A Red recombination, followed by FLP
recombinase to obtain antibiotic-susceptible gene knockouts [24]. The acrB or ramR gene was inactivated by the insertion of
the kanamycin resistance gene (aph) using the pACBSCE recombineering plasmid as described previously [25]. The aph gene
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was subsequently removed using the pFLP-Hyg plasmid (gifted from Pep Charusanti; Addgene plasmid #87831; http://n2t.net/
addgene:87831; RRID: Addgene_87831) as described previously [26]. All primers used to generate the genetic deletions are listed
in Table S1, available in the online Supplementary Material.

Relative RT-gPCR

All protocols were carried out according to the manufacturer’s instructions. Total RNA was extracted from K. pneumoniae Ecl8
and ATCC 43816 strains grown to the exponential phase (OD,=0.4-0.5) using the Monarch Total RNA Miniprep Kit (NEB,
USA), with on-column DNase I treatment to eliminate genomic DNA contamination. RNA quality and quantity were determined
using a NanoDrop spectrophotometer (Thermo Scientific, USA) and the Qubit RNA Broad Range Assay Kit (Invitrogen, USA),
respectively. cDNA was synthesized from 1 ug of total RNA using the iScript Reverse Transcription Supermix Kit (Bio-Rad, USA),
with no-reverse transcriptase controls included for each sample to confirm the absence of genomic DNA contamination. Real-time
PCR was performed using the SensiFAST SYBR Lo-Rox Kit (Meridian Bioscience, USA) with gene-specific primers (Table S2)
and 1ng pl™' of cDNA per reaction on a QuantStudio 1 Real-Time PCR System (Thermo Fisher Scientific, USA). The rpoB gene,
encoding the  subunit of bacterial RNA polymerase, was used as an endogenous control for normalizing gene expression using
the 2-24¢ method [27]. RT-qPCRs were carried out using three biological replicates per strain, each with three technical replicates.

Antimicrobial susceptibility testing

The MIC of antibiotics and biocides was determined using the broth microdilution method according to Clinical
and Laboratory Standards Institute guidelines [28]. E. coli ATCC 25922 was used as a control strain for antimicrobial
susceptibility testing.

Serum survival assays

Overnight cultures of K. pneumoniae Ecl8 and ATCC 43816 were sub-cultured (2% inoculum) in 5ml LB broth and grown to
mid-log phase (OD,=0.5; ~5x10°c.f.u.ml™). Cultures were diluted to 1x10°c.fu.ml™ in PBS, and 20 ul of this suspension was
mixed with 180 ul of normal human serum (Merck, USA) or heat-inactivated serum (56 °C, 30 min) in round-bottom, non-
treated 96-well plates, yielding 1x10° c.f.u. ml™" per well. Plates were incubated statically at 37 °C for 3 h, and viable bacteria were
enumerated by serial dilution and plating. Each strain was tested in three biological replicates with three technical replicates each.

Ethidium bromide efflux assays

The efflux activity of K. pneumoniae Ecl8 and ATCC 43816 strains was determined using the ethidium bromide efflux assay as
described previously [29].

Crystal violet biofilm assays

Biofilm formation by K. pneumoniae Ecl8 and ATCC 43816 strains was measured as previously described [30]. For each strain,
three biological replicates were tested, each consisting of three technical replicates, conducted on separate occasions.

Growth kinetic assays

Overnight cultures of K. pneumoniae Ecl8 and ATCC 43816 strains were adjusted toan OD, of 0.01 (~1x107c.£u. ml™"). A 180 ul
volume of the growth media was added to the wells of a flat-bottom non-treated 96-well polystyrene plate (Corning, USA), and
20 ul of the OD, -adjusted bacterial cells was added to the wells. The OD_ was recorded at 30 min intervals over 18h using a
FLUOstar Optima plate reader (BMG Labtech, Germany). For each strain, three biological replicates were tested, each consisting
of three technical replicates, conducted on separate occasions.

RAW 264.7 macrophage infection assays

RAW 264.7 macrophages (ATCC TIB-71) were cultured in Dulbecco's Modified Eagle Medium (DMEM with GlutaMAX (Thermo
Fisher, USA) supplemented with 10% heat-inactivated foetal bovine serum (FBS) (Life Technologies, USA) at 37°C and 5% CO,,.
Cells were seeded at 1x10° per well in 96-well flat-bottom plates and infected in triplicate with exponential-phase bacteria at a
multiplicity of infection (MOI) of 10. Plates were centrifuged (900 g, 5min) to synchronize infection, and extracellular bacteria
were killed after 30 min with 200 ug ml™' gentamicin, which remained in the medium thereafter. Uptake was quantified at 30 min,
1 hand 2h, and survival at 24 h post-infection by washing cells in PBS, lysing with 0.1% Triton X-100, serially diluting and plating
on LB agar. CFUs were enumerated after overnight incubation at 37°C. Each strain was tested with three biological replicates
across three independent experiments.

A549 lung epithelial cell infection assays

A549 lung epithelial cells were cultured in Roswell Park Memorial Institute media (RPMI) with GlutaMAX (Thermo Fisher, USA)
and 10% heat-inactivated FBS at 37°C and 5% CO,. Cells were seeded at 3x10*per well in 96-well flat-bottom plates and infected


http://n2t.net/addgene
http://n2t.net/addgene

Bhogal et al., Microbiology 2025;171:001647

the following day with exponential-phase bacteria at an MOI of 50 for 2h. Subsequent processing was performed as described
above. Each strain was tested with three biological replicates across three independent experiments.

G. mellonella larvae infection model

G. mellonella larvae were purchased from Livefood UK and stored at 15°C in darkness with a non-restricted diet. Larvae were
injected (n=10 per strain, which was independently repeated three times) with 5x10° bacterial cells as previously described [31],
and the number of live/dead larvae was quantified over 3 days.

Growth in healthy lung media and cystic fibrosis lung media

Artificial media mimicking healthy lung [healthy lung media (HLM)] and cystic fibrosis lung [cystic fibrosis lung media (CFLM)]
environments were prepared as described previously [32]. Overnight LB cultures were pelleted, resuspended in PBS and diluted
to 5x107 c.f.u.ml™* in HLM or CFLM. In 96-well flat-bottom plates, 20 ul of bacterial suspension was mixed with 180 ul of HLM
or CFLM (final inoculum of 5x10° c.f.u. ml™') and incubated at 37 °C with 5% CO,. At 2, 6,24 and 48 h, 10 ul samples were serially
diluted in PBS and plated on LB agar. Colonies were enumerated after overnight incubation at 37 °C. Each strain was tested with
three biological replicates across three independent experiments.

RESULTS

The effect of acrB deletion and overexpression on efflux activity and antimicrobial susceptibility of K.
pneumoniae Ecl8 and ATCC 43816

The deletion of acrB or ramR in both strains did not affect growth in LB broth or cation-adjusted Mueller-Hinton
broth (Fig. S1). As expected [33, 34], the deletion of acrB in both strains significantly impaired efflux activity (Fig. 1)
and increased susceptibility to many AcrB substrates (Table 2). At the same time, the deletion of ramR in both strains
caused overexpression of acrA, acrB, tolC and ramA (Fig. S2), resulting in increased efflux activity (Fig. 1) and reduced
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Fig. 1. Efflux of ethidium bromide over time by K. pneumoniae Ecl8 and ATCC 43816 strains. Bacteria were treated with the efflux substrate ethidium
bromide and the protonophore CCCP for 1h and then re-energized with glucose. (a) Decrease in ethidium bromide fluorescence over time after re-
energization with glucose. The data shown represent the mean of three biological replicates, conducted on independent occasions. (b) Time taken
for ethidium bromide fluorescence to decrease by 50% of the starting value. The data shown represent the mean+sp of three biological replicates,
conducted on independent occasions. Statistical significance was determined by comparing the WT Ecl8 or ATCC 43816 to their isogenic mutant strains
using one-way ANQOVA, followed by Dunnett's test to correct for multiple comparisons. Significantly different results are indicated with ** (P<0.01) or
***(P<0.001).
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Table 2. Susceptibility of WT K. pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB mutant strains to biocides, antibiotics and dyes

MIC (ug ml™)
Antimicrobial* WT Ecl8 Ecl8 AramR Ecl8 AacrB WT ATCC 43816 ATCC 43816 AramR ATCC 43816 AacrB ATCC 25922
CIP (<0.25%, >0.5%) 0.016 0.125 0.008 0.03 0.25 0.008 0.008
NAL 4 16 1 4 32 1 2
AZM 4 16 1 8 32 1 4
ERY 32 256 1 64 256 2 32
CHL 2 16 0.5 4 32 0.5 4
CAZ (<15, >4%) 0.06 0.25 0.06 0.125 0.5 0.125 0.125
FEP (<15, >4%) 0.016 0.06 0.016 0.03 0.125 0.03 0.06
PIP (<85, >8%) 4 16 4 4 32 4 1
MER (<25, >8%) 0.03 0.016 0.03 0.03 0.06 0.03 0.03
MIN 1 8 0.125 2 16 0.125 0.5
TET 1 4 0.125 1 8 0.125 0.5
TGC (<0.5% >0.5%) 0.125 1 0.03 0.125 2 0.06 0.06
ACR 32 128 4 32 128 8 16
Ccv 16 64 4 16 64 4 16
EB 512 >1024 16 512 >1024 16 512
AMK (<85, >8%) 2 2 2 2 2 2 2
GEN (<25, >2%) 0.5 0.5 1 0.5 1 1 0.5
BZK 16 32 2 16 32 4 32
CHD 16 32 4 16 64 4 0.5
OCT 2 4 4 4 2 4 1
TRI 1 2 0.25 1 2 0.25 0.5

*The clinical breakpoint values from EUCAST are indicated in brackets alongside the antimicrobial, where S and R refer to susceptible and resistant,
respectively.

MIC values shown are the mode from three independent replicates. Bold and underlined values indicate MICs that are at least twofold lower or higher,
respectively, than the MIC for the corresponding parent strain.

ACR, acriflavine; AMK, amikacin; AZM, azithromycin; BZK, benzalkonium chloride; CAZ, ceftazidime; CHD, chlorhexidine digluconate; CHL, chloramphenicol;
CIP, ciprofloxacin; CV, crystal violet; EB, ethidium bromide; ERY, erythromycin; FEP, cefepime; GEN, gentamicin; MER, meropenem; MIN, minocycline; NAL,
nalidixic acid; OCT, octenidine hydrochloride; PIP, piperacillin; TET, tetracycline; TGC, tigecycline; TRI, triclosan.

susceptibility to AcrB substrates (Table 2). However, there were several notable phenotypic differences between the AacrB
and AramR mutant strains. Notably, in both strains, the deletion of acrB had no impact on ceftazidime, cefepime or
piperacillin susceptibility (Table 2), whereas the deletion of ramR reduced susceptibility by twofold or greater (Table 2).
In both strains, the AramR strains also displayed clinical resistance to piperacillin and tigecycline (Table 2), representing
a greater shift in MIC values than expected.

Lastly, both strains showed the expected growth impairment in the presence of sodium deoxycholate, a bile salt, when acrB
was deleted [21]. Nonetheless, the ATCC 43816 AacrB strain displayed better growth than the Ecl8 AacrB strain in the
presence of 0.5% sodium deoxycholate (Fig. 2a), indicating a strain-specific difference in bile salt resistance. In contrast,
the deletion of ramR increased bile salt resistance in both strains, but at the highest sodium deoxycholate concentration
tested (2%), the ATCC 43816 AramR again grew better than the Ecl8 AramR strain (Fig. 2c), highlighting strain-dependent
variation despite identical mutations.
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Fig. 2. The growth of WT K. pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB mutant strains in the presence of sodium
deoxycholate. The growth kinetics and final OD, , values of bacterial cells were measured in LB broth supplemented with (a) 0.5%, (b) 1% and (c) 2%
sodium deoxycholate. The OD at 600nm (0D, ) was measured every 30 min over 18h at 37 °C with shaking (200r.p.m.) using a plate reader. The data
presented are the meansp of three independent experiments, each consisting of three biological replicates. The final OD,; corresponds to the 0D,
value at the 18h timepoint. Statistical significance was determined by comparing the WT Ecl8 or ATCC 43816 to their isogenic mutant strains using
one-way ANOVA, followed by Dunnett's test to correct for multiple comparisons. Significantly different results are presented and are indicated with *
(P<0.05) or *** (P<0.001). ns, not significant.
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The effect of acrB deletion and overexpression on growth under infection-mimicking conditions in K.
pneumoniae Ecl8 and ATCC 43816

As an opportunistic pathogen, K. pneumoniae can infect various body sites, including the bloodstream and lungs [35].
However, the contribution of the AcrAB-TolC efflux pump to the survival of K. pneumoniae under different infection-
mimicking conditions has not been investigated. A primary line of defence against invading pathogens is the bactericidal
activity of serum [36], and serum resistance enhances pathogenic capacity. Therefore, the survival of the WT K. pneumoniae
Ecl8 and ATCC 43816, as well as their AacrB and AramR mutant strains, in the presence of heat-inactivated or normal
human serum over 3 h was measured.

In heat-inactivated serum, there was no difference in survival between WT Ecl8 and ATCC 43816 and their isogenic
AacrB and AramR mutant strains (Fig. 3a). In normal human serum, the Ecl8 AacrB strain displayed significantly lower
survival compared to its WT parent strain, whereas the Ecl8 AramR strain showed no significant difference in survival
(Fig. 3b). For ATCC 43816, the survival of the AacrB and AramR strains was not significantly different to their parental
WT strain (Fig. 3b).

To cause pneumonia, K. pneumoniae must survive within the lung environment [37]. Despite not being a primary cystic fibrosis
pathogen, when present, K. pneumoniae can be associated with pulmonary exacerbations [38]. Therefore, to investigate the
contribution of the AcrAB-TolC efflux pump to K. pneumoniae growth in both healthy and diseased lung environments, artificial
HLM and CFLM were used [32]. To recapitulate the lung niche, growth in HLM and CFLM was carried out at 37 °C with 5%
CO,. As a control, a P. aeruginosa strain (PA14) was included as it has been shown to grow in HLM and CFLM [32]. As expected,
PA14 grew well in HLM and CFLM, indicating stability of the media (Fig. 4). In HLM, Ecl8 and ATCC 43816 AramR and AacrB
strains grew at a similar rate to their respective parental WT strain, with no significant differences in CFUs at 24 and 48h time
points (Fig. 4a, ¢). In CFLM, the ATCC 43816 AramR and AacrB strains grew at a similar rate to their WT parent strain, with
no significant differences in CFUs at 24 and 48h timepoints (Fig. 4b, d). However, the growth of the Ecl8 AacrB strain was
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Fig. 3. The survival of WT K. pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB mutant strains in human serum. Survival of WT
K. pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB mutant strains in (a) heat-inactivated serum and (b) normal human serum.
Bacterial cultures were grown to the exponential phase before being added to normal human serum at an inoculum of 1x10°c.f.u.ml™, followed by
incubation at 37 °C for 3h without shaking. Survival was calculated as the number of bacteria treated with heat-inactivated or normal human serum
as a percentage of the total number of input bacterial cells. The data presented are the mean+sD of three biological replicates tested on independent
occasions. Statistical significance was determined by comparing the WT Ecl8 or ATCC 43816 strains to their isogenic mutant strains using one-way
ANOQVA, followed by the Holm-Sid&k method to correct for multiple comparisons. Significantly different results are presented and are indicated with
***(P<0.001). ns, not significant.
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Fig. 4. The growth of WT K. pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB mutant strains in HLM and CFLM. The growth of WT K.
pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB mutant strains in (a) HLM, and (b) CFLM. CFU counts were determined by taking
samples at 2, 6, 24 and 48 h timepoints. Pseudomonas aeruginosa PA14 was included as a control strain. The colony-forming units of the bacterial
strains at 24 and 48 h timepoints in (c) HLM and (d) CFLM. The data presented are the mean+sD of three independent experiments, each consisting
of three biological replicates. Statistical significance was determined by comparing the WT Ecl8 or ATCC 43816 strains at different timepoints to their

isogenic mutant strains using multiple unpaired lognormal t-tests, followed by the Holm-Sidak method to correct for multiple comparisons. Statistical
significance is indicated by ** (P<0.01), *** (P<0.001). ns, not significant.

significantly reduced at 24 and 48 h timepoints compared to WT Ecl8, whereas the growth of the Ecl8 AramR strain was not
significantly different (Fig. 4b, d).

The effect of acrB deletion and overexpression on biofilm formation in K. pneumoniae Ecl8 and ATCC 43816

Biofilm formation in K. pneumoniae confers protection against both the host immune response and antibiotics [39, 40]. The role
of AcrAB-TolC in K. pneumoniae biofilm formation has not been explored; therefore, the ability of the K. pneumoniae Ecl8 and
ATCC 43816 AacrB and AramR mutant strains to form biofilms in tryptic soy broth (TSB), HLM and CFLM was determined
using the crystal violet biofilm assay. TSB has been previously shown to support robust biofilm formation by K. pneumoniae
strains [30]. After 72h in TSB, K. pneumoniae Ecl8 formed more biofilm compared to K. pneumoniae ATCC 43816 (Fig. 5). The
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Fig. 5. Biofilm formation by WT K. pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB mutant strains in different media. Biofilm
formation (crystal violet staining) at 72 h in tryptic soy broth (TSB), healthy lung media (HLM) or cystic fibrosis lung media (CFLM). The data shown are
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method to correct for multiple comparisons. Statistical significance is indicated by *(P < 0.05) or **(P < 0.01). ns, not significant.

Ecl8 AacrB strain formed significantly less biofilm, whilst the Ecl8 AramR strain was not significantly different compared to WT
Ecl8 (Fig. 5). Both the ATCC 43816 AacrB and AramR mutant strains formed significantly less biofilm than their parental WT
strain in TSB (Fig. 5).

In HLM and CFLM, the Ecl8 AacrB strain formed significantly less biofilm compared to the WT Ecl8 strain. In contrast, there
was no significant difference in biofilm formation by the Ecl8 AramR strain (Fig. 5). However, the reduced biofilm formation in
CFLM by the Ecl8 AacrB strain could be due to its reduced growth (Fig. 4). The ATCC 43816 strain formed more biofilm in HLM
and CFLM than in TSB (Fig. 5). Like Ecl8, the ATCC 43816 AacrB strain formed significantly less biofilm in HLM and CFLM
compared to its parental WT strain. In contrast, there was no significant difference between the ATCC 43816 AramR strain and
WT (Fig. 5). The reduced biofilm formation by the ATCC 43816 AacrB strain was likely not due to reduced growth in HLM or
CFLM, because it grew similarly to its WT parent strain (Fig. 4).

The effect of acrB deletion and overexpression on the virulence of K. pneumoniae Ecl8 and ATCC 43816

In several other Enterobacteriaceae species, the loss of acrB has been shown to reduce the ability to invade macrophages
and epithelial cells [18, 19, 41]. However, the role of the AcrAB-TolC efflux pump on K. pneumoniae-host cell interac-
tions has not been investigated. While K. pneumoniae is primarily an extracellular pathogen, it has been shown to
survive within macrophages and invade lung epithelial cells [42, 43]. Therefore, the Ecl8 and ATCC 43816 AacrB and
AramR strains were assessed for internalization and intracellular survival in RAW 264.7 mouse macrophages, as well
as for invasion of A549 human lung epithelial cells.
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Fig. 6. The in vitro and in vivo virulence of WT K. pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB strains. (a) The internalization and
intracellular proliferation of WT K. pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB strains in RAW 264.7 murine macrophages.
Macrophage internalization was determined at 30min, 1h and 2h post-infection. Intramacrophage proliferation was measured 24 h post-infection.
Data presented are the mean+sD of three biological replicates, tested in three technical replicates, on three separate occasions. For each strain,
statistical significance was determined by comparing the WT strain at different timepoints to its isogenic mutant strains using a multiple lognormal
t-test, followed by the Holm-5idak method to correct for multiple comparisons. * (P<0.05), ** (P<0.01). (b) The invasion of A549 human lung epithelial
cells by K. pneumoniae Ecl8 and ATCC 43816 and their isogenic AramR and AacrB strains after 2 h. Data presented are the mean+sp of three biological
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WT strain to its isogenic mutant strains using a one-way ANOVA, followed by Sidak's multiple comparison testing. *** (P<0.001); ns, not significant. (c)
Kaplan—-Meier survival curves of G. mellonella over 72 h following inoculation with the K. pneumoniae Ecl8 or ATCC 43816 strains. A PBS injury control is
included in grey. For each strain, statistical significance was determined by comparing the WT strain to its isogenic mutant strain using the Mantel-Cox
test. * (P<0.05).
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In RAW 264.7 macrophage infection assays, the WT Ecl8 and ATCC 43816 strains were internalized after 30 min, with similar
internalization levels at 1 h and 2 h post-infection (Fig. 6a). Intramacrophage survival was assessed by allowing uptake for 30 min,
followed by incubation with gentamicin for 24h. After 24 h post-infection, there was a substantial reduction in the number of
recovered WT Ecl8 and ATCC 43816 bacterial counts (Fig. 6a), suggesting killing by macrophages. In agreement with a previous
study [43], the WT strains were not completely killed by macrophages, suggesting intramacrophage survival. Compared to WT
strains, significantly fewer bacterial counts were recovered for the Ecl8 and ATCC 43816 AacrB strains after 30 min, 1 h, 2h and
24h post-infection (Fig. 6a). The uptake of the Ecl8 and ATCC 43816 AramR strains was not significantly affected after 30 min,
1h, 2h and 24 h compared to their respective WT strains (Fig. 6a).

Previous work has shown that K. pneumoniae 52145R invades A549 lung epithelial cells after 2 h, but the number of viable bacteria
steadily decreases over time [42]. In agreement, the WT Ecl8 and ATCC 43816 strains invaded after 2h (Fig. 6b). The Ecl8 and
ATCC 43816 AacrB strains were significantly impaired in their ability to invade A549 cells compared to their respective parental
WT strains (Fig. 6b). The Ecl8 and ATCC 43816 AramR strains did not show any significant difference in invasion of A549 cells
(Fig. 6b).

Lastly, to assess the role of AcrAB-TolC in vivo virulence, the G. mellonella infection model was used. In agreement with previous
studies, the WT ATCC 43816 strain exhibited a high degree of virulence, resulting in 93% mortality within 24h and ultimately
100% mortality after 48 h [31]. The ATCC 43816 AacrB and AramR strains did not show a significant difference in vivo virulence,
with both strains causing 100% mortality by 48 h (Fig. 6¢). On the other hand, the WT Ecl8 strain was less virulent, causing 60%
mortality after 72h. Compared to WT Ecl8, the AacrB strain was significantly less virulent, whilst the AramR strain was not
significantly different (Fig. 6¢).

DISCUSSION

Infections caused by multidrug resistant (MDR) K. pneumoniae impose a significant global health burden. The archetypal RND
efflux pump AcrAB-TolC contributes to MDR, and increasing evidence indicates broader roles in pathogenesis and virulence in
Enterobacteriaceae. Therefore, understanding the AMR and virulence determinants in K. pneumoniae is crucial for the identi-
fication of new drug targets. Here, we identified strain-specific roles for the AcrAB-TolC efflux pump in K. pneumoniae growth
under infection-relevant conditions and in vivo virulence, suggesting that RND efflux pumps do not have the same role within
a single species.

The loss of AcrB-mediated efflux activity in K. pneumoniae Ecl8 and ATCC 43816 increased susceptibility to a wide range of anti-
microbial compounds, consistent with previous studies on other clinical K. pneumoniae strains [20, 44, 45]. In Enterobacteriaceae,
the AcrAB-TolC eftflux pump is essential for survival when exposed to bile acids, including sodium deoxycholate [21, 46, 47].
Similarly, the loss of AcrB-mediated efflux in Ecl8 and ATCC 43816 also significantly impaired growth when exposed to sodium
deoxycholate. Unsurprisingly, this loss did not affect susceptibility to carbapenems or cephalosporins, likely because these anti-
biotics are poor substrates of the AcrAB-TolC eftflux pump [48, 49]. However, the known AcrAB-TolC substrate piperacillin [48]
was also not affected by acrB deletion, likely due to the presence of the chromosomal blag,  , gene, which encodes the SHV-1
B-lactamase, found in the vast majority of K. pneumoniae strains, including Ecl8 and ATCC 43816 [50]. The SHV-1 B-lactamase

can hydrolyse penicillins, including piperacillin [51], thereby conferring penicillin resistance regardless of AcrB-mediated efflux
[48]. Although not used clinically, dyes such as acriflavine, crystal violet and ethidium bromide are recognized and exported
by RND efflux pumps [52]. Like E. coli and S. Typhimurium, the data in this study suggest that the AcrAB-TolC pump in
K. pneumoniae also exports these dyes.

The overexpression of the AcrAB-TolC pump in Ecl8 and ATCC 43816 AramR strains decreased susceptibility to a broad spec-
trum of antimicrobial agents, consistent with the findings of De Majumdar et al. [10]. For most antibiotics, except piperacillin
and tigecycline, the rise in MIC values was not enough to cause clinical resistance. This is most likely because alterations in
efflux pump activity alone typically result in modest shifts in antimicrobial susceptibility, but they underpin the development of
further resistance mechanisms [53-55]. In the case of piperacillin, resistance in the AramR strains was likely due to the increased
expression of acrAB-tolC, working alongside the chromosomally encoded SHV-1 -lactamase that can hydrolyse penicillins
[56]. Resistance to tigecycline in clinical K. pneumoniae isolates has been linked to the upregulation of acrB expression, driven
by ramA overexpression resulting from inactivating mutations in the ramR gene [15, 57]. Similarly, tigecycline resistance in the
Ecl8 and ATCC 43816 AramR strains might be due to increased export of tigecycline by AcrAB-TolC. The elevated AcrAB-TolC
activity in the AramR strains also resulted in improved growth in the presence of higher concentrations of sodium deoxycholate.
However, the loss of ramR and the subsequent overexpression of ramA also influence the expression of multiple genes, including
other MDR-associated genes [10]. Therefore, the phenotype of the AramR strains may not be solely due to the overexpression
of acrAB-tolC expression.

The contribution of AcrAB-TolC to growth under infection-related conditions differed between Ecl8 and ATCC 43816.
The loss of acrB in Ecl8 decreased survival in human serum and growth in CFLM, whereas in ATCC 43816, deleting
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acrB had no significant effect. Previously, the deletion of tolC in ATCC 43816 was found to reduce biofilm formation,
capsule production and serum survival [58]. However, the deletion of tolC has pleiotropic effects [59]; therefore, the
phenotypic impact of tolC deletion is not necessarily due to the loss of AcrB-mediated efflux. Multiple efflux systems
also utilize TolC as an outer membrane channel, meaning the loss of TolC abrogates all TolC-dependent tripartite efflux
systems [60]. Hence, we interrogated the genomes of Ecl8 and ATCC 43816 using conserved RND protein residues to see
whether the ATCC 43816 strain had additional redundant RND or tripartite transporter proteins that could substitute
for the loss of AcrB [61]. However, both strains had the same number of tripartite RND, MFS and ABC efflux systems,
except for KexD, which was only present in Ecl8. Instead, the differences between Ecl8 and ATCC 43816 might be due
to variations in capsule expression and production. In K. pneumoniae, the capsule contributes to biofilm formation,
serum resistance and growth in nutrient-poor environments [62, 63]. ATCC 43816 exhibits the hypermucoviscous
phenotype, indicative of high capsule production [64], which likely allows survival in serum and growth in CFLM in
the absence of AcrAB-TolC function. On the other hand, Ecl8 does not exhibit a hypermucoviscous phenotype (Fig. S3),
suggesting that it may rely more on AcrAB-TolC as a defence mechanism under stress. The capsule also plays a primary
role in defending against G. mellonella immunity [65], possibly explaining why the loss of acrB was not detrimental to
the virulence of ATCC 43816. Previously, the loss of acrB in the virulent strain K. pneumoniae 52145R was not found
to affect capsule polysaccharide or LPS production [20]. This suggests that in the virulent strain ATCC 43816, loss of
acrB also likely had no impact on capsule or LPS production, potentially explaining why it remained virulent in the
G. mellonella infection model. The differences in gene expression between ATCC 43816 and Ecl8, as shown in Fig. S2,
may also contribute to the observed phenotypic differences. In both K. pneumoniae Ecl8 and ATCC 43816, the loss of
acrB reduced biofilm formation, consistent with studies in other Enterobacteriaceae species [66, 67]. The role of RND
efflux pumps in biofilm formation remains unclear. Still, they likely play a multifaceted role, including the export of
extracellular polymeric substances and waste metabolites, as well as the dysregulation of biofilm-associated genes [68].

The results of this study suggest that the AcrAB-TolC efflux pump plays an important role in the interaction between K. pneu-
moniae and its host, as well as in strain-dependent differences in virulence. In macrophage infection assays, both WT Ecl8 and
ATCC 43816 strains were readily internalized, and a fraction of the bacteria persisted within RAW 264.7 cells, which is consistent
with earlier reports that macrophages do not completely kill intracellular K. pneumoniae [43]. In contrast, the AacrB mutants
showed lower levels of uptake, and their survival was markedly reduced after 24 h. This finding suggests that AcrB contributes
to bacterial adaptation to the intracellular environment, possibly by preserving cell envelope integrity or reducing susceptibility
to macrophage-killing mechanisms. Loss of ramR, on the other hand, had little effect on either uptake or survival, suggesting
that overexpression of efflux pumps alone does not provide a measurable advantage in this context. A similar picture emerged
in epithelial cell invasion assays. WT Ecl8 and ATCC 43816 were able to invade A549 lung epithelial cells, whereas invasion was
significantly impaired in their respective AacrB mutants. The AramR strains, however, behaved similarly to their WT counterparts,
again suggesting that efflux pump overexpression does not enhance host cell entry. The data from the G. mellonella infection model
highlight that the role of AcrAB-TolC in virulence is not uniform across strains. As expected, the highly virulent ATCC 43816
strain caused near-complete mortality within 48 h, and this outcome was unaffected by deletion of acrB or ramR. In contrast, the
less virulent Ecl8 strain displayed a measurable reduction in pathogenicity when acrB was deleted, whereas the loss of ramR did
not alter the outcome. Taken together, these results suggest a strain-dependent contribution of AcrB, as it appears to contribute to
survival and virulence in Ecl8 but is less critical in the more hypervirulent ATCC 43816 background, where other factors may play
a more dominant role. A strain-specific role for AcrAB-TolC has also been observed in Salmonella Typhimurium virulence. The
loss of AcrB function in S. Typhimurium DT104 and DT204 did not affect in vivo virulence [69, 70], whereas in S. Typhimurium
SL1344 and 14028s, loss of AcrB impairs in vivo virulence [17, 18].

In conclusion, our findings suggest that RND eftflux pumps can have strain-specific roles within K. pneumoniae. Future studies
could explore how efflux pump activity affects other cellular processes, such as metabolism, virulence or biofilm formation,
among different K. pneumoniae strains. Understanding these intraspecies differences could inform the development of efflux
pump inhibitors that could improve antibiotic efficacy by targeting specific physiological weaknesses unique to a particular
strain.

Funding information
I.A. and M.M.C.B. were funded by the MRC grant MR/V009885/1 (New Investigator Research Grant to M.M.C.B.). B.C. and Y.C. were supported by the
BBSRC grant BB/X01651X awarded to Y.C.

Acknowledgements
We are grateful to Prof. Jose Bengoechea of the London School of Hygiene & Tropical Medicine for generously providing the wild-type Klebsiella pneu-
moniae ATCC 43816 strain used in this study.

Conflicts of interest
The authors declare that there are no conflicts of interest.

12



Bhogal et al., Microbiology 2025;171:001647

References

1.

20.

Temkin E, Fallach N, Almagor J, Gladstone BP, Tacconelli E, et al.
Estimating the number of infections caused by antibiotic-resistant
Escherichia coli and Klebsiella pneumoniae in 2014: a modelling
study. Lancet Glob Health 2018;6:e969-e979.

Bengoechea JA, Sa Pessoa J. Klebsiella pneumoniae infection
biology: living to counteract host defences. FEMS Microbiol Rev
2019;43:123-144.

Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Aguilar GR, et al.
Global burden of bacterial antimicrobial resistance in 2019: a
systematic analysis. Lancet 2022;399:629-655.

World Health Organisation. WHO bacterial priority pathogens list,
2024: bacterial pathogens of public health importance to guide
research, development and strategies to prevent and control anti-
microbial resistance. Geneva 2024.

Russo TA, Marr CM. Hypervirulent Klebsiella pneumoniae. Clin
Microbiol Rev 2019;32:e00001-19.

Alav |, Kobylka J, Kuth MS, Pos KM, Picard M, et al. Struc-
ture, assembly, and function of tripartite efflux and type 1
secretion systems in gram-negative bacteria. Chem Rev
2021;121:5479-5596.

Du D, Wang Z, James NR, Voss JE, Klimont E, et al. Structure of the
AcrAB-TolC multidrug efflux pump. Nature 2014;509:512-515.

Piddock LJ. Clinically relevant chromosomally encoded multi-
drug resistance efflux pumps in bacteria. Clin Microbiol Rev
2006;19:382-402.

Baucheron S, Nishino K, Monchaux |, Canepa S, Maurel M-C, et al.
Bile-mediated activation of the acrAB and tolC multidrug efflux
genes occurs mainly through transcriptional derepression of ramA
in Salmonella enterica serovar Typhimurium. J Antimicrob Chem-
other 2014;69:2400-2406.

De Majumdar S, Yu J, Fookes M, McAteer SP, Llobet E, et al. Eluci-
dation of the RamA regulon in Klebsiella pneumoniae reveals a role
in LPS regulation. PLoS Pathog 2015;11:e1004627.

. Ruiz C, Levy SB. Many chromosomal genes modulate MarA-

mediated multidrug resistance in Escherichia coli. Antimicrob
Agents Chemother 2010;54:2125-2134.

Baucheron S, Coste F,Canepa S, Maurel M-C, Giraud E, et al. Binding
of the RamR repressor to wild-type and mutated promoters of
the RamA gene involved in efflux-mediated multidrug resistance
in Salmonella enterica serovar Typhimurium. Antimicrob Agents
Chemother 2012;56:942-948.

Yamasaki S, Nikaido E, Nakashima R, Sakurai K, Fujiwara D, et al.
The crystal structure of multidrug-resistance regulator RamR with
multiple drugs. Nat Commun 2013;4:2078.

Abouzeed YM, Baucheron S, Cloeckaert A. ramR mutations
involved in efflux-mediated multidrug resistance in Salmonella
enterica serovar Typhimurium. Antimicrob Agents Chemother
2008;52:2428-2434.

Hentschke M, Wolters M, Sobottka I, Rohde H, Aepfelbacher M.
ramR mutations in clinical isolates of Klebsiella pneumoniae with
reduced susceptibility to tigecycline. Antimicrob Agents Chemother
2010;54:2720-2723.

Fernando DM, Kumar A. Resistance-nodulation-division multidrug
efflux pumps in gram-negative bacteria: role in virulence. Antibi-
otics (Basel) 2013;2:163-181.

Nishino K, Latifi T, Groisman EA. Virulence and drug resistance
roles of multidrug efflux systems of Salmonella enterica serovar
Typhimurium. Mol Microbiol 2006;59:126-141.

Wang-Kan X, Blair JMA, Chirullo B, Betts J, La Ragione RM, et al.
Lack of AcrB efflux function confers loss of virulence on Salmo-
nella enterica serovar Typhimurium . mBio 2017;8.

Fanelli G, Pasqua M, Prosseda G, Grossi M, Colonna B. AcrAB efflux
pump impacts on the survival of adherent-invasive Escherichia coli
strain LF82 inside macrophages. Sci Rep 2023;13:2692.

Padilla E, Llobet E, Doménech-Sanchez A, Martinez-Martinez L,
Bengoechea JA, et al. Klebsiella pneumoniae AcrAB Efflux Pump

13

21.

22.

23.

24.

25.

26.

27.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

contributes to antimicrobial resistance and virulence . Antimicrob
Agents Chemother 2010;54:177-183.

Shu R, Liu G, Xu Y, Liu B, Huang Z, et al. AcrAB efflux pump plays a
crucial role in bile salts resistance and pathogenesis of Klebsiella
pneumoniae Antibiotics (Basel) 2024;13:1146.

Fookes M, Yu J, De Majumdar S, Thomson N, Schneiders T. Genome
sequence of Klebsiella pneumoniae Ecl8, a reference strain for
targeted genetic manipulation. Genome Announc 2013;1:e00027-12.

Budnick JA, Bina XR, Bina JE. Complete genome sequence of Kleb-
siella pneumoniae strain ATCC 43816. Microbiol Resour Announc
2021;10:e01441-20.

Datsenko KA, Wanner BL. One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc Natl Acad
SciUS A 2000;97:6640-6645.

Lee DJ, Bingle LE, Heurlier K, Pallen MJ, Penn CW, et al. Gene
doctoring: @ method for recombineering in laboratory and patho-
genic Escherichia coli strains. BMC Microbiol 2009;9:252.

Huang T-W, Lam |, Chang H-Y, Tsai S-F, Palsson BO, et al. Capsule
deletion via a A-Red knockout system perturbs biofilm formation
and fimbriae expression in Klebsiella pneumoniae MGH 78578. BMC
Res Notes 2014;7:13.

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T))
Method. Methods 2001;25:402-408.

CLSI. Performance Standards for Antimicrobial Susceptibility
Testing35th edn. Clinical and Laboratory Standards Institute, 2025.

Smith HE, Blair JMA. Redundancy in the periplasmic adaptor
proteins AcrA and AcrE provides resilience and an ability to
export substrates of multidrug efflux. J Antimicrob Chemother
2014;69:982-987.

Element SJ,Moran RA, Beattie E,HallRJ, Schaik W, et al. Growth in a
biofilm promotes conjugation of a bla, ;,, ,-bearing plasmid between
Klebsiella pneumoniae strains. mSphere 2023;8:¢00170-23.

Insua JL, Llobet E, Moranta D, Pérez-Gutiérrez C, Tomas A, et al.
Modeling Klebsiella pneumoniae pathogenesis by infection of the
wax moth Galleria mellonella. Infect Immun 2013;81:3552-3565.

Ruhluel D, O'Brien S, Fothergill JL, Neill DR. Development of liquid
culture media mimicking the conditions of sinuses and lungs in
cystic fibrosis and health. FT000Res 2022;11:1007.

Sulavik MC, Houseweart C, Cramer C, Jiwani N, Murgolo N, et al.
Antibiotic susceptibility profiles of Escherichia coli strains lacking
multidrug efflux pump genes . Antimicrob Agents Chemother
2001;45:1126-1136.

Paixao L, Rodrigues L, Couto |, Martins M, Fernandes P, et al.
Fluorometric determination of ethidium bromide efflux kinetics in
Escherichia coli. J Biol Eng 2009;3:18.

Paczosa MK, Mecsas J. Klebsiella pneumoniae: going on the offense
with a strong defense. Microbiol Mol Biol Rev 2016;80:629-661.

Tomas JM, Benedi VJ, Ciurana B, Jofre J. Role of capsule and O
antigen in resistance of Klebsiella pneumoniae to serum bacteri-
cidal activity. Infect Immun 1986;54:85-89.

Riquelme SA, Ahn D, Prince A. Pseudomonas aeruginosa and Kleb-
siella pneumoniae adaptation to innate immune clearance mecha-
nisms in the lung. J Innate Immun 2018;10:442-454.

Phang SH, Greysson-Wong J, Somayaji R, Storey DG, Rabin HR,
et al. Incidence, impact and natural history of Klebsiella species
infections in cystic fibrosis: a longitudinal single center study. Can
J Respir Crit Care Sleep Med 2019;3:148-154.

Vuotto C, Longo F, Pascolini C, Donelli G, Balice MP, et al. Biofilm
formation and antibiotic resistance in Klebsiella pneumoniae
urinary strains. J Appl Microbiol 2017;123:1003-1018.

Guilhen C, Miquel S, Charbonnel N, Joseph L, Carrier G, et al. Colo-
nization and immune modulation properties of Klebsiella pneumo-
niae biofilm-dispersed cells. NPJ Biofilms Microbiomes 2019;5:25.

Coluccia M, Béranger A, Trirocco R, Fanelli G, Zanzi F, et al. Role of

the MDR Efflux Pump AcrAB in epithelial cell invasion by Shigella
flexneri. Biomolecules 2023;13:823.



Bhogal et al., Microbiology 2025;171:001647

42.

43.

4,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Cortés G, Alvarez D, Saus C, Alberti S. Role of lung epithelial cells
in defense against Klebsiella pneumoniae pneumonia. Infect Immun
2002;70:1075-1080.

Cano V, March C, Insua JL, Aguild N, Llobet E, et al. Klebsiella
pneumoniae survives within macrophages by avoiding delivery to
lysosomes. Cell Microbiol 2015;17:1537-1560.

Wand ME, Darby EM, Blair JMA, Sutton JM. Contribution of the
efflux pump AcrAB-TolC to the tolerance of chlorhexidine and other
biocides in Klebsiella spp. J Med Microbiol 2022;71:001496.

Xu'Y, Wang W, Su W, Wang M, Xu H, et al. A widespread single
amino acid mutation in AcrA reduces tigecycline susceptibility in
Klebsiella pneumoniae Microbiol Spectr 2024;12:e0203023.

Drew D, Klepsch MM, Newstead S, Flaig R, De Gier J-W, et al. The
structure of the efflux pump AcrB in complex with bile acid. Mol
Membr Biol 2008;25:677-682.

Urdaneta V, Casadesls J. Adaptation of Salmonella enterica to
bile: essential role of AcrAB-mediated efflux. Environ Microbiol
2018;20:1405-1418.

Mazzariol A, Cornaglia G, Nikaido H. Contributions of the AmpC
beta-lactamase and the AcrAB multidrug efflux system in intrinsic
resistance of Escherichia coli K-12 to beta-lactams. Antimicrob
Agents Chemother 2000;44:1387-1390.

Saw HTH, Webber MA, Mushtaq S, Woodford N, Piddock LJV.
Inactivation or inhibition of AcrAB-TolC increases resistance of
carbapenemase-producing Enterobacteriaceae to carbapenems. J
Antimicrob Chemother 2016;71:1510-1519.

Chaves J, Ladona MG, Segura C, Coira A, Reig R, et al. SHV-1 beta-
lactamase is mainly a chromosomally encoded species-specific
enzyme in Klebsiella pneumoniae. Antimicrob Agents Chemother
2001;45:2856-2861.

Gutmann L, Ferré B, Goldstein FW, Rizk N, Pinto-Schuster E, et al.
SHV-5, a novel SHV-type beta-lactamase that hydrolyzes broad-
spectrum cephalosporins and monobactams. Antimicrob Agents
Chemother 1989;33:951-956.

Zwama M, Yamasaki S, Nakashima R, Sakurai K, Nishino K,
et al. Multiple entry pathways within the efflux transporter AcrB
contribute to multidrug recognition. Nat Commun 2018;9:124.

Kern WV, Oethinger M, Jellen-Ritter AS, Levy SB. Non-target gene
mutations in the development of fluoroguinolone resistance in
Escherichia coli. Antimicrob Agents Chemother 2000;44:814-820.

Oethinger M, Kern WV, Jellen-Ritter AS, McMurry LM, Levy SB.
Ineffectiveness of topoisomerase mutations in mediating clinically
significant fluoroquinolone resistance in Escherichia coli in the
absence of the AcrAB efflux pump. Antimicrob Agents Chemother
2000;44:10-13.

Cagliero C, Mouline C, Cloeckaert A, Payot S. Synergy between
efflux pump CmeABC and modifications in ribosomal proteins
L4 and L22 in conferring macrolide resistance in Campylobacter
jejuni and Campylobacter coli. Antimicrob Agents Chemother
2006;50:3893-3896.

Pages J-M, Lavigne J-P, Leflon-Guibout V, Marcon E, Bert F, et al.
Efflux pump, the masked side of beta-lactam resistance in Kleb-
siella pneumoniae clinical isolates. PLoS ONE 2009;4:€4817.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Sheng Z-K, Hu F, Wang W, Guo Q, Chen Z, et al. Mechanisms of tige-
cycline resistance among Klebsiella pneumoniae clinical isolates.
Antimicrob Agents Chemother 2014;58:6982-6985.

Bina XR, Weng Y, Budnick J, Van Allen ME, Bina JE. Klebsiella pneu-
moniae TolC contributes to antimicrobial resistance, exopolysac-
charide production, and virulence. Infect Immun 2023;91:e0030323.

Zgurskaya HI, Krishnamoorthy G, Ntreh A, Lu S. (n.d.) Mechanism
and function of the outer membrane channel TolC in multidrug
resistance and physiology of Enterobacteria. Front Microbio;2. Epub
ahead of print 2011.

Maso AMD, Ruiz C. Physiological effects of TolC-dependent
multidrug efflux pumps in Escherichia coli: impact on motility
and growth under stress conditions. MicrobiologyOpen
2024;13:e70006.

Darby EM, Bavro VN, Dunn S, McNally A, Blair JMA. RND pumps
across the genus Acinetobacter: AdelJK is the universal efflux
pump. Microbial Genomics 2023;9.

Buffet A, Rocha EPC, Rendueles 0. Nutrient conditions are primary
drivers of bacterial capsule maintenance in Klebsiella Proc Biol Sci
2021,288:20202876.

Gray J, Torres VVL, Goodall E, McKeand SA, Scales D, et al. Trans-
poson mutagenesis screen in Klebsiella pneumoniae identifies
genetic determinants required for growth in human urine and
serum. Elife 2024;12:RP88971.

Mike LA, Stark AJ, Forsyth VS, Vornhagen J, Smith SN, et al. A
systematic analysis of hypermucoviscosity and capsule reveals
distinct and overlapping genes that impact Klebsiella pneumoniae
fitness. PLoS Pathog 2021;17:e1009376.

Bruchmann S, Feltwell T, Parkhill J, Short FL. Identifying viru-
lence determinants of multidrug-resistant Klebsiella pneumoniae
in Galleria mellonella. Pathog Dis 2021;79:ftab009.

Matsumura K, Furukawa S, Ogihara H, Morinaga Y. Roles of multi-
drug efflux pumps on the biofilm formation of Escherichia coli K-12.
Biocontrol Sci 2011;16:69-72.

Baugh S, Ekanayaka AS, Piddock LJV, Webber MA. Loss of or
inhibition of all multidrug resistance efflux pumps of Salmonella
enterica serovar Typhimurium results in impaired ability to form a
biofilm. J Antimicrob Chemother 2012;67:2409-2417.

Alav |, Sutton JM, Rahman KM. Role of bacterial efflux pumps in
biofilm formation. J Antimicrob Chemother 2018;73:2003-2020.

Baucheron S, Mouline C, Praud K, Chaslus-Dancla E, Cloeckaert A.
TolC but not AcrB is essential for multidrug-resistant Salmonella
enterica serotype Typhimurium colonization of chicks. J Antimicrob
Chemother 2005;55:707-712.

Virlogeux-Payant |, Baucheron S, Pelet J, Trotereau J, Bottreau E,
etal. TolC, but not AcrB, is involved in the invasiveness of multidrug-
resistant Salmonella enterica serovar Typhimurium by increasing
type Il secretion system-1 expression. Int J Med Microbiol
2008;298:561-569.

Edited by: A. Nobbs

The Microbiology Society is a membership charity and not-for-profit publisher.

Your submissions to our titles support the community — ensuring that
we continue to provide events, grants and professional development for
microbiologists at all career stages.

Find out more and submit your article at microbiologyresearch.org




	Strain-­dependent contribution of the AcrAB-­TolC efflux pump to ﻿Klebsiella pneumoniae﻿ physiology
	Abstract
	Introduction
	Methods
	Bacterial strains
	Generation of the ﻿ramR﻿ and ﻿acrB﻿ deletion mutant strains
	Relative RT-qPCR
	Antimicrobial susceptibility testing
	Serum survival assays
	Ethidium bromide efflux assays
	Crystal violet biofilm assays
	Growth kinetic assays
	RAW 264.7 macrophage infection assays
	A549 lung epithelial cell infection assays
	﻿G. mellonella﻿ larvae infection model
	Growth in healthy lung media and cystic fibrosis lung media

	Results
	The effect of ﻿acrB﻿ deletion and overexpression on efflux activity and antimicrobial susceptibility of ﻿K. pneumoniae﻿ Ecl8 and ATCC 43816
	The effect of ﻿acrB﻿ deletion and overexpression on growth under infection-mimicking conditions in ﻿K. pneumoniae﻿ Ecl8 and ATCC 43816
	The effect of ﻿acrB﻿ deletion and overexpression on biofilm formation in ﻿K. pneumoniae﻿ Ecl8 and ATCC 43816
	The effect of ﻿acrB﻿ deletion and overexpression on the virulence of ﻿K. pneumoniae﻿ Ecl8 and ATCC 43816

	Discussion
	References


