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Aim: Multidrug-resistant Acinetobacter baumannii (MDR-AB) is on the rise, making it challenging to achieve the desired therapeutic 
effects with existing conventional antibiotics. The search for new antibacterial targets has emerged as a significant research focus.
Purpose: The lysophospholipid acyltransferases (LPLATs) proteins encoded by the lpxM gene play a pivotal role in the biosynthesis 
of lipopolysaccharides (LPS). LPS is a critical component of the outer membrane of the cell wall and is essential for the survival and 
drug resistance of Gram-negative bacteria. This study aims to investigate the effects of the lpxM gene on the growth and drug 
susceptibility of MDR-AB.
Methods: The standard strain of Acinetobacter baumannii (A. baumannii, AB) AYE was selected as the target. The lpxM gene was 
knocked out using the pyrF/5-FOA-based counterselectable method. Subsequently, the growth status and the minimum inhibitory 
concentration (MIC) of the knockout strain against conventional antibiotics were compared.
Results: The lpxM gene in AB AYE was successfully and fully knocked out. The absorbance value at OD600 for the lpxM knockout 
strain during the stable period was observed to be as low as 2.5, indicating a significant reduction in growth rate. Furthermore, the MIC 
of the knockout strain for imipenem decreased from 16 μg/mL to 1 μg/mL, and the MIC for ceftazidime decreased from 32 μg/mL to 
16 μg/mL, enhancing antibiotic sensitivity.
Conclusion: This study demonstrates that the deletion of the lpxM gene induces alterations in the growth and drug resistance of AB, 
providing a crucial foundation for further investigation into the mechanisms underlying LPS-mediated drug resistance and for the 
screening of effective auxiliary inhibitors targeting lpxM against MDR-AB.
Keywords: Acinetobacter baumannii, lpxM gene, pyrF/5-FOA, nutritional deficiencies, lipopolysaccharide

Introduction
Acinetobacter baumannii is one of the significant nosocomial opportunistic pathogens that primarily causes infections 
such as ventilator-associated pneumonia, wound infections, urinary tract infections, meningitis, and bacteremia, etc. In 
severe cases, these infections can be life-threatening. The escalating misuse and mismanagement of antibiotics have led 
to a rising prevalence of multidrug resistance in AB, with resistance now observed against the majority (95–99%) of 
antibiotics commonly used in clinical practice.1 Consequently, the current clinical challenges underscore the urgency and 
necessity of developing and implementing effective antibacterial strategies. LPS is the primary component of the cell 
wall in gram-negative bacteria. Additionally, LPS functions as an immune-reactive endotoxin capable of inducing 
inflammation within the host’s body, which, in severe cases, can progress to sepsis.2 Due to the unique structure and 
virulence of LPS, it has been identified as a potential target for the development of novel antibiotics.

The structure of LPS comprises three primary components: Lipid A, the O-antigen repeating unit, and core 
oligosaccharides. The O-antigen repeating unit is not essential, but Lipid A and core oligosaccharides are necessary 
for the survival of bacteria in the host. The modification of Lipid A directly influences the ability of pathogens to endure 
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within the host by altering the permeability of the outer membrane, evading detection by the host immune system, and 
enhancing resistance to antimicrobial peptides.3 Zeng has identified that inhibitors targeting the fundamental enzymatic 
steps in Lipid A biosynthesis serve as effective antibacterial agents for the treatment of MDR-AB infections.4 In 
conclusion, LPS is integral to the virulence and drug resistance of AB.5

Needham’s research on E. coli K-12 demonstrated that LPS synthesis initiates with Kdo2-lipid IVA. The enzyme 
encoded by LpxL facilitates the transfer of a acyl group (C12:0) from the acyl carrier protein (ACP) to the R-2′- 
hydroxymyristate acyl chain of Kdo2-lipid IVA. Subsequently, the LPLATs protein encoded by lpxM incorporates 
a acyl group (C14:0) to the R-3′-hydroxymyristate residue of Kdo2-lipid A, resulting in hexa-acylation. Finally, the 
activation of PagP leads to the palmitoylation of the R-2′-hydroxymyristate primary acyl chain (C16:0). The lpxM 
gene is crucial for the synthesis of Kdo2-lipidA, which is the initial step in the LPS biosynthesis pathway. It is 
considered a potential virulence factor associated with lipid A, significantly influencing the structural and functional 
properties of LPS.6 One study has shown that mutations in the lpxM gene can inhibit MDR-AB in synergy with 
polymyxin by affecting the synthesis of Lipid A in LPS. Currently, polymyxin is utilized as the last line of treatment 
against multidrug-resistant Gram-negative bacteria. However, bacteria such as AB gradually develop resistance to 
polymyxin when subjected to selection pressure.7 Therefore, it is essential to further explore the impact of lpxM gene 
deletion on the growth of AB and its sensitivity to other commonly used antibiotics in clinical practice to guide 
innovative treatment strategies.

The pyrF/5-FOA-based counterselectable knockout system is a widely utilized method for gene mutation, facilitating 
succinct, efficient, and trace-free gene editing. This enhances the accuracy of research into bacterial gene function.8 In 
this study, the lpxM gene of AB was successfully knocked out without detectable traces, employing the pyrF/5-FOA- 
based counterselectable method established by Wang et al.8 The objective of this investigation was to evaluate the effects 
of lpxM gene deletion on the growth characteristics and drug susceptibility profiles of MDR-AB. This research aims to 
provide a foundational understanding for further exploration of resistance mechanisms in AB and to identify novel drug 
targets. Furthermore, the findings may serve as a critical reference for the development of new antibiotics in clinical 
settings.

Materials and Methods
Main Reagents
LB medium (purchased from OXOID, UK), MH solid medium (purchased from OXOID, UK), MH broth medium 
(purchased from Qingdao Haibo Biotechnology Co., Ltd.), 1 kb Plus DNA Ladder (purchased from Chengdu Tiangen 
Biochemistry & Technology Co., Ltd.), Pst I, BamH I (purchased from Thermo Scientific), C115 recombinase (purchased 
from Nanjing Novozymes), PCR (polymerase chain reaction) product purification kit (purchased from Shanghai Sangong 
Biotechnology Engineering Co. Scientific), plasmid extraction kit (purchased from OMEGA), 5-fluoroorotic acid 
(5-FOA, purchased from Shanghai Sangong Bioengineering Co., Ltd.), Tellurite (purchased from Shanghai Sangong 
Bioengineering Co., Ltd.), Uracil (purchased from Shanghai Sangong Bioengineering Co., Ltd.), etc. Detailed formula-
tions for the preparation of antibiotics and culture media are provided in the Supplementary Material 1.

Main Instruments and Consumables
PCR Instrument (Eppendorf, Germany), Horizontal Electrophoresis System (Bio-Rad, USA), Benchtop Centrifuge 
(Eppendorf, Germany), Multifunctional Gel Imager (Bio-Rad, USA), Thermostatic Metal Bath (Hangzhou BORI 
Science and Technology Co., Ltd.), Growth Curve Analyzer (BMG, Germany), 96-well Plate (Chengdu Ruiyin Bio- 
tech Co., Ltd.), MIC Multipoint Inoculator (Henao Instruments, Ltd.), etc.

Strain, Plasmid, and Primers
The lpxM gene sequence of Acinetobacter baumannii strain AYE was downloaded from the National Center for 
Biotechnology Information (NCBI) website (FASTA record: YP_001712836), with a sequence length of 984 bp. The 
lpxM knockout strain was constructed based on the AB AYE ∆pyrF knockout strain stored in the Key Laboratory of Non- 
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coding RNA and Drugs at Chengdu Medical College. The lpxM knockout plasmid was developed using the pMO130TF 
plasmid, also stored in this laboratory, as detailed in Table 1. The experimental amplification and validation primers were 
synthesized by Shanghai Sangong Bioengineering Co., Ltd., as presented in Table 2. The details of the PCR system and 
procedure can be found in Supplementary Material 2.

Experimental Methods
lpxM Gene Knockout
The orotic acid phosphoribosyl transferase (OPRTase) encoded by the pyrE gene catalyzes the conversion of orotic acid 
to its normal product, orotic acid-5′-monophosphate (OMP). Additionally, OPRTase mediates the conversion of 5-fluoro 
orotidine 5′-monophosphate (5-FOMP) from the substrate 5-fluoro-orotic acid (5-FOA). 5-FOMP plays a crucial role in 
the de novo biosynthesis of pyrimidines through the action of the OMP decarboxylase protein encoded by the pyrF gene. 
This process is essential for the regulation of body growth and survival. However, the accumulation of 5-FOMP can lead 
to toxicity, culminating in cell death when the OMP decarboxylase enzyme is inactivated. In the initial phase of this 
experimental study, a suicide plasmid was constructed by amplifying the upstream and downstream fragments of the 
lpxM gene. Subsequently, E. coli 47055 was utilized as a vector to facilitate the binding of the suicide plasmid to the AB 
AYEF strain, which possessed a deletion of the pyrF gene. This marked the first occurrence of homologous recombina-
tion. Following this, the bacterial genome underwent a second round of endogenous recombination under conditions of 
uracil nutritional deficiency and 5-FOA counterselection pressure (Figure 1). Ultimately, PCR screening and verification 
of knockout clones were conducted.9

Construction of Knockout Vectors 
The DNA from the AB AYE strain served as a template for amplifying the upstream region of the lpxM gene using the 
lpxM -UF and lpxM -UR primers. Similarly, the downstream region of the lpxM gene was amplified using the lpxM-DF 

Table 1 Strains and Plasmids

Strains or Plasmids Relevant Characteristics Source

A. baumannii AYE Model strain of A. baumannii Laboratory storage

A. baumannii AYEF ΔpyrF mutant of A. baumannii AYE Laboratory storage
A. baumannii ΔlpxM knockout strain ΔlpxM mutant of A. baumannii AYEF This study

E. coli DH5α strain Recombinant cloned receptor strains Chengdu Qingke Biotechnology Co., Ltd

E. coli 47055 Suicide plasmid transfer donor strain Shanghai Weidi Biotechnology Co., Ltd
E. coli ATCC 25922 MIC quality control strain Laboratory storage

pMO130TF Suicide plasmid, replace sacB+ of pMo130TelR with pyrF 

gene of AYE

Laboratory storage

pMo130TF-ΔlpxM-UD pMo130TFR carrying lpxM-UD fragment This study

Table 2 Sequence of Primers for PCR Amplification

Primer Sequence (5′→3′) Source

lpxM-UF GCATGCATCTAGAGGGATCCT 
CCCCATTTCTGATCCCATTCG

Shanghai Sangong Bioengineering Co., Ltd

lpxM-UR CGCCGTAGTCGTCGCTGGGG 

TAT

Shanghai Sangong Bioengineering Co., Ltd

lpxM-DF ATACCCCAGCGACGACTACGGCG 

CCGATGCAATGGCCAGTTTAGGT

Shanghai Sangong Bioengineering Co., Ltd

lpxM-DR CCTGAGCGGCCGCCCTGCAGGGT 
TTTTGGCTGTCTTATGGGGC

Shanghai Sangong Bioengineering Co., Ltd

ΔlpxM- Verification -F ATACCCCAGCGACGACTAC Shanghai Sangong Bioengineering Co., Ltd
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and lpxM-DR primers. The resulting fragments were recovered following electrophoretic verification. The plasmid 
pMO130TF was digested with BamH I and Pst I restriction enzymes, and subsequent electrophoretic analysis confirmed 
the successful recovery. The recovered vectors and fragments were then reconstructed. (Figure 2). The resultant 
recombinant constructs were transferred into E. coli DH5α, which were then plated onto LB agar plates supplemented 
with kanamycin and cultured overnight at 37°C. Monoclones were isolated and selected for PCR-based identification. 
Following confirmation, the selected clones were inoculated into LB liquid broth supplemented with kanamycin and 
cultured overnight. The plasmids were extracted and subsequently submitted to Chengdu Qingke Biotechnology Co., Ltd. 
for DNA sequencing analysis, utilizing the sequencing primer lpxM-UF. The sequencing analysis was conducted using 
SnapGene software for pairwise sequence alignments. The sequencing results exhibited a high degree of congruence with 
the upstream and downstream sequences of lpxM, confirming the successful construction of the pMo130TF-ΔlpxM UD 
plasmid.

Conversion and Bonding 
The pMo130TF-ΔlpxM UD plasmid was co-mixed with the E. coli 47055 strain in a receptive state. Subsequently, the 
recombinant plasmid was chemically transformed into the receptive E. coli 47055 via a heat shock method, conducted at 
42°C for 90 seconds in a metal bath. Following this, LB liquid medium was added to the transformed bacterial 
suspension, which was then shaked (200 rpm) at 37°C for 45 minutes to facilitate resuscitation. The bacterial solution, 
precipitated by centrifugation, was uniformly coated onto a Kanamycin LB plate and cultured overnight at 37°C. Both 
pMo130TF-ΔlpxM UD 47055 and AYEF were inoculated with antibiotics and cultured overnight. The bacterial solutions 
of 47055 and AYEF were mixed in a 2:1 ratio. Subsequently, the cultures were centrifuged, and the pellets were re- 
suspended in LB liquid medium, followed by two washes. The resulting precipitation was applied onto sterile NC film 

Figure 1 Schematic diagram of the knockout of the lpxM gene using the pyrF/5-FOA-based counterselectable method.

Figure 2 Schematic diagram of pMo130TF-ΔlpxM UD plasmid construction.
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placed on the LB plate, which was then allowed to air-dry, inverted, and cultured at 37°C for at least 12 hours. The 
bacterial solution was scraped, centrifuged, washed, and evenly coated on a resistant plate containing Tellurite and 
Gentamicin, and cultured overnight at 37°C. The black clones were simultaneously lined on the Tellurite and Gentamicin 
plates and cultured overnight at 37°C. Clones grown in both Tellurite and Gentamicin plates, and displayed a yellow 
coloration, were indicative of a successful bonding event. The successful bonding was verified using lpxM-UF and lpxM- 
DR primers.

Double-Exchange Knockout 
The successfully bonded clones were inoculated in LB liquid medium supplemented with 5-FOA and uracil, and cultured 
at 37°C overnight. Subsequently, the bacterial suspension was passaged 2–3 times. A portion of the bacterial culture was 
then diluted 106 with sterile normal saline and applied to an LB agar plate containing 5-FOA, which was cultured 
overnight at 37°C. The white clones were simultaneously lined on Tellurite + Gentamicin plates and cultured at 37°C for 
at least 12 hours. The strains that exhibited growth on the LB plate but not on the Tellurite plate were preliminarily 
identified as potential plasmid screening dropout strains. lpxM-UF and lpxM-DR primers were employed to verify the 
clones via PCR, and final sequence analysis was conducted to determine whether the clones were indeed knockout 
strains.

Growth Curve Experiment
The bacterial suspension was diluted to a concentration of 0.5 McFarland, followed by a 20-fold dilution. Subsequently, 
190 μL of LB liquid medium was combined with 10 μL of the diluted bacterial solution, which was then added to each 
well of the 96-well plate. The resultant bacterial concentration per well was approximately 5×105 CFU/mL. The OD600 
absorbance was measured using a growth curve analyzer, while the culture was subjected to oscillation at 200 rpm and 
maintained at 37°C. Measurements were taken every 30 minutes over a continuous period of 24 hours. Statistical analysis 
was conducted using GraphPad Prism 6 software, employing one-way ANOVA to compare multiple groups and a T-test 
for comparisons between two groups.

MIC Experiment
The Minimum Inhibitory Concentration (MIC) value of AB AYE against conventional laboratory antibiotics was 
determined using AGAR dilution method. The types of antibiotics used in this experiment and their mechanism of 
action were shown in Table 3. A stock solution of the antibiotics was prepared at a concentration of 64 mg/mL, which 
was then serially diluted to achieve a final concentration of 0.0625 mg/mL through continuous double dilution. A drug- 
sensitive plate was prepared by adding various concentrations of the antibiotic solution into Mueller-Hinton (MH) 
medium. As in the previous steps of the growth curve experiment, the bacterial solution was diluted to ensure that the 
bacterial concentration in each well of the sterile 96-well plate was approximately 5×105 CFU/mL. A MIC multipoint 
inoculator was employed to inoculate the bacterial solution for drug sensitivity testing. After the bacterial solution was 
absorbed, the incubator was inverted and cultured at 37°C for 16 to 20 hours. The MIC value was determined as the 

Table 3 Routine Antibiotics and Mechanism of action11

Species Antibiotics Mechanism of Action

β-lactam (penicillins) Ampicillin Inhibit the synthesis of bacterial cell walls
(Carbapenems) Imipenem

(Third generation cephalosporin) Ceftazidime

Aminoglycosides Gentamicin Inhibition of protein synthesis (30S subunit)
Tobramycin

Amikacin

Kanamycin
Tetracycline Tetracycline Inhibition of protein synthesis (30S subunit)

Aminoalcohol Chloramphenicol Inhibition of protein synthesis (30S subunit)
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minimum drug concentration that resulted in no bacterial plaque formation at all three replicate points, which was then 
used for statistical analysis. Strain sensitivity was assessed according to the Clinical and 2023 Laboratory Standards 
Institute (CLSI) M0210 diffusion method for antimicrobial susceptibility testing. E. coli ATCC® 25922 was utilized as the 
control strain to verify that the MIC values fell within the acceptable quality control (QC) ranges. If the MIC values 
exceeded the defined QC ranges, the experimental data were considered invalid.

Results
lpxM Gene Knockout results
In this study, the lpxM gene of AB AYE was successfully knocked out using a double exchange homologous 
recombination system established in the laboratory. Verification was conducted using lpxM-UF and lpxM-DR primers. 
The results indicated that the PCR product obtained from the knockout strain measured approximately 1.9 kb, which 
aligned with the length of the PCR product derived from the knockout vector in the positive control group. Additionally, 
the target fragment in the knockout strain was approximately 1 kb shorter than that observed in the negative control 
(Figure 3A). Sequencing results confirmed the absence of the lpxM gene sequence in the strain’s genome (Figure 3B), 
indicating that the lpxM gene has been successfully and completely knocked out.

The Growth State of the lpxM Gene Knockout Strain Exhibited Poor Conditions
In order to ascertain the importance of the lpxM gene on bacterial growth, comparative growth curves were analyzed for 
the wild-type AYE and AYEF strains, as well as for the ΔlpxM-AYEF mutant strains. To maintain the experimental 

Figure 3 lpxM gene knockout validation picture. 
Notes: (A) lpxM gene knockout verification electrophoresis diagram, lanes 1–4 serve as marker (1 kb Plus DNA Ladder), ΔlpxM knockout strain (AYEF), positive control 
knockout vector, negative control AYEF strain; (B) DNA sequencing results of ΔlpxM knockout strain.
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principle of a “single variable”, exogenous uracil was incorporated into the culture medium of the ΔlpxM knockout 
strain. This addition aimed to eliminate bacterial growth and drug sensitivity changes as potential confounding factors 
resulting from insufficient uracil synthesis following the pyrF gene knockout. As depicted in Figure 4, the AYEF strain 
exhibited limited growth in the absence of pyrimidine synthesis. In contrast, the AYEF strain with the addition of 
exogenous uracil (AYEF+Uracil) and the AYE strain demonstrated comparable growth states. After approximately 
13 hours, the culture entered a stable growth phase, during which the OD600 absorbance value reached 3.0. However, 
the ΔlpxM-AYEF knockout strains did not recover to a normal growth state following the addition of uracil (ΔlpxM- 
AYEF+Uracil), with the OD600 absorbance peaking at a low of 2.5 approximately 15 hours later. The OD600 absorbance 
values for the AYEF+Uracil and ΔlpxM-AYEF+Uracil strains underwent T-test analysis, revealing a highly significant 
difference (**** P<0.0001, suggesting a statistically significant distinction between the two groups.

The Sensitivity of Bacteria to Certain Antibiotics was Significantly Elevated Subsequent 
to the Knockout of lpxM Gene
According to the 2023 CLSI M02 drug sensitivity test standard, the MIC test results for the AB AYE strain are presented 
in Table 4. The strains exhibited resistance to multiple antibiotics, including β-lactam, Aminoglycosides, Tetracycline, 
and Aminoalcohol, demonstrating a characteristic of multidrug resistance. Notably, following the knockout of the lpxM 
gene, the MIC value of the strain for the β-lactam carbapenem subclass antibiotic imipenem decreased from 16 μg/mL to 
1 μg/mL, indicating a shift from drug resistance to sensitivity. Similarly, the MIC value of the strain for the third- 
generation cephalosporin subclass antibiotic ceftazidime, also within the β-lactam class, decreased from 32 μg/mL to 
16 μg/mL, reflecting a transition from resistance to moderate sensitivity.

Discussion
AB has emerged as the predominant opportunistic pathogen responsible for nosocomial infections, characterized by its 
exceptional survivability and aggressiveness.9 The extensive use of antibiotics has exacerbated the issue of resistance, 
progressively escalating AB into a “superbug” marked by multidrug resistance and enhanced virulence. Current statistics 
indicate that approximately 1 million individuals worldwide are infected with AB annually, with half of these infections 
attributed to multidrug-resistant strains.12 The mortality rate can reach as high as 84.3% for patients infected with 
extensively drug-resistant Acinetobacter baumannii (XDR-AB).13 The threat posed by AB to human health, along with 
the urgent need for the development of related antibiotics, along with the urgent need for the development of related 
antibiotics ranked first.12 However, few existing antibiotics are effective in treating multidrug-resistant bacterial 

Figure 4 Growth curves of AB after different treatments. 
Notes: AYE is the wild-type strain, AYEF is the ΔpyrF knockout strain, AYEF+Uracil is the addition of Uracil in the AYEF strain medium, ΔlpxM-AYEF+Uracil represents the 
strain with a knockout of the lpxM gene, which grown in a medium supplemented with uracil.
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infections, and the diversity and prevalence of drug-resistant pathogens continue to rise.14 Currently, there are three main 
strategies aimed at combating multidrug-resistant (MDR) bacteria: the discovery of novel antibiotics, the development of 
alternatives to existing antibiotics, and the identification of new antibiotic adjuvants. First, uncovering new antibiotics 
with unique targets presents a formidable challenge; over the past few decades, the US Food and Drug Administration 
(FDA) has not approved any new antibiotics specifically targeting Gram-negative bacteria, and relatively few new 
antibiotics are currently under development.15,16 Second, antibiotic alternatives, such as antibodies, probiotics, and 
vaccines, are increasingly being considered more suitable for clinical use as prophylactic therapies.17 Therefore, the 
pursuit of novel targets capable of inhibiting bacterial growth, drug resistance, or virulence factors to develop antibiotic 
adjuvants dominates contemporary drug research and development.

LPS plays a critical role in bacterial survival and virulence, representing one of the pivotal mechanisms contributing 
to drug resistance in AB. LPS is essential for transforming the bacterial outer membrane (OM) into an effective osmotic 
barrier composed of small hydrophobic molecules, thereby protecting the cell from the entry of toxic substances such as 
antibiotics and bile salts.18 Chui et al demonstrated that structural changes in LPS could significantly enhance the 
sensitivity of AB to a range of clinically relevant antibiotics, including polymyxin and rifampicin.19,20 Modifying LPS 
holds promise as a strategy to combat inflammation and bacterial resistance. Blocking LPS synthesis represents an 
effective approach for discovering new antibiotics. However, LPS deletion strains of AB isolated from clinical specimens 
are infrequently documented. Most such strains have been induced by colistin in vitro, and the resulting mutations may 
lead to other unknown genetic alterations, creating a complex and unstable genome.21 In this study, the pyrF/5-FOA- 
based counterselectable technique was employed to efficiently and selectively isolate lpxM gene knockout strains, 
providing an effective tool for constructing LPS deletion strains of AB. The growth curve analysis revealed that the 
growth rate of the lpxM knockout strain was notably slower compared to that of the wild-type strain. The wild-type strain 
reached a stable growth phase after 13 hours of culture, with an OD600 absorbance value of 3.0, while the knockout 
strain achieved stability after 15 hours of culture, at which point its OD600 absorbance value was 2.5. The mechanism by 
which the lpxM gene influences the survival and drug resistance of AB remains unclear. It is hypothesized that the reason 
for the inhibition of the growth of the knockout strain may be as follows: Lipid A is the most conservative component of 
LPS. Deletion of lpxM gene results in the absence of myristic acid in lipid A synthesis, leading to a transition from 
a hexa-acylated to a penta-acylated structure. The alteration of the acylation mode interrupts the synthesis of key fatty 
acid chains, consequently disrupting the hydrophobic core symmetry of lipid A and reducing the stability and membrane 
structure of LPS. Knockout strains may struggle to maintain normal morphology, which directly impacts their ability to 
divide and proliferate.22

Table 4 MIC Results of Wild and Mutant Δlpxm Gene of AB AYE (μg/mL)

Strains AYE AYEF+Uracil pyrF-Complement 
Strain+Uracil

ΔlpxM +Uracil 25922 
(QC)

Species Antibiotics MIC 
value

Sensibility MIC 
value

Sensibility MIC 
value

Sensibility MIC 
value

Sensibility MIC 
value

β-lactam Imipenem 16 R 16 R 16 R 1 S 0.125

Ceftazidime >1024 R 32 R 32 R 16 I 0.25

Ampicillin >1024 R >1024 R >1024 R 1024 R 4

Aminoglycosides Amikacin 64 R 4 S 4 S 2 S 4

Gentamicin 1024 R 1024 R 1024 R >1024 R 1

kanamycin 1024 R 1024 R >1024 R >1024 R 4

Tobramycin 32 R 4 S 2 S 0.5 S 1

Tetracycline Tetracycline 64 R 128 R 64 R 256 R 2

Chloramphenicol Chloramphenicol 128 R 128 R 128 R 128 R 4

Notes: AYE is the wild-type strain, AYEF+Uracil is the addition of Uracil in the media of ΔpyrF knockout strain, pyrF complement strain +Uracil is the addition of uracil in 
the media of ΔpyrF knockout strain, ΔlpxM + uracil is the addition of uracil in the media of ΔlpxM knockout strain.
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Furthermore, the results of drug sensitivity experiments indicated that the deletion of the lpxM gene in AB enhanced 
its sensitivity to certain antibiotics, notably reversing the organism’s resistance to imipenem and transitioning it from 
a state of resistance to susceptibility.

These findings align with the conclusions reported by Sugawara, who observed that the deletion of the lpxM gene in 
E. coli resulted in a growth delay and increased sensitivity to multiple antibiotics.23 The knockout strains exhibited 
increased sensitivity to certain β-lactam antibiotics, but no significant changes were observed for aminoglycosides, 
tetracyclines, and aminoalcohols. This differential sensitivity can be attributed to the distinct mechanisms of action of 
these antibiotic classes. Aminoglycosides utilize active transport systems for cellular entry, tetracyclines employ both 
passive diffusion and active transport mechanisms, and aminoalcohols exert their effects through inhibition of protein 
synthesis by binding to 50S ribosomal subunits. These uptake mechanisms exhibit minimal dependence on outer 
membrane permeability, explaining the limited impact of lpxM knockout on their efficacy. The mechanism of action 
of β-lactam antibiotics is primarily associated with the synthesis of bacterial cell walls (Table 3). The absence of lpxM 
can result in the lack of secondary acyl chains, such as C14:0, in lipid A. Incomplete acylation of lipid A may expose 
additional negatively charged sites, thereby rendering the outer membrane more susceptible to penetration by hydrophilic 
antibiotics, such as β-lactam antibiotics, which can then enter bacterial cells and exert their effects, ultimately reducing 
bacterial drug resistance.24 Notably, the findings of this study indicate that knockout strains exhibit altered sensitivity to 
certain β-lactam drugs, including imipenem and ceftazidime, while showing no effect on ampicillin. Possible explana-
tions for this observation include: imipenem and ceftazidime possess strong activity against Gram-negative bacteria and 
primarily enter the bacteria by directly penetrating the outer membrane.25 Furthermore, structural changes in LPS may 
influence the expression or conformation of penicillin-binding proteins (PBPs). Imipenem and ceftazidime demonstrate 
higher affinities for specific PBPs, such as PBP2 and PBP3, and their activities are directly influenced by the state of 
PBPs.26 The deletion of lpxM may alter the permeability of the outer membrane and affect the synthesis of PBPs, thereby 
impacting the uptake efficiency of these two drugs. However, the ability of ampicillin to penetrate the outer membrane of 
Gram-negative bacteria is weaker than that of imipenem and ceftazidime. The resistance mechanism of ampicillin 
primarily relies on specific pore protein channels, such as OmpF and OmpC, and more significantly on the hydrolysis of 
the β-lactam ring by β-lactamases, including TEM-1 and SHV-1, rather than solely depending on the permeability of the 
outer membrane. Even in the absence of lpxM, bacteria can remain resistant if they possess the β-lactamase gene.27 The 
impact of lpxM deletion on pore protein channels and β-lactamases is limited and insufficient to significantly enhance the 
uptake efficiency of ampicillin. The specific influence mechanism should be considered a potential avenue for future 
research.

Targeting lpxM as an antimicrobial target is currently a prominent area of research, particularly for Gram-negative 
bacteria. Andrey et al demonstrated that the knockout of the lpxM gene in Yersinia pestis significantly reduces the 
virulence of the mutant strain by 2.5 to 16-fold, while concomitantly enhancing immunoprotective efficacy in mice.28 

Rossi et al found that the lpxM gene of Shigella flexneri is pivotal in mediating its inflammatory response, and the 
inactivation of this gene could diminish the secretion of TNF-α from human monocytes and weaken the inflammatory 
destruction of the intestinal epithelial barrier.29 Pan et al found that the deletion of lpxM may enhance the immune 
recognition of AB by host cells. The five-acylated lipid A is recognized more readily by the host TLR4/MD-2 complex, 
resulting in a three- to five-fold increase in the secretion of the pro-inflammatory factor IL-6.30,31 Boll elucidated that 
Lipid A, which is acetylated by lpxM -synthesizing proteins, plays a critical role in the desiccation tolerance of AB and 
constitutes a vital resistance mechanism that enables its persistence within the hospital environment. Inhibition of lpxMab 

expression can synergistically enhance the efficacy of polymyxin B, presenting an innovative strategy for controlling the 
spread and prevention of MDR-AB infections.7 Both domestic and international research have shown a correlation 
between the lpxM gene and bacterial virulence, inflammatory responses, and various biological activities. The results of 
this experiment also prove that the knockout of the target gene lpxM significantly affects bacterial growth and their 
resistance to certain antibiotics. This finding suggests that the lpxM gene may serve as a target for screening lead 
compounds of imipenem and ceftazidime in the development of novel antibiotics.
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Conclusion
The full lpxM knockout strain of AB AYE was constructed using the pyrF/5-FOA-based counterselectable system. The 
growth characteristics and drug susceptibility profiles of the knockout strains were compared with those of the wild-type 
strains. The results indicated that the ΔlpxM knockout strain exhibited a slower growth rate and increased sensitivity to 
certain antibiotics. The lpxM gene is proposed as a potential target for the development of novel therapeutics against 
MDR-AB. However, the present study only assessed the growth and drug sensitivity of the knockout strains, which limits 
the scope of the investigation. This focus did not extend to the detection of biofilm formation. Additionally, homologous 
modeling of the LPLATs protein was not conducted, thereby precluding the screening of potential small molecule 
ligands. These limitations may have hindered a comprehensive understanding of the strain’s characteristics and potential 
therapeutic applications. Nonetheless, the experimental results suggest that the lpxM gene plays a pivotal role in the 
growth and drug resistance of AB. This finding presents an effective knockout strategy for subsequent investigations into 
the alterations in compensatory pathways that occur following the deletion of LPS in AB, and establishing a solid 
foundation for demonstrating that the lpxM gene may serve as a potential target for the development of novel drugs 
against MDR-AB. Furthermore, it underscores a broader direction for the future development of preventive and 
therapeutic strategies against MDR-AB infections.
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