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Editorial on the Research Topic

Systems biology and antimicrobial drug resistance

For thousands of years, bacterial infections have been the primary cause of mortality.

The discovery of antibiotics offered a temporary solution to this crisis, but their

effectiveness was short-lived due to the remarkable adaptability and rapid evolutionary

strategies employed by bacterial pathogens. As a result, the emergence of antimicrobial

resistance (AMR) has become an even more pressing concern, posing a significant

threat to global health. With the advent of novel high throughput molecular biology

technologies, systems biology has emerged as a powerful tool to study AMR by integrating

data from different methods, including genomics, transcriptomics, proteomics, and

metabolomics (Figure 1). It is helping to identify novel biomarkers and targets for

faster diagnosis and efficient drug development (Figure 1). Considering all these facts

we have edited the Research Topic “Systems Biology and Antimicrobial Drug Resistance”

to cover research articles highlighting the critical issue of bacterial AMR and explore

the potential of systems biology in identifying new drug targets and combatting AMR,

particularly inMycobacterium tuberculosis, Acinetobacter spp., Staphylococcus aureus, and

Pseudomonas aeruginosa infections where only a limited number of antibiotics are available

for treatment.

Starting from clinical study from Wu et al. examined the clinical, pathological, and

drug-resistant characteristics of patients with spinal and pulmonary tuberculosis. Spinal

tuberculosis exhibited a similar pathology of chronic granulomatous inflammation and

caseous necrosis. However, the spinal tuberculosis group demonstrated higher amounts

of granulation tissue, abscess, acute inflammation, caseous necrosis, and exudation. MRI

findings also revealed paravertebral and bilateral psoas muscle abscesses, surrounding soft

tissue edema, and infectious vertebral body lesions. In the spinal tuberculosis group, drug

resistance analysis revealed higher incidences of resistance to rifampicin (RFP)+ isoniazid

(INH)+ ethambutol (EMB) and RFP+ EMB, but lower incidences of resistance to RFP+

INH+ STR and INH+ EMB.

In another clinical work, Hou et al. analyzed Methicillin-resistant Staphylococcus

aureus (MRSA) strains from a hospital setting in China. Their work is focused on

prevalence, antibiotic resistance, and the genomic characteristics of the bacteria. Among
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FIGURE 1

Systems biology is playing a crucial role in elucidating bacterial physiology and the development of antimicrobial resistance, revealing complex

molecular mechanisms and their interconnected relationships at a systems level. The impact of this field is profound, with far-reaching implications

for both clinical practice and research laboratories. Moreover, the integration of artificial intelligence and machine learning technologies is rapidly

accelerating progress, unlocking new insights and innovations in the fight against AMR.

212 collected strains, 38 were identified as MRSA and subjected

to further analysis. These MRSA strains showed resistance to

penicillin, erythromycin, and clindamycin but remained sensitive

to vancomycin and linezolid. The study also revealed a high

detection rate of biofilm genes within the MRSA strains. Notably,

the ST59-SCCmecIV-t437 clone exhibited a higher prevalence

of resistance genes and a stronger biofilm-forming capacity.

Conversely, the ST59-SCCmecV-t437 clone displayed a higher

positive rate for the pvl gene, leading to increased pathogenicity and

a greater risk of causing systemic infections.

Similarly, Miao et al. investigated the prevalence, genetic

makeup, and antibiotic resistance patterns of Streptococcus

pneumoniae in 263 pneumococcal disease patients at West China

Hospital. They revealed 19F as the predominant serotype. Penicillin

resistance was notably high, affecting 82.35% of meningitis and

1.22% of non-meningitis cases. The prevalence of ermB and tetM

resistance genes was substantial, correlating with high levels of

erythromycin and tetracycline resistance respectively. Interestingly,

all isolates remained susceptible to vancomycin and linezolid.

Further, in a related article, Handa et al. investigated the

resistance patterns associated with in and outpatients from a

tertiary care hospital. This study aimed to identify the resistance

patterns of several pathogenic bacteria in a healthcare setting.

The investigation encompassed screening nearly ∼450 bacterial

strains isolated from over ∼900 patients through a wide antibiotic

susceptibility test screen. Their research has contributed to

identifying effective drugs for controlling infections caused by

AMR bacteria in the population and for monitoring the prevalence

of these drug-resistant bacterial pathogens. Understanding these

patterns is crucial for guiding effective treatment strategies toward

the challenges associated with the anti-microbial resistance.

Toward understanding the mechanism of AMR, Huangwei

et al. investigated mechanisms underlying multi-drug resistance

(MDR) in the fungus Clarireedia jacksonii by analyzing isolates

LT15 and LT586. Their study revealed that LT586 exhibited

resistance to three fungicides: iprodione, propiconazole, and

boscalid. Using RNA-seq analysis, they found significant

differential gene expression between MDR LT586 isolate

and the fungicide-sensitive LT15 isolate. LT586 exhibited

downregulation of 306 genes involved in metabolic pathways

such as butanoate metabolism, terpenoid backbone biosynthesis,

tyrosine metabolism, and starch and sucrose metabolism.

Conversely, 153 genes were upregulated in LT586, with enrichment

of different functional categories including peroxisome function,

glycerophospholipid metabolism, protein processing in the

endoplasmic reticulum, and ABC transporters. This differential

gene expression pattern suggests metabolic reprogramming

and enhanced efflux mechanisms as contributing factors to the

development of the MDR phenotype in LT586.

Further, Shah et al. performed a proteomics-based analysis

to identify novel target proteins in drug-resistant Prevotella

melaninogenica. The study yielded 1,415 core proteins from

14 complete genome sequences of P. melaninogenica. Using

subtractive proteomics, reverse vaccinology techniques, and

rigorous bioinformatics analysis, 18 candidate proteins were

selected. Two of these candidates, ADK95685.1 and ADK97014.1

were chosen for the design of a multi-epitope vaccine against P.

melaninogenica infection.
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In the same direction, Qin et al. have identified the htpG

gene as a critical factor in antibiotic resistance development

in Vibrio mimicus SCCF01. Deletion of the htpG gene led

to increased lipopolysaccharide production, decreased levels

of glycerophospholipids, and weakened efflux pump activity.

Moreover, the htpG deletion strain became less susceptible to β-

lactam antibiotics due to impaired peptidoglycan synthesis and

disrupted peptidoglycan recycling and regulation.

Additionally, in a related context, research publication from

Qiu et al. investigates the antibiotic resistance mechanisms of

carbapenem-resistant Acinetobacter baumannii (A. baumannii)

clinical isolates from Guiyang, China. This study enhances the

broader understanding of AMR by offering detailed molecular and

genetic insights into the mechanisms of carbapenem resistance

in A. baumannii, a critical nosocomial pathogen. Authors used

the combination of multilocus sequence typing (MLST) and

transcriptome analysis to identify the genes enriched in the AMR

strains of A. baumannii isolates. The resistance locus was identified

in the genes associated with key bacterial processes including efflux

pumps, biofilm formation, and cell wall processes. This provides

crucial information for formulating more effective strategies to

combat AMR in clinical settings.

Subsequently, the study by Zhu H.-Y. et al. uncovers a

key molecular mechanism in the bacteria, Weissella cibaria (W.

cibaria), a bacteria that persists under ciprofloxacin stress. Authors

unveiled the molecular mechanism of the PemIK toxin-anti-toxin

system, that contributes to the antibiotic resistance behavior of the

W. cibaria by aiding in the bacterial transition between the actively

replicating and persistent state. The endonuclease activity of the

toxin PemK of the PemIK system targets the mRNA-encoding

enzymes involved in glycolysis, the TCA cycle, and the respiratory

chain pathway. This metabolic disruption leads to a decrease in

ATP levels in the bacterial cells, and an increase in persister

frequency. The authors also identified Arg24 residue of PemK as

crucial for its activity. This system allows W. cibaria to survive

ciprofloxacin treatment not through genetic resistance, but through

a phenotypic persistence state. This persistence mechanism can

contribute to treatment failures and recalcitrant infections, as a

subpopulation of bacteria can survive antibiotic exposure and

repopulate once treatment stops.

In continuity, Zhu L. et al. demonstrated the importance

of the ISKpn element in conferring mgrB gene mutations in

ST11 hypervirulent colistin-resistant Klebsiella pneumonia. They

identified three IS elements inserted themselves into or near

mgrB gene that confer resistance. These elements are ISKpn26,

ISKpn14, and IS903B. Additionally, analyzed isolates exhibited

high resistance to multiple antibiotics including TCC (Ticarcillin),

TZP (Piperacillin/Tazobactam), CAZ (Ceftazidime), and COL

(Colistin), and a significant portion, 85%, displayed resistance to

both DOX (Doxycycline) and TOB (Tobramycin). Further analysis

identified these isolates as a specific strain (ST11) with six clusters.

Notably, all harbored mutations in the mgrB gene, potentially

acquired through horizontal or clonal transmission.

Moving toward the treatment side, Balkrishna et al. elaborated

on the potential of the medicinal plant-derived compounds

as a promising adjunct therapy for tuberculosis. The authors

investigated the antimycobacterial activity of the medicinal plant

Solanum virginianum (SVE). SVE extracts were able to inhibit

the growth and viability of the Mycobacterium smegmatis, a soil-

dwelling bacterium of the Mycobacterium genus. SVE treatment

perturbs the stress tolerance capacity of the M. smegmatis,

eventually causing an overarching effect on the bacterial cell

wall. Importantly, these cell membrane defects lead to enhanced

bioavailability or accessibility to the anti-mycobacterial drug,

isoniazid. This research study provides a novel plant-based drug

molecule that has potential for the adjunct anti-tubercular therapy

and can counteract the emerging strains of AMR.

Further, Rodjun et al. conducted a simulation study to optimize

dosage regimens for colistin and sitafloxacin, both individually

and in combination, against highly resistant A. baumannii. The

study aimed to identify optimal drug combinations and dosages

to effectively treat these infections. By simulating various dosing

scenarios and patient conditions, the study determined that a

suboptimal colistin dose combined with a supraoptimal sitafloxacin

dose could be a promising approach. This combination showed

potential for improved treatment outcomes while potentially

reducing the risk of adverse effects associated with higher colistin

doses. The study highlights the importance of optimizing antibiotic

therapy in the face of increasing AMR.

Review article by Shi et al. summarizes the mechanisms

responsible for antibiotic resistance in A. baumannii, with a

particular focus on tigecycline and polymyxin resistance. They

highlighted the bacterium’s adaptability, showcasing its mechanism

of multiple resistance strategies, including antibiotic inactivation,

target site modification, altered drug permeability, and other

defense mechanisms.

In another review Bhat et al. explored the structure and

functions of integrons and their mechanisms. Integrons are natural

cloning vectors that facilitate the spread of AMR genes among

microbial species. Horizontal gene transfer between different

trophic groups is responsible for the dissemination of antibiotic

resistance in humans. Additionally, integrons serve as genetic

markers for estimating AMR. By estimating antibiotic resistance

through integrons, we can better understand their role and

develop strategies to counteract the resistance mechanisms evolved

by microbes.

In a very unique study, Xiong et al. examined the bacterial

composition of extended boar semen and identified Pseudomonas

species as the predominant bacteria. They isolated a specific

strain, designated GXZC, belonging to the Pseudomonas fluorescens

group. This strain was found to negatively impact sperm quality

and exhibit resistance to multiple antibiotics. Also, comparative

genomic analysis revealed that the GXZC strain possesses intrinsic

and acquired resistance genes. These findings highlight a significant

challenge in the long-term storage of extended boar semen due to

the presence of the P. fluorescens strain.

Another interesting article by Abdelsalam Elshenawy et al.

shows a descriptive analysis before and during the COVID-

19 pandemic to investigate antibiotic prescribing trends for

respiratory tract infections (RTIs). The authors examined

antibiotic use in 640 patients with RTIs. Results revealed an

increased use of amoxicillin-clavulanic acid and azithromycin.

Additionally, there was a rise in antibiotic prescriptions from the

“Watch” category during the pandemic, emphasizing the need for
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enhanced antibiotic management practices. The insights gained

into antibiotic prescribing patterns will aid in addressing antibiotic

management challenges.

Lastly, the editorial section is concluded through a

comprehensive review by Sharma et al. which compiles the

information related to the current state of AMR amongst several

pathogenic bacteria and provides important insights into emerging

challenges in AMR, highlighting the complexities involved in

addressing this global health threat and the need for multifaceted

approaches to combat AMR. Addressing AMR demands a multi-

faceted approach, including integrating AMR into the Sustainable

Development Goals (SDGs) to reinforce global healthcare

commitment to tackling this Research Topic.

Overall, we believe that collection of articles in this Research

Topic will empower the scientific and clinical communities to make

informed decisions, guiding the development of more effective

research approaches and treatment strategies. By shedding new

light on these critical areas, we hope to accelerate progress and

improve outcomes for patients worldwide.
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A high proportion of caseous 
necrosis, abscess, and granulation 
tissue formation in spinal 
tuberculosis
Runrui Wu †, Shanshan Li †, Yadong Liu , Hong Zhang , Dongxu Liu , 
Yuejiao Liu , Wen Chen * and Fenghua Wang *

Department of Pathology, The 8th Medical Center, Chinese PLA General Hospital, Beijing, China

The special blood circulation, anatomy, and tissue structure of the spine may lead 
to significant differences in pathological features and drug resistance between 
spinal tuberculosis and pulmonary tuberculosis. Here, we  collected 168 spinal 
tuberculosis cases and 207 pulmonary tuberculosis cases, and compared their 
clinical and pathological features as well as drug resistance. From the anatomical 
location, the highest incidence was of lumbar tuberculosis, followed by thoracic 
tuberculosis. PET-CT scans showed increased FDG uptake in the diseased 
vertebrae, discernible peripheral soft tissue shadow, visible internal capsular 
shadow, and an abnormal increase in FDG uptake. MRI showed infectious 
lesions in the diseased vertebral body, formation of paravertebral and bilateral 
psoas muscle abscess, and edema of surrounding soft tissues. As with control 
tuberculosis, the typical pathological features of spinal tuberculosis were 
chronic granulomatous inflammation with caseous necrosis. The incidence of 
granulomas was not statistically different between the groups. However, the 
proportions of caseous necrosis, acute inflammation, abscess, exudation, and 
granulation tissue formation in the spinal tuberculosis group were all significantly 
increased relative to the control tuberculosis group. Compared to the control 
tuberculosis group, the incidences of resistance to rifampicin (RFP) + isoniazid 
(INH) + streptomycin (STR) and INH + ethambutol (EMB) were lower in the 
spinal tuberculosis group, while the incidences of resistance to RFP + INH + 
EMB and RFP + EMB were higher. Moreover, we also found some differences in 
drug-resistance gene mutations. In conclusion, there are noticeable differences 
between spinal Mycobacterium tuberculosis and pulmonary tuberculosis in 
pathological characteristics, drug resistance, and drug resistance gene mutations.

KEYWORDS

spinal tuberculosis, pathological feature, drug resistance, gene, caseous necrosis

1. Introduction

Tuberculosis (TB), a leading cause of mortality worldwide, affects an estimated 10 million 
individuals annually (Furin et al., 2019). With the emergence of drug-resistant tuberculosis 
strains and the increase in the HIV infection rate, the number of tuberculosis cases is increasing 
steadily, and the incidence of osteoarticular tuberculosis is also increasing significantly (Diedrich 
et al., 2016). As the most severe and prevalent form of bone and joint tuberculosis, spinal 
tuberculosis, constitutes approximately 50% of these cases (Ali et al., 2019). All segments of the 
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spine may be affected, with the lumbar spine most commonly affected, 
followed by the thoracic spine (Liu et al., 2019). Cervical and sacral 
tuberculosis is relatively rare. The initial symptoms, such as mild pain, 
stiffness, and loss of muscle strength, are typically nonspecific, often 
leading to misdiagnoses (Liu et al., 2019). The disease can progress to 
cause postural abnormalities, spinal deformities, and even paralysis 
(Jain et al., 2018), severely compromising the patient’s quality of life 
without management (Ali et al., 2019). This suggested a vital role of 
prompt diagnosis and personalized treatment for improving the 
prognosis of spinal tuberculosis.

The current diagnosis of tuberculosis involves the evaluation of 
the patient’s medical history, clinical symptoms, physical signs, 
laboratory tests, and imaging tests. Magnetic Resonance Imaging 
(MRI) serves as a sensitive modality for the early detection of spinal 
tuberculosis (Moorthy and Prabhu, 2002) and provide detailed 
information on early vertebral inflammation and minor swelling of 
paravertebral soft tissue (Moorthy and Prabhu, 2002; Ali et al., 2019). 
Moreover, it can aid in the diagnosis of neurological dysfunction and 
assessing spinal cord compression (Ali et  al., 2019). In addition, 
histopathological examination, encompassing H&E staining, acid-fast 
staining, and molecular testing, is regarded as the gold standard for 
the diagnosis of spinal tuberculosis. The typical pathological change 
of tuberculosis is chronic granulomatous inflammation, with caseous 
necrosis (Li et al., 2020). However, the spine’s relatively limited blood 
circulation and discharge pathway for necrotic substances may lead to 
a divergence in the pathology of spinal tuberculosis compared to lung 
tuberculosis. Li. et  al. found that the most common pathologic 
characteristics of spinal tuberculosis were caseous necrosis, 
multinuclear giant cells, and granulomatous inflammation (Li et al., 
2020). Limited studies revealed the differences.

In the management of spinal tuberculosis, it is crucial that 
antituberculosis drugs are administered adhering to the principles of 
early initiation, consistency, complete course treatment, combination 
therapy, and appropriate dosing. In patients without severe vertebral 
bone damage and instability, anti-tuberculous drugs alone can promote 
recovery (Suárez et al., 2019). However, for patients who have severe 
bone destruction, spinal instability, and spinal nerve compression, 
surgery is necessary, and antituberculosis drugs are used to keep 
Mycobacterium tuberculosis in a resting state (Kumar et  al., 2022). 
Given these factors, personalized selection of antituberculosis drugs is 
crucial (Rajasekaran and Khandelwal, 2013; Bhosale et  al., 2020). 
Molecular biology techniques and drug sensitivity tests are currently 
the main means of detecting antituberculosis drug resistance. However, 
vertebral puncture can easily damage the spinal cord or important 
blood vessels and nerves, and the risk is high, especially if tuberculosis 
has destroyed the vertebral body or surrounding supporting tissue. In 
this study, the pathological features and drug resistance of spinal 
tuberculosis were examined, to characterize differences between spinal 
tuberculosis and pulmonary tuberculosis to inform a more 
individualized approach to drug regimen selection.

2. Materials and methods

2.1. Participant selection

This study incorporated patients admitted to the 8th Medical 
Centre of Chinese PLA General Hospital from January 2016 to 

December 2020. The inclusion criteria were: age over 18 years, spinal 
surgery or puncture for pathological examination, clinically and 
pathologically diagnosed Mycobacterium tuberculosis infection, and 
no prior antituberculosis drug treatment before diagnosis. Exclusion 
criteria encompassed malignancies, severe fungal and bacterial 
infections, hematologic malignancies, severe trauma, and surgical 
history. One hundred sixty eight patients with spinal tuberculosis were 
included and 207 patients with pulmonary tuberculosis were as the 
control group. This study was approved by the Ethics Committee of 
the Chinese PLA General Hospital and was performed in accordance 
with the principles of the Declaration of Helsinki.

2.2. Methods

2.2.1. Imaging examination
In this study, 18F-FDG positron emission tomography (PET/CT) 

and MRI were used to evaluate spinal tuberculosis, and PET/CT and 
CT were used to evaluate pulmonary tuberculosis (Vorster et  al., 
2014). PET/CT can evaluate the spinal morphology and extent of 
involvement, as well as detect other lesions throughout the body (Gao 
et al., 2014). In addition, PET/CT can provide glucose metabolism 
characteristics of spinal tuberculosis and evaluate lesion activity, 
which is of great significance for early diagnosis, differential diagnosis 
and curative effect evaluation of spinal tuberculosis (Altini et  al., 
2020). MRI has a higher imaging resolution for soft tissue than CT 
and X-ray (Kubihal et al., 2022). MRI can improve the sensitivity and 
specificity of the diagnosis of spinal tuberculosis and help to evaluate 
the involvement of the lesion.

2.2.2. H&E staining
All tissue samples underwent fixation in 4% paraformaldehyde, 

paraffin embedding post gradient dehydration, followed by sectioning 
(3 μm thickness) and mounting on slides. After baking at 72°C for 30 
min, slides underwent dewaxing using xylene for two 10-min 
intervals, sequentially washed with 100, 90, and 80% gradient 
anhydrous ethanol for 5 min each time and stained with hematoxylin 
dye for 30 s. Subsequent steps involved differentiation with 10% 
hydrochloric acid, blue reversion with ammonia, eosin dye 
application for 5 s, and dehydration with gradient anhydrous ethanol, 
transparency with xylene, and sealing with neutral resin. 
Observations of basic histological features from H&E-stained 
sections were made under a microscope. Representative tissue 
sections were chosen for subsequent acid-fast staining and 
gene detection.

2.2.3. Acid-fast staining
Sections (3 μm thickness) were cut from each sample, adhered 

to slides, and baked at 72°C for 30 min. The dewaxing process was 
carried out twice with xylene for 10 min, followed by a 5-min 
wash with 100, 90, and 80% gradient anhydrous ethanol. The 
sections were then stained with 2–3 drops of carbolic red dye 
solution for 2 h and decolorized with 1% hydrochloric alcohol 
until a light pink hue was achieved. Hematoxylin dye was applied 
for 30 s, followed by differentiation with 10% hydrochloric acid, 
and blue reversion with ammonia water. Gradient anhydrous 
ethanol dehydration, xylene transparency, and neutral resin 
sealing finalized the process.
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2.2.4. Identification of mycobacteria
From each patient tissue specimen, 8–10 sections of 5-10 μm 

thickness were cut and placed in 1.5 mL centrifuge tubes for dewaxing, 
lysis, digestion, and DNA extraction. PCR tubes from the genetic test 
kit (Yaneng Biotechnology Co., Ltd., Shenzhen, China) were utilized 
to identify Mycobacterial species, and 4 μL of sample DNA was added. 
Following DNA amplification, the membrane strips and amplification 
products were placed in tubes with 5–6 mL of solution A and heated 
in a boiling bath for 10 min. They were then hybridized at 59°C for 1.5 
h. Post-hybridization, the membrane strips were washed and 
incubated for 30 min in solution A containing POD enzyme. The 
reaction was terminated with purified or deionized water after the 
membrane strips were placed in the chromogenic solution for 10 min. 
The detection sites were indicated by blue spots on the membrane 
strips, and each experiment incorporated both positive and negative 
controls (Zhang et al., 2021; Li et al., 2022; Figure 1).

2.2.5. Mycobacterial drug resistance mutation 
gene detection

PCR tubes from the Mycobacterial drug resistance mutation gene 
detection kit (Yaneng Biotechnology Co., Ltd., Shenzhen, China) were 
used to add 4 μL of sample DNA. After DNA amplification at specific 
intervals and temperatures, the membrane strips and amplification 
products were placed in tubes with 5–6 mL of AT solution, heated in 
a boiling water bath for 10 min, and then hybridized at 59°C for 1.5 h. 
After washing and incubation, the strips were placed in a chromogenic 
solution for 10 min, and the reaction was stopped with purified or 
deionized water. Blue spots on the membrane strips indicated detected 
sites, with both positive and negative controls performed in 
each experiment.

2.3. Drug resistance types definition

Monoresistance refers to resistance to only one antituberculosis 
drug (Van Rie et al., 2000). Polyresistance refers to resistance to more 
than one antituberculosis drug but does not include resistance to RFP 
and INH (Mizukoshi et  al., 2021). Multidrug resistance refers to 
resistance to at least RFP and INH simultaneously (Van Rie et al., 
2000). Drug resistance to any drug refers to resistance to any one or 
more antituberculosis drugs (Van Rie et al., 2000).

2.4. Statistical methods

SPSS25.0 software was used for the statistical analysis. The 
counting data were described as “case (strain)” and “rate (%).” The 
chi-square test or Fisher’s exact probability test was used to compare 

drug resistance rates between groups, and p < 0.05 was considered 
statistically significant.

3. Results

3.1. Clinical data

The control group consisted of 207 pulmonary tuberculosis 
patients, including 117 males and 90 females, with a mean age of 43.86 
years. The spinal tuberculosis group included 168 patients, with 92 
males and 76 females, and a mean age of 43.48 years. The highest 
incidence was of lumbar tuberculosis (48.81%), followed by thoracic 
tuberculosis (38.10%). PET-CT scans showed increased FDG uptake 
in the diseased vertebrae, discernible peripheral soft tissue shadow, 
visible internal capsular shadow, and an abnormal increase in FDG 
uptake (Figure 2A). MRI showed infectious lesions in the diseased 
vertebrae, paraspinal and bilateral lumbar muscle abscess formation, 
and peripheral soft tissue edema (Figure 2B). PET-CT and CT results 
of control tuberculosis group were shown in Supplementary Figure S1.

3.2. Pathological features

The control tuberculosis group had 153 cases (73.91%) of typical 
granulomatous lesions, 47.34% of which were accompanied by typical 
caseous necrosis. Some cases were complicated with acute 
inflammation (23.67%), exudation (26.09%), granulation tissue 
formation (15.46%), inflammatory necrosis (20.77%), and fibrous 
hyperplasia (78.74%). No abscesses were identified. Typical 
granulomatous lesions were seen in 133 cases (79.17%) in the spinal 
tuberculosis group, of which 89.29% were accompanied by typical 
caseous necrosis. Some cases were associated with acute inflammation 
(80.95%), exudation (80.95%), granulation tissue formation (80.95%), 
inflammatory necrosis (19.05%), fibrous tissue hyperplasia (70.24%), 
and abscess (21.43%). Statistical analysis showed significant 
differences in the proportion of caseous necrosis, acute inflammation, 
abscesses, exudation, and granulation tissue formation between the 
two groups. Acid-fast staining showed 147 cases in the control 
tuberculosis group and 122 cases in the spinal tuberculosis group were 
acid-positive, with no statistically significant differences between the 
two groups (Tables 1, 2 and Figures 3–5).

3.3. Overall drug resistance

In the control tuberculosis group, susceptibility to all four anti-
tuberculosis drugs was observed in 14 samples. Monoresistance was 

FIGURE 1

The sequence of the detection site on the membrane strip.
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FIGURE 2

Imaging examination. (A) PET-CT showed increased FDG uptake in the diseased vertebrae. (B) MRI showed infectious lesions in the diseased vertebral 
body, the formation of paraspinal and bilateral psoas muscle abscesses, and the edema of the surrounding soft tissues.
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seen in 42.51% of cases, with INH resistance being the most prevalent 
at 73.86%. Polyresistance was detected in 42.51% of cases, with the 
highest rate of resistance being to INH + STR, accounting for 41.70%. 
Multidrug resistance was found in 20.77% of cases, with the highest 
resistance rate observed for the RFP + INH + STR combination, 
at 46.51%.

In the spinal tuberculosis group, 16 samples were found to 
be  sensitive to all four anti-tuberculosis drugs. The rate of 
monoresistance was 41.07%, with INH resistance being the most 
common, observed in 73.91% of cases. Polyresistance was detected in 
26.19% of cases, with the highest rate of resistance being to the RFP + 
EMB combination, accounting for 29.55%. The multidrug resistance 

rate was 22.62%, with the highest resistance rate seen for the RFP + 
INH + STR + EMB combination, at 42.11%.

Statistical analysis revealed that the rates of resistance to RFP + 
INH + STR and INH + EMB were lower in the spinal tuberculosis 
group compared to the control tuberculosis group. Conversely, the 
rates of resistance to RFP + INH + EMB and RFP + EMB were higher 
in the spinal tuberculosis group. The detailed data is presented in 
Table 3.

3.4. Drug resistance gene mutation

The control tuberculosis group had 22 mutations in the rpoB 
gene, of which the 516 codons had the most mutations in D516V 
(D: aspartic acid →V: valine). Among these mutations, 37 samples 
showed mutations in one site of a single codon, and 15 samples 
showed mutations in two sites of a single codon at the same time. 
katG and inhA mutations were of these types, mainly 315 M 
mutations, accounting for 57.97%. RpsL mutations were mainly in 
the form of 88 M mutation, and the EmbB mutations was the 306 
M2 mutation.

The spinal tuberculosis group had 22 mutations in the rpoB 
gene, of which the 516 codons had the most mutations in D516V 
(D: aspartic acid →V: valine). Among these mutations, 24 samples 
showed mutations in one site of a single codon, and 14 samples 
showed in two sites of a single codon at the same time. There were 3 
types of katG and inhA mutations, mainly 315 M mutations, 
accounting for 52.38%. The main form of the RpsL mutations was 
the 88 M mutation, and the EmbB mutations was the 306 
M2 mutation.

In addition, we  analyzed their genetic mutations. In the 
control tuberculosis group, the mutation rate of the D516V + 
D516G + H526Y + H526D site was 2.90%, but no mutation 
occurred at this site in the spinal tuberculosis group. The 
mutation rate of D516V + D516G + H526Y + H526D + S531L + 
S531W in the spinal tuberculosis group was 3.57%, which was 
significantly higher than that in the control tuberculosis group. 
The mutation rate of the EMB306 M2 + 306 M3 site was 2.38% in 
the spinal tuberculosis group, while no mutation was found at 
this site in the control tuberculosis group. Specific data was 
shown in Table 4.

TABLE 1 Comparison of clinical data and important pathological 
features.

Control 
tuberculosis 

(n = 207)

Spinal 
tuberculosis 

(n = 168)

p value

Gender (Male) 56.52% (n = 117) 54.76% (n = 92) 0.733

Age (year) 43.86 ± 1.21 43.48 ± 1.35 0.833

TB Type (MTB) 100% (n = 207) 100% (n = 168) /

Methods

Acid-fast (+) 71.01% (n = 147) 72.62% (n = 122) 0.732

PCR (+) 100% (n = 207) 100% (n = 168) /

Pathology

Granulomatous 

inflammation

73.91% (n = 153) 79.17% (n = 133) 0.194

Caseous necrosis 47.34% (n = 98) 89.29% (n = 150) <0.001

Abscess 0% (n = 0) 21.43% (n = 36) <0.001

Inflammatory necrosis 20.77% (n = 43) 19.05% (n = 32) 0.678

Exudation 26.09% (n = 54) 80.95% (n = 136) <0.001

Acute inflammation 23.67% (n = 49) 80.95% (n = 136) <0.001

Granulation tissue 

formation

15.46% (n = 32) 80.95% (n = 136) <0.001

Fibrous tissue 

hyperplasia

78.74% (n = 163) 70.24% (n = 118) 0.059

TABLE 2 pathological features of spinal tuberculosis at different sites.

Spinal tuberculosis Cervical Thoracic Lumbar Thoracolumbar Lumbosacral Total

Number of patients 7 64 82 5 10 168

Granulomatous inflammation 5 53 64 3 8 133

Caseous necrosis 7 55 74 5 9 150

Abscess 0 20 14 0 2 36

Inflammatory necrosis 0 18 13 0 1 32

Exudation 5 49 71 4 7 136

Acute inflammation 4 55 67 3 7 136

Granulation tissue formation 4 53 66 5 8 136

Fibrous tissue hyperplasia 5 46 56 3 8 118
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4. Discussion

Differences in the epidemiological characteristics, pathogenesis, 
and pathological features between lung tuberculosis and spinal 
tuberculosis have been noted (Pandita et  al., 2020). Lung 
tuberculosis is the most common type of tuberculosis and is 
transmitted mainly by airborne droplets (Torrelles and Schlesinger, 
2017). It causes lung infection, leading to symptoms such as cough, 
sputum, and chest pain, which can be  life-threatening in severe 
cases (Ravimohan et al., 2018). Spinal tuberculosis is a rare but 
serious form of tuberculosis, usually caused by the spread of 
Mycobacterium tuberculosis to the spine through the bloodstream 
or lymphatic system (Kumar, 2016). Spinal tuberculosis often 
presents with symptoms of spinal pain, deformity, and nerve root 
compression, which may cause spinal cord injury and paralysis in 
severe cases (Kumar, 2016). Standard anti-tuberculosis therapy 
remains the mainstay of treatment for lung tuberculosis and spinal 
tuberculosis, and effective for most of the patients (Singh et al., 
2014). For the patients who are not promptly or effectively treated, 
lung tuberculosis can progress to spinal tuberculosis. Therefore, the 
timely diagnosis and treatment of lung tuberculosis is important for 
preventing spinal tuberculosis.

Spinal tuberculosis exhibits unique pathological features. In 
the early stage, Mycobacterium tuberculosis invades the vertebral 

body and the intervertebral disc, resulting in caseous necrosis (Liu 
et  al., 2019). Caseous necrosis is a special type of coagulated 
necrosis, which is characterized by unstructured granular red 
staining substance. As caseous necrosis progresses, the vertebral 
body gradually collapses, leading to deformity (Mittal et al., 2016); 
This deformity can cause abnormal spinal curvature and overall 
spinal deformity. In the late stage of spinal tuberculosis, the 
caseous material can be  reabsorbed, leading to vertebral body 
hollowing (Izawa, 2015). Simultaneously, infectious inflammation 
can impact the surrounding bone tissue, potentially leading to 
dense stomatitis (Izawa, 2015); When the vertebral body becomes 
deformed, collapses, and hollows out, it may result in nerve root 
subluxation and compression (Chen et  al., 2022); These 
complications can cause weakness in the lower extremities, 
paresthesia, urinary dysfunction, and other serious issues. Study 
showed that the most common pathologic characteristics were 
caseous necrosis, multinuclear giant cells, and granulomatous 
inflammation (Li et al., 2020). Our study revealed that 89.19% of 
patients with spinal tuberculosis developed typical caseous 
necrosis, a significantly higher rate compared to the control 
tuberculosis group. This high incidence in the spinal tuberculosis 
group may be  attributed to the unique anatomy and tissue 
structure around the spine, circulation deprivation, and poor 
necrotic material drainage. Additionally, the spinal tuberculosis 
group showed significantly higher occurrences of acute 

FIGURE 3

The typical pathological manifestations of pulmonary tuberculosis were chronic granulomatous inflammation (H&E-1) with caseous necrosis (H&E-2). 
Acid-fast staining showed Mycobacterium tuberculosis. Immunohistochemical staining was used to label granuloma (CD68+) and inflammatory cell 
(CD20+B cells, CD3+T cells, CD4+T cells, and CD8+T cells) infiltration. Scale bar: 200 μm; Image magnification: H&E (200×), acid-fast staining (400×), 
immunohistochemical staining (200×).
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FIGURE 4

The typical pathological manifestations of spinal tuberculosis were chronic granulomatous inflammation (H&E-1) with caseous necrosis (H&E-2). H&E 
staining showed abscess (H&E-3), inflammatory necrosis (H&E-4), exudation (H&E-5), acute inflammation (H&E-6), and granulation tissue formation 
(H&E-7), mucous degeneration (H&E-8), and fibrous tissue hyperplasia (H&E-9). Caseous necrosis is a special type of coagulated necrosis, which is 
characterized by unstructured granular red staining substance. Inflammatory necrosis is tissue necrosis caused by inflammation, and a large number of 
acute and chronic inflammatory cells can be observed under the microscope. Acid-fast staining showed Mycobacterium tuberculosis. 
Immunohistochemical staining was used to label granuloma (CD68+) and inflammatory cell (CD20+B cells, CD3+T cells, CD4+T cells, and CD8+T cells) 
infiltration. Scale bar: 200 μm; Image magnification: H&E (200×), acid-fast staining (400×), immunohistochemical staining (200×).

FIGURE 5

The proportion of different pathological features in the control tuberculosis group [n = 207, (A)] and spinal tuberculosis group [n = 168, (B)]. The 
proportions of caseous necrosis, acute inflammation, abscess, exudation, and granulation tissue formation in the spinal tuberculosis group were all 
significantly increased relative to the control tuberculosis group.
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inflammation, abscesses, exudates, and granulation tissue 
formation than the control tuberculosis group. These unique 
pathological features significantly increase the difficulty of 
diagnosis and treatment of spinal tuberculosis.

Classical resistance testing involves the isolation and culture 
of mycobacterium tuberculosis and therefore requires high-level 
biosafety laboratory and professional operators, which is difficult 
for pathology departments to achieve. The emergence of drug 
resistance in Mycobacterium tuberculosis is primarily driven by 
genetic mutations, and identifying these mutations can help 
inform clinical treatment (Phelan et  al., 2016). Resistance to 
isoniazid typically involves mutations in the katG and inhA 
promoter regions, particularly at the katG315 site (Seifert et al., 
2015). Mutations in the rpoB gene are one of the main mechanisms 
leading to rifampin resistance, and these mutations occur mainly 
in the rifampin resistance determining region (RRDR), accounting 
for more than 95% of all rpoB resistance-associated mutations 
(Zaw et al., 2018). Mutations in embB and its operon embCAB are 
closely linked to resistance to ethambutol, and mutations occur 
most frequently in the ethambutol resistance determining region 
(ERDR) (Sun et  al., 2018). Our results showed that the spinal 
tuberculosis group differed from the control tuberculosis group 
in terms of drug resistance and drug resistance gene mutations. 
Notably, higher proportions of RFP + INH + EMB and RFP + 
EMB resistance were observed in the spinal tuberculosis group. 
The reason for this difference may be that the blood circulation in 

the spinal tuberculosis site is relatively poor, anti-tuberculosis 
drugs cannot reach effective killing concentrations in caseous 
necrotic tissue, and residual mycobacterium tuberculosis may 
undergo drug resistance changes. Thus, it is essential to consider 
these distinct drug resistance profiles when selecting 
antituberculosis medications. Personalized treatment plans should 
be  developed, considering drug sensitivity test results and 
individual patient conditions. If treatment efficacy is lacking, 
immediate measures such as a spinal tap or biopsy should 
be considered.

Our findings may help in the diagnosis and treatment of 
spinal tuberculosis. Some spinal tuberculosis showed high 
metabolic value on PET-CT examination, which was easily 
misdiagnosed as spinal malignancy or metastatic cancer. It may 
be  related to high glucose metabolism around the focal of 
tuberculosis. The pathological features of spinal tuberculosis were 
more complex, and the incidence of caseous necrosis, acute 
inflammation, abscess, exudation, and granulation tissue 
formation were significantly higher than those of pulmonary 
tuberculosis. In the pathological diagnosis, we should rule out the 
possibility of spinal tuberculosis, even if it only shows acute 
inflammation, abscision, expulsion, or granulomatous tissue 
formation. We found some differences in both drug resistance and 
drug resistance gene mutations, suggesting that there may be some 
differences in treatment options for spinal tuberculosis and other 
tuberculosis. Before treating spinal tuberculosis, we should test 

TABLE 3 Comparison of overall drug resistance between the spinal tuberculosis group and the control tuberculosis group.

Drug resistance type Control tuberculosis 
group (n = 207)

Spinal tuberculosis 
group (n = 168)

χ2 values p value

Monoresistance 88 (42.51) 69 (41.07) 3.704 0.068

RFP resistant 20 (9.66) 13 (7.74) 0.428 0.585

INH resistant 65 (31.40) 51 (30.36) 0.047 0.911

STR resistant 2 (0.97) 3 (1.79) 0.473 0.660

EMB resistant 1 (0.48) 2 (1.19) 0.585 0.585

Multidrug resistance 60 (28.99) 44 (26.19) 0.361 0.564

Resistance to RFP + INH 9 (4.35) 6 (3.57) 0.146 0.795

Resistance to RFP + INH + STR 20 (9.66) 6 (3.57) 5.331 0.024

Resistance to RFP + INH + EMB 0 (0.00) 10 (5.95) 12.659 0.000

Resistance to INH + STR + EMB 14 (6.76) 16 (9.52) 0.960 0.345

Polyresistance 43 (20.77) 38 (22.62) 0.187 0.706

Resistance to RFP + STR 1 (0.48) 5 (2.98) 3.661 0.094

Resistance to RFP + EMB 5 (2.42) 13 (7.74) 5.749 0.026

Resistance to RFP + STR + EMB 6 (2.90) 10 (5.95) 2.117 0.199

Resistance to INH + STR 25 (12.08) 12 (7.14) 2.539 0.120

Resistance to INH + EMB 20 (9.66) 0 (0.00) 17.146 0.00

Resistance to INH + STR + EMB 3 (1.45) 4 (2.38) 0.439 0.705

Resistance to STR + EMB 0 (0.00) 0 (0.00) 0.00 0.00

Fully sensitive 14 (6.76) 16 (9.52) 0.96 0.345

Any drug resistance 197 (95.17) 152 (90.48) 3.165 0.101

RFP, rifampicin; INH, isoniazid; STR, streptomycin; EMB, ethambutol. The value outside the parentheses represents “number of patients,” while the value inside the parentheses represents 
“proportion (%)”.
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for drug resistance whenever possible, if conditions permit. 
However, this study does have some limitations. The relatively 
small number of cervical tuberculosis cases may not fully 
represent the disease’s pathological characteristics. Additionally, 
the genetic testing failed to detect resistance to second-line 

anti-tuberculosis drugs, which detracts from its clinical 
usefulness. In our subsequent studies, we aim to include more 
cases and expand the scope of testing for drug resistance genes.

In conclusion, the proportion of caseous necrosis, acute 
inflammation, abscess, exudation, and granulation tissue formation 

TABLE 4 Comparison of drug-resistant mutation sites between the control tuberculosis group and the spinal tuberculosis group.

Mutational site Control tuberculosis 
group (n = 207)

Spinal tuberculosis 
group (n = 168)

χ2 values p-value

RFP

D516V 32 (15.46) 20 (11.9) 0.981 0.369

D516G 3 (1.45) 0 (0.00) 2.454 0.256

H526Y 0 (0.00) 1 (0.60) 1.235 0.448

S531L 2 (0.97) 3 (1.97) 0.473 0.660

D516V + D516G 13 (6.28) 13 (7.74) 0.305 0.684

D516V + H526Y 1 (0.48) 2 (1.19) 0.585 0.589

D516V + H526D 6 (2.90) 3 (1.79) 0.49 0.737

D516V + S531L 0 (0.00) 0 (0.00) 0.00 0.000

D516V + D516G + H526D 8 (3.86) 7 (4.17) 0.022 1.000

D516V + D516G + S531L 0 (0.00) 1 (0.60) 1.235 0.448

D516V + D516G + H526Y + H526D 6 (2.90) 0 (0.00) 4.949 0.035

D516V + D516G + H526Y + H526D + S531L 5 (2.42) 3 (1.79) 0.176 0.736

D516V + D516G + H526Y + H526D + S531L + S531W 1 (0.48) 6 (3.57) 4.829 0.048

D516V + D516G + H526D + S531L 1 (0.48) 4 (2.38) 2.539 0.178

D516V + H526Y + H526D 1 (0.48) 1 (0.60) 0.022 1.000

D516V + H526Y + H526D + S531L 0 (0.00) 1 (0.60) 1.235 0.448

D516V + H526D + S531L 2 (0.97) 1 (0.60) 0.161 1.000

D516G + H526Y 0 (0.00) 1 (0.60) 1.235 0.448

D516G + H526D 1 (0.48) 1 (0.60) 0.022 1.000

H526Y + H526D 2 (0.97) 1 (0.60) 0.161 1.000

H526Y + H526D + S531L 0 (0.00) 1 (0.60) 1.235 0.448

H526D + S531L 1 (0.48) 0 (0.00) 0.814 1.000

INH

315 M 120 (57.97) 88 (52.38) 1.618 0.211

-15 M 6 (2.90) 6 (3.57) 0.136 0.773

-15 M + 315 M 25 (12.08) 24 (14.29) 0.398 0.541

STR

43 M 15 (7.25) 10 (5.95) 0.617 0.282

88 M 41 (19.81) 29 (17.26) 0.396 0.595

43 M + 88 M 14 (6.76) 16 (9.52) 0.96 0.345

EMB

306 M1 2 (0.97) 4 (2.38)) 1.179 0.414

306 M2 36 (17.39) 36 (21.43) 0.974 0.357

306 M1 + 306 M2 11 (5.31) 12 (7.14) 0.539 0.520

306 M2 + 306 M3 0 (0.00) 4 (2.38) 4.982 0.039

306 M1 + 306 M2 + 306 M3 2 (0.97) 3 (1.79) 0.473 0.660

RFP, rifampicin; INH, isoniazid; STR, streptomycin; EMB, ethambutol; D, Aspartate; V, Valine, G, Glycine; H: Histidine, Y: tyrosine, S: serine, L: leucine, W: tryptophan; The value outside the 
parentheses represents “number of patients,” while the value inside the parentheses represents “proportion (%)”.
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increased significantly in the spinal tuberculosis group, and the 
drug resistance characteristics and drug resistance gene mutations 
were also different from the control tuberculosis group. This study 
provides important data to support the diagnosis and treatment of 
spinal tuberculosis.
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Antibiotic resistance development and pathogen cross-dissemination are both 
considered essential risks to human health on a worldwide scale. Antimicrobial 
resistance genes (AMRs) are acquired, expressed, disseminated, and traded 
mainly through integrons, the key players capable of transferring genes from 
bacterial chromosomes to plasmids and their integration by integrase to the 
target pathogenic host. Moreover, integrons play a central role in disseminating 
and assembling genes connected with antibiotic resistance in pathogenic and 
commensal bacterial species. They exhibit a large and concealed diversity in the 
natural environment, raising concerns about their potential for comprehensive 
application in bacterial adaptation. They should be viewed as a dangerous pool 
of resistance determinants from the “One Health approach.” Among the three 
documented classes of integrons reported viz., class-1, 2, and 3, class 1 has 
been found frequently associated with AMRs in humans and is a critical genetic 
element to serve as a target for therapeutics to AMRs through gene silencing or 
combinatorial therapies. The direct method of screening gene cassettes linked to 
pathogenesis and resistance harbored by integrons is a novel way to assess human 
health. In the last decade, they have witnessed surveying the integron-associated 
gene cassettes associated with increased drug tolerance and rising pathogenicity 
of human pathogenic microbes. Consequently, we aimed to unravel the structure 
and functions of integrons and their integration mechanism by understanding 
horizontal gene transfer from one trophic group to another. Many updates for 
the gene cassettes harbored by integrons related to resistance and pathogenicity 
are extensively explored. Additionally, an updated account of the assessment 
of AMRs and prevailing antibiotic resistance by integrons in humans is grossly 
detailed—lastly, the estimation of AMR dissemination by employing integrons as 
potential biomarkers are also highlighted. The current review on integrons will 
pave the way to clinical understanding for devising a roadmap solution to AMR 
and pathogenicity.
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antimicrobial resistance, antibiotic stewardship, horizontal gene transfer, integrons, 
pathogenicity
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Highlights

 - We highlighted the detailed molecular mechanism mediated by 
integrons to serve as natural cloning and expression vectors to 
disseminate antimicrobial resistance genes in various 
microbial species.

 - The review emphasizes highlighting integrons as genetic markers 
for estimating AMR existing in microbial species and their 
existence in humans.

 - The current study underlines the worldwide risk to human health 
posed by integron-mediated antibiotic-resistance gene cassettes 
and their transmission to humans.

 - The review highlights the spread of AMR through integrons as a 
global issue. Additionally, we  raised concerns about devising 
strategies to hinder the resistance mechanisms evolved by 
microbes through the aid of integrons.

Introduction

The mounting threat posed by antimicrobial resistance and 
engraved pathogenicity on humans forced scientific communities to 
profoundly investigate the evolution of resistance mechanisms and 
their responsible agents (Hamdani et al., 2020; Larsson and Flach, 
2022; Sheikh et al., 2022). Antibiotic abuse and overuse have resulted 
in the formation and dissemination of antibiotic-resistance genes 
(ARGs) and antibiotic-resistant bacteria (ARBs), causing widespread 
worry around the world in human medicine and livestock breeding 
(Serwecińska, 2020; Mir et al., 2021; Sheikh et al., 2021b). Since ARGs 

are commonly found in domestic sewage, mud/dirt, and animal waste 
in these environments, these ecosystems are considered key reservoirs 
for ARGs (Wellington et al., 2013; Ding et al., 2019) to many bacterial 
species, particularly to those causing disease. The ultimate, well-
known effects of such accumulated evolutionary events are gradually 
growing challenges in preventing and treating bacterial diseases. 
Understanding and recognizing human, animal, and environmental 
microbiota relationships is crucial because bacteria and genes 
frequently cross habitats and species boundaries “One Health 
Concept” (Collignon, 2012; Zinsstag et  al., 2012; So et  al., 2015; 
Torren-Edo et al., 2015; World Health Organization, 2015; Collignon 
and McEwen, 2019) to manage this global health challenge 
(Wellington et al., 2013; Berendonk et al., 2015; Bengtsson-Palme 
et al., 2018). Antimicrobial resistance is an ecological issue that affects 
the wellbeing of people, animals, and the environment. It is 
characterized by complex interactions involving many microbial 
populations (Fletcher, 2015; Collignon and McEwen, 2019).

The establishment and prevalence of antimicrobial resistance are 
caused by various resistance mechanisms, which may be divided into 
genetic mutation occurring at a low frequency and acquisition of 
different genes mediated resistance to their host microbes. As a result, 
it has been determined that acquiring resistance genes is a significant 
factor in antibiotic resistance’s widespread distribution and spread. 
The resistance is accomplished through vertical or horizontal transfer, 
with the latter method involving mobile genetic elements like plasmids 
and transposons (Xu et al., 2011b). Integrons are primarily carried by 
plasmids or contained within transposons, and their mechanism and 
function in the movement of microorganisms are well-known and 
documented (Hall and Collis, 1995; Mazel, 2006), which had also been 
considered to contribute to the unleashing of “Super Bugs” (Xu et al., 
2011b,c).

GRAPHICAL ABSTRACT

The graphical abstract displays how integron-aided AMRs to humans: Transposons capture integron gene cassettes to yield high mobility integrons 
that target res sites of plasmids. These plasmids, in turn, promote the mobility of acquired integrons into diverse bacterial species. The acquisitions of 
resistant genes are transferred to humans through horizontal gene transfer. 
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The exchange of genetic material between bacteria of the same 
generation is known as horizontal gene transfer (HGT). The heredity 
of the transferred sequences in the recipient microbe is also crucial for 
a successful HGT event, in addition to the entry of DNA into the 
cytoplasm of the recipient cell (Ochman et al., 2000). HGT influences 
bacterial population’s genetic diversity and evolutionary trajectories. 
For instance, the main factor causing the establishment, 
recombination, and spread of multidrug resistance among bacterial 
pathogens is the HGT of mobile genetic elements (MGEs) (Nakamura 
et al., 2004; Thomas and Nielsen, 2005). MGEs are widespread in 
bacterial populations due to their ability to physically migrate between 
host genomes. MGEs include plasmids, bacteriophages, genomic 
islands (GIs), transposons (Tns), integrons, insertion sequences (ISs), 
integrative and conjugative elements (ICEs), and tiny inverted-repeat 
transposable elements, among others (MITEs) (Stokes and 
Gillings, 2011).

Mobile genetic elements (GEs), such as integrons, may be critical 
in transferring ARGs across microbial organisms in their 
surroundings. Integrons may extract ARGs from their surroundings 
and subsequently incorporate them into their gene cassettes via 
location-specific recombination (Zhang et  al., 2009; Sheikh et  al., 
2021a). Integrons are thus crucial in developing antibiotic tolerance 
and the horizontal gene transfer (HGT) of ARGs between bacterial 
organisms in diverse settings. The discovery of mobile integrons as 
critical players in the acquisition, mobilization, shuffle, and initiation 
of expression of gene cassettes, especially those encoding antibiotic 
resistance (Domingues et al., 2012; Escudero et al., 2015). The genetic 
elements known as integrons have a location-specific recombination 
system that enables them to acquire, express, and transfer particular 
DNA fragments known as gene cassettes (Hall and Collis, 1995).

Integrons are genetic elements that contain a site-specific 
recombination system able to integrate, express and exchange specific 
DNA elements, called gene cassettes (Hall and Collis, 1995). The 
integron is not regarded as a mobile element because it lacks mobility-
related functions. In contrast, the gene cassettes contained in integrons 
are regarded as mobile, even though the spontaneous exchange of 
gene cassettes is rarely observed experimentally (Guerin et al., 2009; 
Baharoglu et  al., 2010). Nevertheless, sequence-similar integrons 
appear widespread among bacterial species and genetic backgrounds, 
suggesting that they are frequently exposed to mechanisms that allow 
them to disseminate horizontally through bacterial populations 
(Stokes and Hall, 1989).

The present review article aimed to update the account of gene 
cassettes harbored by integrons on resistance and pathogenicity and 
searched to assess existing AMRs and antibiotic resistance by 
integrons in humans. Lastly, estimating AMR dissemination by 
employing integrons as potential biomarkers is also highlighted to 
have an in-depth role in global AMR dissemination. We believe this 
review will help to understand better how to develop a plan to 
minimize the global phenomenon of increasing antimicrobial 
resistance and pathogenicity related to human pathogenic microbes.

Integrons

An integron is generally defined by the presence of an integrase 
gene (intI) and a proximal primary recombination site (attI) (Figure 1; 
Partridge et  al., 2009; Xu et  al., 2011a). Structurally, all integrons 

consist of three main components, including 5′ and 3′ conserved 
segment and a central variable region between the 5′ and 3′ zone, in 
which integrons are responsible for the capture and expression of 
exogenous genes, which are part of the gene cassette. Integrons are 
accountable for capturing and expressing the exogenous genes that 
form the gene cassette in this central variable region (Mazel, 2006). 
The first component of the integron is a gene which produces a 
tyrosine recombinase (integrase, encoded by the intI gene), required 
for site-specific recombination inside the integron. The second 
component is an adjacent recombination site (attI), which the 
integrase recognizes. The third component is a promoter (Pc), which 
is situated upstream of the integration and required for the effective 
process of transcription and expression (Mazel, 2006; Labbate et al., 
2009). The promoter aids in the expression of any integrated gene(s). 
The tyrosine-specific recombinase family, which also comprises the 
well-known integrase of the λ-phage, includes integrase (IntI) 
(Grainge and Jayaram, 1999; Carattoli, 2001).

These three components are simple structures with a single open 
reading frame (ORF) surrounded by a cassette-associated recombination 
site. They were initially called 59-base elements but are now referred to 
as attC (Gillings, 2014). While the Pc promoter is believed to be present 
and active in all forms of integrons, this has not been demonstrated for 
all of them (Ghaly et al., 2021a). Numerous integrase genes found in 
integrons have LexA binding sites close to their promoter regions 
allowing them to be regulated by the host LexA protein, which functions 
as a transcriptional repressor of the SOS response; as demonstrated for 
a class 1 integrase and in an integrase present in a CI (chromosomal 
integron) of Vibrio cholerae (Guerin et al., 2009; Baharoglu et al., 2010). 
These findings show that SOS induction can result in increased integrase 
gene transcription and activity and cassette rearrangements in 
organisms possessing lexA alleles (Baharoglu et  al., 2010) The 
modulation of integrase transcription is unknown without a LexA 
ortholog. Integrons might have a single gene cassette or many of them 
(Hall and Collis, 1995). In most clinical bacterial strains, integrons have 
no more than 5 cassettes (Bennett, 2008), but integrons containing at 
least 9 genes for antibiotic tolerance have also been found. (Naas et al., 
2001). The INTEGRAL database1 containing a list of numbered C1 
integrons is available (Moura et al., 2009).

Initially, integrons were grouped into a few categories based on 
their genetic similarity to the integrase intI gene sequence, with classes 
1, 2 and 3 receiving major attention (Nield et al., 2001; Domingues 
et al., 2012). Nevertheless, more DNA sequencing-based research have 
revealed more of the integrase gene’s genetic diversity and discovered 
over 90 distinct gene variations, questioning the initial classification 
system in doubt (Gillings et al., 2008; Domingues et al., 2012). Class 4 
integron was discovered later in a relationship with chromosomal 
integrons. IntI encodes an integrase (IntI) of the tyrosine recombinase 
family, which is distinguished by the presence of invariant RHRY (with 
Y being the catalytic tyrosine) amino-acids in the conserved motifs 
named box 1 and box 2 (which distinguish intI from other XerC-
related integrases) (Xu et al., 2011a). IntI-catalyzed recombination 
between attI and/or attC sites results in the insertion or excision of 
cassettes (Figure 1). The class 1 integrase (IntI1) recognizes three types 
of recombination site: attI1, attC and secondary sites. Binding domains 

1 http://integrall.bio.ua.pt/
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and consensus sequences have been determined for these. The attI1 
site is a simple site which contains two inverted sequences that bind 
the integrase and two additional integrase-binding sites known as 
strong (DR1) and weak (DR2) (Francia et al., 1999; Hall et al., 1999).

Further, Integrons are categorized into 3 primary categories based 
on their phylogenetic analyzes of sequenced intI genes: the marine 
γ-proteobacteria group, the soil/freshwater proteobacteria group, and 
the inverted integrase group (Domingues et al., 2012). C1 integrons are 
the most common and pervasive, especially in clinical environments, 
and significantly contribute to the development of antibiotic tolerance 
(Amin et al., 2021). Although the origin of C1 integron is unknown, it 
is hypothesized to have existed in different bacterial species before the 
“antibiotic age (Stokes et al., 2006).” C1 integrons are present in the 
environment without antibiotic-resistant genes. The initial source of 
these genomic structures has been speculated to be beta proteobacteria. 
Tn402 (also known as Tn5090) characteristic features are absent in such 
types of environmental integrons suggesting that they were integrated 
into a plasmid-borne Tn402 transposon carrying a gene cassette 
imparting host advantage (Gillings et al., 2008). For instance, the qac 
gene, which imparts resistance to quaternary ammonium compounds 
and thus biocides, has a long history of use in clinical usage; and the 
su1I gene, confers resistance to sulphonamides. The early association of 
the Tn402 transposon’s progenitor with a class 1 integrase and an attI1 
site is another possible origin of the C1 integrons. Most C1 integrons 
have the 5’-CS region in the same location (Toleman and Walsh, 2011). 
The 3’-CS region is thought to be the result of a fusion of the Tn402 
transposon’s qacE gene with the su1I gene, followed by partial deletion 
of the qacE gene; this fusion occurred simultaneously with a deletion 
event in the Tn402 transposon’s transposition functions, resulting in a 
structure incapable of self-mobilization (Toleman and Walsh, 2011). 
Although a few C1 integrons with a complete transposition module 
have been found, the bulk of C1 integrons are transposons with 
incomplete transposition modules (Juan et al., 2010; Marchiaro et al., 
2010). After the initial generation of C1 integrons, intense selection for 
antimicrobial tolerance favored the detection of antibiotic tolerance 
gene cassettes giving rise to the C1 integron components that are 
familiar to us today (Bennett, 2008; Stokes and Gillings, 2011).

Integrons are further categorized according to their environment, 
with two distinct types: mobile integrons (MIs) and chromosomal 
integrons (CIs) (Liebert et al., 1999). CIs are composed of a variable 
number of gene cassettes between zero and hundreds, the majority of 
which do not contribute to antimicrobial drug tolerance. Although 
migration of gene cassettes from CIs has been recorded, CIs are 
considered sedentary (Liebert et al., 1999; Domingues et al., 2012). In 
comparison, MIs like C1 integrons carry a restricted number of gene 
cassettes and are frequently engaged in antimicrobial tolerance 
propagation (Domingues et al., 2012).

attC SITES

The attC domain consists of 2 simple sites, R′′ and R′, L′ and L′′, 
respectively, each made up of two conserved “core sites” (7 or 8 bp) 
(Bouvier et  al., 2005). The RH consensus sequence has several 
connections to the RH simple site and includes the R′ and R′′ sites. 
Similarly, the L′ and L′′ parts of the LH consensus sequence are 
structurally and functionally similar to the LH. The integrase’s ability 
to distinguish among the LH and RH sites in the attC could describe 
the position of integrated gene cassettes. Additionally, it looks as 
though L′′ is more significant in terms of orientation (Bouvier et al., 
2005). In addition to being necessary for orientation, the LH simple 
site promotes RH activity. (Partridge et al., 2009). A framework known 
as a gene cassette, typically not detectable during integrations but 
becomes an essential part of the integron once integrated, connects 
the attC sites to a single ORF in most cases (Deng et al., 2015).

Gene cassettes

Gene cassettes are small movable components carrying a single 
gene, typically without a promoter or recombination site (attC). Gene 
cassettes are linear when integrated into the C1 integron but circular 
when left unintegrated or before site-specific insertion (Domingues 
et al., 2012). They can appear as a separate circular DNA molecule that 

FIGURE 1

Schematic representation of a class 1 integron. The basic integron platform consists of the following: intI, a gene for the integron integrase; Pc, an 
integron-carried promoter; attI, the integron-associated recombination site; and gene cassettes, sequentially inserted into an array via recombination 
between attI and the cassette associated-recombination sites, attC (Gillings, 2014; Ghaly et al., 2020a).
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cannot be maintained stable throughout cell division or as a linear 
DNA molecules formed when the free circular element is inserted into 
the integron in a particular orientation (Mazel, 2006). Prior research 
has shown that the structural nature of integrons usually lacks 
cassettes in the variable area (Deng et al., 2015).

Gene cassettes generally lack promoters, although having a coding 
sequence, which acts as the system’s mobile component, and the 
majority of cassettes encode resistance to a wide variety of antibiotics, 
with over 130 different antibiotic resistance genes identified to date 
through distinctive attC sites (Hall and Collis, 1995). Most antibiotic 
families, such as -lactams, rifampicin, etc., and antiseptics from the 
quaternary ammonium compound family, are resistant to such 
cassettes (Hall and Collis, 1995).

Site-specific insertion of gene cassettes 
into the integron

The integration of circular gene cassettes occurs by site-specific 
recombination between attI and attC, assisted by the integron integrase. 
The first resident gene cassette’s 5′ end should be the target of insertion. 
The attI site in the 5’-CS conserved segment of the integron and the 
attC site in the 3’-CS conserved segment of the integron are the two key 
recombination sites where the integrase interacts with each gene 
cassette. For four sites inside the attI site, IntI has a high binding affinity 
(Partridge et al., 2018). It also weakly binds to the cassette’s attC site 
(Holmes et al., 2003). This procedure is reversible, and cassettes can 
be removed as free circular DNA elements (Johansson, 2007). Insertion 
at the attI site enables the expression of an incoming cassette driven by 
the neighboring Pc promoter (Razavi et al., 2017). As a tool for genomic 
innovation, the integron system offers two significant benefits. The 
bacterial genome initially incorporates additional genetic material 
through a specialized recombination site (attI) that inhibits the 
breakdown of existing genes. Secondly, the integron promoter (Pc), via 
which the freshly integrated gene is expressed, triggers the beginning 
of natural selection. Any newly generated variants will consequently 
instantly activate genes resulting in beneficial phenotypes in a 
population of cells with integrons, each with a unique gene cassette 
(Michael et al., 2004).An additional site in front of a gene not formerly 
present on cassettes may result in site-specific recombination between 
the attI and this secondary site, trapping the gene. The acquisition of 
the attC site, which is most likely achieved by a second stage of 
recombination from an existing gene cassette, is required to create a 
full cassette containing the new gene. Almost any gene may become an 
integron, although secondary-site recombination is uncommon and 
less effective than primary-site recombination. Integrons are further 
classified into two classes based on the genomic context of those genes: 
chromosomal integrons, which are found inside the bacterial 
chromosome, and mobile integrons, which are associated to 
transposons (Antelo et al., 2021; Sandoval-Quintana et al., 2022).

Mobility of integron: spreading resistance 
genes on a global scale

Integrons have been reported to be widespread and found across 
clinical species, and their movement has been cited as a primary 
source of concern for clinical antibiotic resistance. Integrons are 

connected with mobile DNA elements (transposons or plasmids) and 
antibiotic-tolerance genes, despite their small array dimensions and 
considerable heterogeneity in the sequence of attC sites (Verraes et al., 
2013; Partridge et al., 2018). Although self-transposition is defective, 
existing integrons (mainly class 1 integrons) were thought to represent 
a potentially mobile genetic element. They’re typically seen on 
plasmids to aid conjugative transfer. They include mobile gene 
cassettes that can move to other integrons or secondary locations in 
the bacterial genome (Figure 2). Integrons may carry and propagate 
antibiotic tolerance genes, making them one of the most significant 
horizontal transfer pathways for transmitting tolerance/resistance 
genes across bacteria.

Integrons are a naturally occurring system of capturing and 
construction enabling microbes to incorporate gene cassettes and then 
correctly express them to transform them into functional proteins. 
Gene cassettes can be formed from various ORFs, and it is essential to 
understand how this process works. To allow for quick adaptability to 
selection pressure and hence boost the host’s overall fitness and 
advantage, integrons may be  able to interchange and stockpile 
functioning gene cassettes forever (Yu et al., 2013; Deng et al., 2015). 
Frequent gene cassette arrays in various integron types and their 
impact on antimicrobial tolerance in various species of bacteria is 
depicted in Table 1.

Furthermore, several reservoirs and genetic pools for integron, 
shared between bacteria, may be provided by mobile genetic elements, 
e.g., transposons, insertion sequences, etc. (Partridge et al., 2018). 
Integrons are essential for the spread and dispersion of genes 
associated with resistance. They transfer resistance genes to various 
drugs between bacteria (Deng et al., 2015). According to numerous 
findings on integrons from environmental microorganisms, including 
the high sequence diversity seen and the numerous functional 
products other than tolerance coded by these cassettes, integrons may 
have performed significantly in development and expansion for an 
extended period (Rendueles et al., 2018).

Horizontal gene transfer and integrons

The primary mechanism by which antibiotic resistance spreads is 
horizontal genetic transfer (Sundström, 1998). Antibiotic resistance 
genes can also be transmitted via a variety of other mechanisms. One 
of the most significant forces influencing the development of 
microorganisms is horizontal gene transfer, or the acquiring of foreign 
deoxyribonucleic acid by microbes (Il’ina, 2003). It frequently causes 
the emergence of antibiotic tolerance (Huddleston, 2014; Ma et al., 
2017). In clinical practice, most antimicrobial drugs come from or are 
derived from substances naturally found in the environment, 
primarily soil. Bacteria in the same domain as these compounds can 
pick up environmental genes for antibiotic tolerance. There is 
compelling evidence that this “environmental resistome” can be a rich 
source for acquiring antibiotic-tolerance genes in bacteria that are 
relevant to human health (Munita and Arias, 2016). This exchange of 
genetic material has been particularly linked to the spread of antibiotic 
tolerance to several widely used antibiotic drugs. The traditional 
methods by which bacteria acquire external genetic material are (i) 
transformation (the integration of bare DNA) (Venema, 1979; 
Johnston et al., 2014), (ii) transduction (mediated by phages) (Ozeki 
and Ikeda, 1968), and (iii) conjugation (Curtiss Iii, 1969). HGT, which 
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TABLE 1 Frequent gene cassette arrays in various integron types and their impact on antimicrobial tolerance in distinct species of bacteria (Sabbagh 
et al., 2021).

Bacteria Integrons Gene cassettes
Antibiotics associated 
with gene cassettes

References

Acinetobacter baumannii I, II blaCARB-2, aadA1, aadA2, aadB, dfrA1, dfrA7, dfrA1-

gcuF, dfrA1- aadA1, dfr17-aadA5, dfr12-gcuF-

aadA2, sat1.

Extended Spectrum Beta–

Lactamase, Aminoglycosides, 

Trimethoprim

Liu et al. (2014), Domingues 

et al. (2015), and Akrami et al. 

(2017)

Klebsiella spp. I, II, III blaCARB-2 blaGES-1, aadA, aadA1, aadB, dfrA1, dfrA7, 

dfrA1-gcuF, dfrA1- aadA1a, dfr17-aadA5, dfr12-

gcuFaadA2.

Extended Spectrum Beta- 

Lactamase, Trimethoprim, 

Aminoglycosides,

Wu et al. (2013) and Domingues 

et al. (2015)

Enterobacter spp I aadA1a, aadA2, dfrA7, dfrA1-aadA1a, dfr17-aadA5, 

dfr12-gcuF-aadA

Aminoglycosides, Trimethoprim Marathe et al. (2015)

Enterococcus faecalis I aadA1a, dfr12-gcuF-aadA2, dfrA1- sat1-aadA1. Aminoglycosides, Trimethoprim Sabbagh et al. (2017)

Pseudomonas aeruginosa I aadA2, aadB, dfr17-aadA5, dfr12-gcuF- aadA2. Aminoglycosides, Trimethoprim Ghaly et al. (2020a)

Staphylococcus aureus I aadA1, aadA2, dfr17-aadA5, dfr12- gcuF-aadA2, 

aacA4-cmlA1

Aminoglycosides, Trimethoprim, 

Chloramphenicol

Sow et al. (2010)

Escherichia coli I, II, III aadA1, aadA2, aadA5 aadB, dfrA1, dfrA5, dfrA7 

dfrA12, dfr14, dfrA17, dfrB2, dfrA1-gcuC, dfrA1-

aadA1, dfr17-aadA5, dfr12-gcuF-aadA2, dfrA1-

sat1-aadA1, dfrA1-sat2-aadA1, estX-sat2-aadA1, 

blaOXA-101-aac (6′)–Ib, ere2.

Aminoglycosides, Trimethoprim, 

Extended Spectrum 

BetaLactamase, Erythromycin.

Kadlec and Schwarz (2008) and 

Kargar et al. (2014)

Salmonella spp. I, II aadA, aadA1a, aadA2, aadA5, aadB, dfrA1, dfrA7, 

dfrA12, dfrA17, dfrA1- gcuF, dfrA1-aadA1a, dfr17-

aadA5, dfr12-gcuF-aadA2, blaCARB-2.

Aminoglycosides, Trimethoprim, 

Extended Spectrum 

BetaLactamase.

Antunes et al. (2006) and 

Domingues et al. (2015)
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FIGURE 2

Schematic representation of HGT mechanisms in bacteria and the general structure of an integron and gene cassette. (1) HGT mechanism 
(conjugation, transduction and transformation) in bacteria. (2) The genetic organization of the class 1 integron DNA sequence includes the integrase 
gene (IntI) and one cassette gene. While the cassette array is expressed from the PC promoter, the integrase is expressed from the Pint promoter. (3) 
The orientation of insertion of the following genomic cassettes (C2, C3) into the integron structure. It is believed that as a gene is moved further away 
from the PC promoter, its expression level within the cassettes will decrease (Racewicz et al., 2020).
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involves transformation, is by far the most straightforward. However, 
only a few clinically significant bacterial species can “naturally” 
incorporate bare DNA to evolve antibiotic tolerance. Conjugation, a 
reliable method of DNA transfer that includes cell-to-cell contact and 
is expected to happen often in the human intestinal tract undergoing 
antibiotic therapy, is a prevalent reason for tolerance in the hospital 
setting. Although direct chromosome-to-chromosome transfer has 
been widely characterized, conjugation typically uses Mobile Genetic 
Components (MGEs) to convey important genetic information 
(Nwosu, 2001). Plasmids and transposons are the two most important 
MGEs because they substantially contribute to developing and 
expanding antibiotic resistance in therapeutically relevant organisms. 
The most effective methods for assembling antimicrobial tolerance 
genes are integrons, site-specific recombination systems that can 
attract open reading frames within mobile gene cassettes. Integrons 
offer a powerful and relatively straightforward method for adding 
novel genes to bacterial chromosomes and the tools needed to monitor 
their expression. They also promote beneficial genetic exchange and 
are a significant force in the development of bacteria (Munita and 
Arias, 2016).

Integrons are a type of genetic component which allow exogenous 
genes to be  efficiently captured and expressed and transfer the 
resistance genes through transposons and plasmids into bacterial 
species, which can inhabit humans (Figure 3). Their contribution to 
the antibiotic resistance expansion, particularly among bacteria, is 
well established. (Boucher et  al., 2007). However, it is clear that 
integrons have a long evolutionary history dating back to their 

discovery in clinical settings and are a typical component of bacterial 
genomes. Integrons have been found in many habitats, can transfer 
between different species and lineages throughout evolutionary 
history, and can access a sizable number of new genes whose roles are 
primarily unknown. Integrons are much more significant than just 
being a characteristic of infections resistant to antibiotics, as evidenced 
by their function in bacterial adaptability and genome development 
in natural settings (Boucher et al., 2007).

Human integron-antibiotic resistance gene 
cassettes: a rising threat

The resistance to antibiotics by microbe’s accounts for thousands 
of human deaths annually on a global scale and is continually 
increasing as a major threat to humans. Predictably, all the sections of 
researchers initiate the fight against antibiotic resistance, be it clinical 
settings, communities, or even agricultural systems, targeted to lower 
the prevention and transmission of antibiotic tolerance from one 
interface to another. To overcome this issue, several researchers have 
suggested initiating a “One-Health approach” to have a holistic 
viewpoint on antibiotic resistance at the level of animals, including 
humans, and dissemination patterns or routes in the environment 
(Collignon, 2013; So et al., 2015; Figure 4). Immense variability in 
genetic makeup, the higher opportunity for mutations, gene 
rearrangements, and horizontal gene transfer in microbes result in the 
higher establishment of microbial tolerance. These resistance genes are 

Mobile gene cassettes

Clinical class 1
integron

from diverse species

Captured by transposons
forms hybrid high mobility
integron

Hybrid high mobility integrons targeted the res sites of plasmids,
transposing the whole hybrid molecule into a diverse collection
of plasmids.

Promoting the mobility of integrons
to different bacterial species by
conjugation

1.

2.

3.

Integron
With

Conjugative plasmid

Independent
acquisitions
resulted in the
accumulation of
genes for resistance in
the human beings by
horizontal gene transfer

4.

5.

6.

• Livestock microbiomes
• Food industry associated microbes
• Soil microbe communities
• Water microorganisms

Integron conjugative
plasmid

FIGURE 3

Pictorial representation of integron-aided AMRs to humans: (1) transposons capture integron gene cassettes to yield high mobility integrons that target 
res sites of plasmids. (2). These plasmids, in turn, promote the mobility of acquired integrons into diverse bacterial species. (3). The acquisitions of 
resistant genes are transferred to humans through horizontal gene transfer.
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FIGURE 4

Dissemination and evolution of AMRs- the left side of the figure shows the routes through which antimicrobial resistance is developed and transmitted 
to different levels. Environmental habitats such as rivers, streams, and agricultural settings play a critical role in acquiring additional AMRs mainly 
disseminated by humans. The right panel of the figure shows the significance of the ‘One Health Approach’ in addressing the systematic assessment 
and clinical measures to control the AMRs, most especially by using integrons.

mobilized by mobile genetic factors, e.g., integrons. They are found in 
diverse habitats carried by various species of bacteria (Cury et al., 
2016; Ghaly et al., 2019; Antelo et al., 2021; Dias et al., 2021). For 
instance, Dias et al. (2021) employed deep sequencing to explore the 
integron gene cassettes through studies of intI-attC amplicons. 
Integrons harboring antimicrobial resistance are critical in 
disseminating AMR genes through horizontal transfer via transposons 
and plasmids to develop multi-resistance (Roe et al., 2003; Gaze et al., 
2013). The importance of tracing the resistome in colonizing the 
human gastrointestinal tract and cattle was investigated by the “One 
Health” approach, Chainier et al. (2017) by employing integrons as 
instrumental tools to assess the AMR carriage. The “One-Health 
approach” approach aims to promote the investigation of AMR 
dissemination through the integration of human health in conjunction 
with other animals (Chainier et al., 2017). Human feces samples are 
submitted to a high-throughput sequencing-based metagenomic 
analysis to study the prevalence and range of AMRs (Zhang et al., 
2011; Ma et al., 2014, 2016).

Moreover, culture-dependent and culture-independent 
approaches are employed in checking the dissemination and 
surveillance of AMR (Chainier et  al., 2017). Since integrons have 
remarkably evolved as potential markers to identify the AMRs in 
human digestive carriages, it is reported that integrons coding 
antibiotic resistance genes are copiously reported in commensal E. coli 
from human hosts on antibiotics doses (Kheiri and Akhtari, 2016).

Class 1 integrons are found most commonly out of all the 
different types of integrons. Several studies suggest that integrons 
are detected in various phyla such as Actinobacteriota, 
Acidobacteriota, Cyanobacteria, Bacteroidota, Chloroflexota, 
Firmicutes, Campylobacterota, Chrysiogenetota, Desulfobacterota, 
Gemmatimonadota, Proteobacteria, Planctomycetota, Spirochaetota, 
and Verrucomicrobiota (Cury et  al., 2016; Parks et  al., 2018; 
Table 2).

Class 1 integron is the most abundant and clinically significant. 
Class 1 integrons are crucial in disseminating AMR genes due to their 
higher mobility, distribution, and abundance than class 2 and 3 
(Table 3; Gillings et al., 2008; Ghaly et al., 2021b). The present research 
on integrons has been on class 1 integrons, with gram-negative 
bacteria being the primary importance. The earliest multidrug 
resistance plasmids identified in the 1950s contained class-1 MIs. 
Latest research has shown that a significant proportion of isolates of 
Acinetobacter baumanii, Pseudomonas aeruginosa, E. coli, and 
Klebsiella pneumoniae have class 1 integrons (Cambray et al., 2010).

The clinical class 1 integron-integrase gene, intI1, is a good 
indicator of pollution because: (1) it is connected to genes that confer 
resistance to antibiotics, disinfectants, and heavy metals; (2) it is found 
in a wide range of pathogenic and nonpathogenic bacteria; (3) its 
abundance can change quickly because its host cells can have quick 
generation times; and (4) a single DNA sequence can measure the 
relative abundance of multiple bacteria (Gillings et al., 2015).
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TABLE 2 Class 1 integron incidence and predominance of Gram-positive and Gram-negative microbial species (Deng et al., 2015).

Gram-negative 
bacterial strain

Class 1 Integron prevalence and 
the wide range of gene cassettes

Sampling References

Vibrio cholera 44/176; aadB-aadA2-blaP1-dfrA1-dfrA15 Thailand Dalsgaard et al. (2000)

Pseudomonas aeruginosa 45.8% (54/118) Preliminary study in Guangzhou, China Xu et al. (2009)

Burkholderia 29.4% (5/17); oxa-aac (6′-1a) Ireland Crowley et al. (2002)

Campylobacter 62/378 Ireland Shin et al. (2015)

Escherichia coli 59.5% (355/597) South Thailand Vinué et al. (2008)

Escherichia coli Preliminary study in Guangzhou, China Xu et al. (2011b)

Serratia 1/30; aacC1-ORFX-ORFY-aadA1 Canada Crowley et al. (2008)

Salmonella 36.2% (34/94); aadA2-bla (PSE-1) (61.76% 21/34); 

aadA1-aadA2-bla (PSE-1) (38.23%,13/34)

Animals, Japan Ahmed et al. (2006)

Stenotrophomonas maltophilia 22% (20/93) Kaohsiung Medical University Chang et al. (2004)

Salmonella enteritidis 11.9% (59) Taiwan Huang et al. (2013)

Aeromonas 16/41 (39.02%); dfrA15-cmlA4-aadA2 Hidalgo, Mexico Pérez-Valdespino et al. (2009)

Enterobacteriaceae 50/226 Addenbrooke’s Hospital Machado et al. (2008)

Escherichia coli 4/32 (12.5%); sat-1-aadA Meat and meat products, Norway Sunde (2005)

Klebsiella Pneumoniae 18/26 Bloodstream infections Xu et al. (2011a)

Shigella EstX-aadA1 (3.85%, 1/26) Hiroshima prefecture, Japan; 2000–2004 Ahmed et al. (2006)

Pseudomonas aeruginosa High prevalence Iran Shahcheraghi et al. (2010)

TABLE 3 Class 2, 3, and 4 integron incidence and predominance in Gram-positive and Gram-negative microbial species (Deng et al., 2015).

Class 2 integrons

Bacterial strain
Integron prevalence and the wide range 
of gene cassettes

Sampling References

Escherichia coli 7.4% (31/417); dfrA1-sat2-aadA1 (77.4%, 24/31), estX-sat2-

aadA1 (19.4%, 6/31) and estX-sat2-△aadA1 (3.2%, 1/31)

BfT-GermVet monitoring study, Germany, 2004–

2006

Kadlec and Schwarz (2008)

Enterobacteriaceae 34.9% (52/149); II2 (Tn7), III2 (estX-sat2-aadA1-orfX, most 

widely distributed) and IV2 (aadA1, first reported)

E. coli and K. pneumoniae strains from swine and 

chickens, Portugal

Machado et al. (2008)

Escherichia coli One out of 322 Irrigation water and associated sediments, El Paso, 

Presidio and Weslaco

Roe et al. (2003)

Escherichia coli 3.0% (3/100) Spain Vinué et al. (2008)

Escherichia coli 3.6% (4/111); dfrA1-sat1-aadA1 The preliminary study, Guangzhou, China Su et al. (2006)

Coliforms 2.7% (5/183) Rivers in the northern region of Turkey Ozgumus et al. (2009)

Pseudomonas 

aeruginosa

19.5% (23/118); dfrA1-sat1-aadA1, first report of class 2 

integron in this species of bacteria

A preliminary study, Guangzhou, China Xu et al. (2009)

S. enteritidis 4.3%; estX-sat2-aadA1 Poultry samples, Japan Ahmed et al. (2005)

S. enterica 85 contemporary multidrug resistants D-Tartrate-Positive 

isolates; dfrA1-sat1-aadA1

S. enterica Serovar Paratyphi B isolates Germany, 

1995–2001

Miko et al. (2003)

S. sonneii 93% (2/43) Senegal adults diagnosed with diarrhea Gassama-Sow et al. (2006)

Shigella flexneri 100% (58/58); dfrA1-sat1-aadA1 Samples of stool from people suffering from 

sporadic diarrhea, China, 2005–2006

Zhu et al. (2011)

E. faecalis Two strains harboring class 1 and 2 integrons; dfrA1-sat1-

aadA1, first evidence of class 2 integron in G+ bacteria

A preliminary study, Guangzhou, China Xu et al. (2010)

Class 3 integrons

Escherichia coli ges1/oxa10:aac (6) Switzerland

Serratia marcescens imp1/aacA4 Japan Collis et al. (2002)

Klebsiella pneumoniae ges1/oxa10: aacA4 Portugal’s critical care unit patient’s urine Ploy et al. (2003)

Class 4 integrons

Vibrio cholerae Collection de I’Institut Pasteur (CIP) Shibata et al. (2003) and 

Poirel et al. (2010)

V. metschnikovii Shibata et al. (2003)
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Integrons gene cassettes evolve antimicrobial resistance in 
primary clinical settings (Zhu et al., 2017; Ghaly et al., 2020b). These 
cassettes connected to integrons have been gathered from various 
genomes from different microbial environments. Despite claims to the 
contrary, it is believed that not all resistance genes found in microbial 
systems are represented by the resistance cassettes found in integrons 
and relatively encode resistance genes coding for nucleotidyl 
transferases, acetyltransferases, and β-lactamases (Partridge et  al., 
2018). Systematic screening of integron cassettes, which encode novel 
virulence, antimicrobial-resistance mechanisms, and pathogenicity, 
unravels the mechanism of invasion and colonization in human hosts 
(Bengtsson-Palme et al., 2018). For instance, Oliver et al. (2015) stated 
that integrons are essential in evolving antibiotic tolerance in 
P. aeruginosa, an opportunistic human pathogenic microbe.

Similarly, Class 4 integron was initially discovered in specific Vibrio 
cholerae chromosomes as a special form of integron. Additionally, it 
was a part of γ-proteobacterial genomes (Sabbagh et al., 2021). Class 4 
integrons have also been a significant source of antibiotic tolerance and 
bacterial genome development (Poirel et al., 2018). Class 1 integrons 
were discovered in 1989 and predominate, especially in clinical 
contexts (Bush and Bradford, 2020; Ghaly et al., 2021a). Complete 
integrons are not self-moving components in and of themselves.

Furthermore, resistant integrons share many characteristics, 
including their ability to move, short cassette arrangements, and 
usually carrying only antibiotic-tolerance genes. On the other hand, 
these shared characteristics have not inherited traits of integron 
ancestors but rather the outcome of strong selection pressure during 
human antibiotic usage. Given the growing issue of antibiotic 
resistance, understand how bacteria evolve antibiotic resistance. The 
bulk of gene cassettes containing genes for antibiotic tolerance is 
acquired, reorganized, and expressed using mobile integrons (MIs), 
standard components (Qadri et al., 2021; Souque et al., 2021; Sheikh 
et al., 2021c). These elements, commonly coupled with transposons 
and conjugative plasmids, have aided pathogenic bacteria to 
evolve resistance.

Genetic platforms aid the molecular mechanism regarding the 
integron-mediated shuffling of antibiotic-tolerance genes. For 
instance, it has been demonstrated that constitutive amplification of 
the integrase enzyme speeds up the emergence of chloramphenicol 
tolerance by causing the deletion of cassettes between Pc and the 
resistance cassette and the development of co-integrates among copies 
of the integron (Barraud and Ploy, 2015). Molecular studies revealed 
that carbapenem resistance in P. aeruginosa is known to be  a 
significant threat globally by the world health organization (WHO) 
and is set as an ‘extremely significant for scientists to develop novel 
antibiotic agents (San Millan et al., 2015). Specific reports suggest that 
integrons such as IntI1 catalysis of cassette insertion depend on 
specific factors (Vit et al., 2021). For instance, in Vibrio cholerae, the 
endogenous IntI was inactive in other bacterial hosts, proving the role 
of host factors needed for integron integrases (Vit et al., 2021).

Integrons as genetic markers to provide an 
estimation of antimicrobial resistance 
dissemination

AMR is a serious health problem for humans and animals, and it 
is spread over various environmental environments. It is believed to 

be  a continuing phenomenon that will pose severe threats to all 
dimensions of life, including animals, humans, and other organisms 
found environment. It is emerging as the prime focus of an 
investigation by scientific communities around the globe. The key 
player in antibiotic tolerance/resistance genes is integrons, which are 
promoter-less genetic factors carried from one pathogen to another 
(Cambray et al., 2010). To initiate a broad-spectrum approach, there 
is an urgent need to evolve methods to detect antibiotic resistance 
timely. Forefront to tackle these issues, a conjoint approach such as the 
“One Health approach” relies on integrated surveillance based on 
analysis of food, veterinary disease, public health, and the environment 
(Sikkema and Koopmans, 2016).

Regarding recent studies, integrons are potentially employed as 
molecular markers to deliver an exact, reliable estimation of AMR 
dissemination across diverse habitats. Integrons are pivotal potential 
biomarkers currently employed to identify microbes harboring AMR 
against a range of antibiotics/drugs (Figure 5). For instance, analysis 
of integron-associated gene cassettes by targeted sequencing validated 
the role of integrons to identify the diversity of AMRs from complex 
microbial communities (Ghaly et al., 2020b). Reports suggest that 
integrons strongly provide a reliable and complete assessment of AMR 
expansion (Amos et al., 2015; Gillings et al., 2015). As mentioned in 
the introduction, integrons are of three main classes, viz., grossly 
involved in AMR spread. In particular, they are strongly linked to 
gram-negative bacteria (GNB) multidrug tolerance/resistance 
(Leverstein-van Hall et al., 2003; Barraud et al., 2014).

The class 1 integron is majorly found in humans and animals, 
whereas class 3 is found in samples collected from diverse 
environments (Tchuinte et al., 2016). Class 1 integrons mediate lateral 
transfer of DNA in-between pathogenic and commensal bacteria and 
thus accumulate antibiotic resistance genes in humans relying on the 
consumption of antibiotics. For example, in Betaproteobacteria based, 
class 1 integrons intersect the human food chains and can move 
between different locations among other bacterial species (Gillings 
et al., 2008). Moreover, Chainier et al. (2017) assessed the carriage of 
GNB in human and cattle samples by using the “One Health” approach 
based on cultivation-independent and cultivation-dependent 
approaches to check for the existence of integrons. They found class 1 
integrons as expected, followed by class 2, with class 3 being more 
common in cattle than humans (Chainier et al., 2017). The study by 
Gianluca Corno et al., which examined a freshwater system of a lake–
river–lake continuum, showed that class 1 integrons are a good proxy 
for anthropogenic pollution. They also suggest that this genetic 
platform is a significant driver of aminoglycoside resistance genes, 
including high-risk ARGs, a grave concern for human health (Corno 
et al., 2023).

Similarly, Barraud et al. recently reported the potential of 
integrons as predictive biomarkers for identifying antibiotic 
resistance in acute sepsis conditions (Barraud et  al., 2022). In 
conjunction with previous reports, the study suggests integrons as a 
successful predictive marker for acquired antibiotic resistance 
through the direction in GNB-positive blood cultures (Barraud 
et  al., 2014). Azizi et  al. (2021) evaluated the identification and 
classification of integrons (class 1, 2, and 3) in strains of 
Acinetobacter baumannii, posing a severe problem for public health 
in Iran. The finding identified class 1 integrons are predictive 
biomarkers to validate the existence of MDR phenotypes in the 
clinical situation. Earlier, PCR-based amplification in Southern 
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Taiwan identified class 1 integrons associated with resistance gene 
cassettes in Pseudomonas aeruginosa (Hsiao et al., 2014). De Paula 
et al. (2018) identified 40 resistance markers of clinical relevance to 
humans by subjecting the metagenomic samples to PCR 
amplification using markers specific to class 1, 2, and 3 integrons. 
They identified resistance markers against antibiotic agents like, 
sulfonamide, and quinolones.

Conclusion and future perspectives

The serious global issue of AMR has put immense health-related 
pressure on humans and forced specialists to devise strategies to cope 
with resistance mechanisms evolved by microorganisms. Amid the 
heavy flow of resistance mechanisms from the environment to humans 
or vice versa, integrons have played a pivotal part in worsening the 
growth of tolerance through the expression and interchange of 
tolerance gene cassettes among different species of bacteria. The last 
decade has revealed the natural face of integrons and their 
development as the enquiring spectacle of curious clinical distress. 
These segments of microbial DNA are diverse in their existence and 
mechanisms and are reported to generate novel microbial genomes 
that trigger AMR dissemination and complexity. As explained, this 
immense health importance of integrons prompted us to provide a 
holistic view of AMRs with special reference to antibiotic resistance, 
its dissemination, and mobility through integrons. We propose that 
understanding the structure, functions, mechanism of AMR 
dissemination, and diversity of microbes identified through integrons 
will speed up our efforts to overcome AMR globally. As a result, 
successful mitigation techniques for AMR in humans and the 
environment are grossly limited due to a poor understanding of 
integron diversity, its dissemination mechanism, cross-mobility, and 

complexity. Moreover, we propose the following strategies to combat 
the microbial resistance mechanism:

 • In-depth understanding of molecular structure and functions of 
integrons by in-silco analysis.

 • In-depth investigation of integron evolution mechanism that 
drives the acquisition of AMR gene cassettes.

 • Decrease the routes through which the resistant bacterial species 
contaminate humans.

 • Reduce a load of antibiotics on the microbial pathogens to avoid 
selection pressure.

 • Enumerate the realistic data on antibiotic resistance genes among 
major environmental habitats such as rivers, agricultural fields, 
hospitals, communities, etc.

Timely intervention accounting for mobile resistance gene 
evolution and mobility will prevent the devastating emergence of 
microbial resistance species threatening humans throughout the 
globe. We believe rising novel resistance genes in diverse microbial 
habitats through integrons would further hinder our efforts to devise 
treatment strategies, such as targeting integrons by antibiotics with 
adjuvants to inhibit SOS response. Development of new synthetic as 
well nature-based antimicrobials to combat the AMR (Chakravorty 
et al., 2020; Terreni et al., 2021; Bhat et al., 2022a,b; Mir et al., 2022a,b; 
Ashraf et al., 2023). At the end of 2020, there were 43 antibiotics in 
clinical development, of which, 15 were Phase I, 13 in Phase II, and 
13 in Phase III to combat AMR. They include tetracycline derivatives 
(eravacycline), fourth generation fluoroquinolones (delafloxacin), new 
combinations between one β-lactam and one β-lactamase inhibitor 
(meropenem and vaborbactam), siderophore cephalosporins 
(cefiderocol), new aminoglycosides (plazomicin), and agents in 
development for treating drug resistant TB (pretomanid) (Terreni 

FIGURE 5

An overview showing the pivotal potential of integrons as biomarkers for the identification of AMR against a range of antibiotics/drugs.
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et  al., 2021). Our review further bolsters the idea that successful 
therapeutic plans should focus on integrons, merging antibiotics with 
additives that restrict integrase function by suppressing the SOS 
response, favoring resistant bacterial species (Hocquet et al., 2012), 
limiting the selective pressure on the evolution of integrons. 
Furthermore, If we successfully manage integron and cassette creation, 
we may be able to create new biochemical routes for antimicrobial 
resistance employing integrons as a base to identify new enzymes. To 
effectively treat patients and employ antibiotics, it is helpful to 
be aware of the existence of integrons and gene cassettes.
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Staphylococcus aureus (S. aureus) is an important zoonotic pathogen that 
causes a high incidence rate and mortality worldwide. This study investigated 
the prevalence of methicillin-resistant Staphylococcus aureus (MRSA) strains in 
a tertiary A hospital in Shanxi Province, China, in order to determine the major 
epidemic clones as well as their antibiotic resistance and virulence characteristics. 
A total of 212 S. aureus strains were collected in this hospital, and were subjected to 
antimicrobial susceptibility testing, detection of virulence genes, resistance genes, 
and efflux pump genes. Among them, 38 MRSA strains were further subjected 
to detection of biofilm genes, assessment of biofilm formation ability, MLST, spa 
typing, SCCmec typing, and phylogenetic analysis. The majority of S. aureus strains 
came from the neonatology department, with secretions and purulent fluid being 
the main source of samples. The strains showed high resistance to penicillin 
(98.11%), erythromycin (64.62%) and clindamycin (59.91%), while being sensitive to 
vancomycin and linezolid. The detection rates of efflux pump genes and resistance 
genes were high, and there was a significant correlation between resistance gene 
types and phenotypes, with mecA showing a close correlation with oxacillin. 
The detection rates of virulence genes and the toxin gene profiles of MSSA and 
MRSA strains showed significant differences. And the detection rate of biofilm 
genes in MRSA strains was relatively high, with 13.16% of MRSA strains showing 
strong biofilm formation ability. The most common epidemic clone of MRSA 
was ST59-SCCmecIV-t437, followed by ST59-SCCmecV-t437. The former had a 
higher detection rate of resistance genes and a stronger biofilm formation ability, 
while the latter had a higher positive rate for pvl gene and stronger pathogenicity, 
making it more likely to cause systemic infections. Phylogenetic analysis showed 
that all MRSA strains in this study clustered into three major branches, with 
distinct differences in antibiotic resistance and virulence characteristics among 
the branches. ST59-MRSA strains from different species showed consistency and 
inter-species transmission, but there were differences among ST59-MRSA strains 
from different geographical locations. In general, most MSSA and MRSA strains 
exhibited multidrug resistance and carried multiple resistance genes, virulence 
genes, and biofilm formation genes, warranting further research to elucidate the 
mechanisms of drug resistance and pathogenesis.
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1. Introduction

Staphylococcus aureus (S. aureus) is a widely distributed Gram-
positive pathogenic bacterium that gets its name from the yellow 
grape-like colonies on culture media (Algammal et  al., 2020b). It 
colonizes various parts of the human body, such as the nasal cavity, 
skin, throat, and digestive system, and is a major cause of endocarditis, 
bacteremia, osteomyelitis, and skin and soft tissue infections (Turner 
et al., 2019). The pathogenicity of S. aureus primarily stems from the 
production of exotoxins, including paton-valentine leukocidin (PVL), 
hemolysins, staphylococcal enterotoxins (SEs), adhesins, exfoliative 
toxins, etc., which enter the host’s body and cause disease through 
adhesion and invasion (Oliveira et  al., 2018). SEs are the most 
common exotoxins and include sea-see, seg-sej, sel-seq, ser-set, selk-
selq, selu-selx; they can disrupt intestinal functions and lead to food 
poisoning, often causing clinical symptoms of nausea, vomiting, 
abdominal pain, and diarrhea. PVL is mainly composed of two 
proteins encoded by the lukS-PV and lukF-PV genes, and it targets 
phagocytes, lymphocytes and natural killer cells, causing skin and soft 
tissue infections and severe necrotizing pneumonia (Bennett and 
Thomsen, 2020).

Due to the high pathogenicity of S. aureus, antibiotics have been 
widely used in clinical practice to treat S. aureus infections. However, 
just 2 years after the introduction of methicillin, methicillin-resistant 
Staphylococcus aureus (MRSA) emerged (Barber, 1961). Since then, 
MRSA strains have spread extensively in countries such as Europe and 
America, transitioning from hospitals to communities. MRSA has 
become an important pathogen causing both hospital-acquired and 
community-acquired infections and has evolved to some strains 
which develop resistance to virtually all clinically available antibiotics 
(Mlynarczyk-Bonikowska et al., 2022). MRSA is resistant to almost all 
β-lactam antibiotics, mainly due to the acquisition of a resistant 
genomic island called staphylococcal cassette chromosome (SCC) 
element carrying the mecA/mecC gene (SCCmec). The SCCmec 
element is a mobile genetic element that inserts into the chromosome 
of susceptible strains, resulting in the production of penicillin-binding 
protein (PBP2a/2c) and significantly reducing their affinity for 
β-lactam antibiotics, thus conferring resistance (Yamaguchi et  al., 
2020). Additionally, multidrug-resistant MRSA strains have acquired 
numerous resistance genes, which further enhance their resistance 
complexity and can be  transmitted between different strains and 
species through mobile elements (Monaco et al., 2017).

As the understanding of the constantly changing epidemiology of 
MRSA increases, there is a need for rapid and reliable methods to 
characterize isolates to aid in investigating clone dissemination. The 
main methods for MRSA genotyping include pulsed field gel 
electrophoresis (PFGE), multilocus sequence typing (MLST), SCCmec 
typing, and spa typing. PFGE typing has high resolution, stable and 
reproducible results, and can effectively reflect the correlation between 
bacterial genotype and epidemiology. It is considered the “gold 
standard” for bacterial genotyping (He and Reed, 2020). MLST is 
based on the differences in seven housekeeping genes of S. aureus. 
This technique has high accuracy, good reproducibility, and allows 
typing results to be uploaded to public databases for data sharing and 
comparison, which is important for understanding strain 
epidemiological characteristics and genetic evolutionary relationships 
(Liu and Ji, 2020). SCCmec typing is based on the differences in mec 
gene complex and cassette chromosome recombinase (ccr) gene 

complex. It has been certified by the international working group on 
classification of SCC components and is divided into 14 types, 
SCCmec I - SCCmec XIV (Uehara, 2022). spa typing is a sequencing 
typing method based on the polymorphism of the X region sequence 
of spa gene, which encodes staphylococcal protein A. This method is 
fast, reproducible, and has high resolution, indicating both micro and 
macro variations, making it suitable for local and global 
epidemiological studies (Wang, 2020).

MRSA strains exhibit genetic diversity, and the main feature of 
their molecular epidemiology is the continuous emergence of 
regionally prevalent strains. The prevalence, drug resistance 
characteristics, virulence characteristics, and epidemic clones of 
MRSA vary in different regions and change over time. However, there 
were few reports on the molecular epidemiological characteristics of 
MRSA in Shanxi Province, China. Therefore, this study focused on 
212 strains of S. aureus isolated from a tertiary A hospital in Shanxi 
Province. We  investigated the colonization and departmental 
distribution of the strains, tested their resistance to commonly used 
clinical antibiotics, as well as the carriage rate of resistance genes, 
efflux pump genes and virulence genes. Molecular genetic methods 
such as SCCmec typing, MLST, spa typing, and whole-genome 
sequencing were used to genotype the MRSA isolates from different 
sources and perform comparative genomic analysis. This study 
provided initial insights into the prevalence characteristics, drug 
resistance, and genetic polymorphism of healthcare-associated MRSA 
in Shanxi Province, revealing the molecular features and evolutionary 
relationships of MRSA strains. It also provided a theoretical basis for 
the clinical treatment of MRSA infections and technical support for 
the tracking of healthcare-associated MRSA infections.

2. Materials and methods

2.1. Sample collection and strain isolation

From May 2021 to October 2022, a total of 212 non-duplicate 
strains of S. aureus were collected and isolated from a tertiary A 
hospital in Shanxi Province. S. aureus isolates were recovered from 
inpatients and outpatients who had cough, fever, skin abscess, and 
other clinical symptoms related to infection. These strains included all 
the isolates of S. aureus obtained from patients during this period at 
this hospital. The identification of the strains was performed using 
matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (MALDI-TOF/TOF) technology. The resistance to 
oxacillin was determined through antibiotic susceptibility testing, and 
the presence of the mecA gene was confirmed by PCR, identifying 38 
strains as MRSA. This study was approved by the Ethics Committee 
of Fenyang College, Shanxi Medical University. Being a retrospective 
study, informed consent was not required.

2.2. Antibiotic susceptibility testing

All strains were subjected to antimicrobial susceptibility testing 
according to the methods recommended by the Clinical and 
Laboratory Standards Institute (CLSI, 2015). The VITEK2-compact 
automated antimicrobial susceptibility analyzer was used to determine 
the minimum inhibitory concentrations of the strains against 12 
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antibiotics, including penicllin (10 U), erythromycin (15 μg), 
clindamycin (2 μg), oxacillin (1 μg), sulfamethoxazole (25 μg), 
tetracycline (30 μg), gentamicin (10 μg), levofloxacin (5 μg), rifampicin 
(5 μg), nitrofurantoin (300 μg), vancomycin (30 μg), linezolid (30 μg). 
ATCC29213 was used as the quality control strain.

2.3. Detection of resistance genes, 
virulence genes, and biofilm-related genes

PCR was performed to detect the positive rates of various genes, 
including 8 efflux pump genes (Zhang Hang et al., 2019), 17 resistance 
genes (Merlino et al., 2002; Chen Cheng et al., 2020), 22 virulence 
genes (Brakstad et al., 1992; Chen Cheng et al., 2020), and 11 biofilm-
related genes (Waryah et al., 2016). The primers and PCR programs 
for amplification of the relevant genes were performed according to 
the primer sequences and PCR procedures listed in 
Supplementary Table S1. After the reaction, 6 × DNA loading buffer 
was added to the PCR products, and 20 μL of the mixture was loaded 
onto a 1.5% agarose gel for electrophoresis at 110 V for 40 min. The gel 
was visualized and images were captured using a UV gel imaging 
system. The positive rates of each gene were calculated.

2.4. Biofilm formation assay

100 μL of the MRSA strains, stored at −80°C, were added to 10 mL 
of TSB medium and incubated at 37°C with shaking at 220 rpm for 
12 h. Then, 100 μL of the cultured bacterial suspension was added to 
10 mL of 0.5% TSBG medium and mixed well. Next, 200 μL of the 
bacterial suspension was added to each well of a 96-well plate, with 
each strain occupying 5 wells. The plate was then incubated at 37°C 
for 24 h. After incubation, the liquid and planktonic bacteria were 
discarded by adding 200 μL of PBS buffer to each well and washing it 
three times. The wells were then stained with 100 μL of crystal violet 
dye and incubated for 30 min. After removing the dye, each well was 
washed three times with 200 μL of PBS buffer. Finally, 200 μL of 95% 
ethanol was added to each well, and the optical density at 560 nm was 
measured within 30 min. TSBG medium served as the negative 
control, and the critical optical density value was defined as ODc 
(mean OD of the negative control plus three times its standard 
deviation). The ability to form biofilms was classified into four 
categories: OD ≤ ODc, no biofilm formation (−); ODc<OD ≤ 2ODc, 
weak biofilm formation (+); 2ODc<OD ≤ 4ODc, moderate biofilm 
formation (++); 4ODc<OD, strong biofilm formation (+++).

2.5. Whole-genome sequencing and 
comparative genomics analysis

The genomes of a total of 38 MRSA strains were sequenced at the 
Beijing Genomics Institute (BGI, Shenzhen, China) using a PacBio 
Sequel II and DNBSEQ platform. The PacBio platform utilized four 
SMRT cells Zero-Mode Waveguide arrays for sequencing, and the 
resulting subreads set was generated. Subreads were repaired and the 
Canu program was employed for self-correction.

The assembled contigs were used for molecular typing, including 
MLST, spa-typing and SCCmec typing. These typings were predicted 

using the Center for Genomic Epidemiology website.1 For function 
annotation, the WGS data was annotated some databases, including 
VFDB (for virulence genes) (Chen et al., 2016), ARDB, CARD (for 
resistance genes) (Alcock et al., 2020) and COG (Galperin et al., 2015). 
Analyze the Core/Pan genes of all MRSA strains, as well as the COG 
functions of these genes. Cluster these strains based on Core/Pan 
genes, and construct the phylogenetic tree using the TreeBeST with 
the NJ method. Then 20 strains of ST59 MRSA strains were selected 
from NCBI, and these strains were compared with ST59 strains in this 
study to build a phylogenetic tree. The production and processing of 
images, such as heat maps, box plots, phylogenetic trees and so on, 
have been utilized on the chiplot online website.2

2.6. Statistical analyses

Statistical analyses were performed using Graphpad Pism 9.5 for 
Windows. Chi-squared test was used for rate analysis, and Pearson 
correlation test was used for consistency analysis. The p < 0.05 was 
considered to indicate statistical significance. *p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001; ****p ≤ 0.0001.

3. Results

3.1. Sample source and department 
distribution of Staphylococcus aureus

A total of 38 out of the 212 identified S. aureus strains were 
confirmed to be MRSA (Table 1). These strains were sourced from 
various departments, with both methicillin-susceptible S. aureus 
(MSSA) and MRSA mainly originating from the neonatology 
department (31/174, 17.82%; 9/38, 23.68%). For MSSA, children 
(53/174, 30.46%), middle-aged individuals (59/174, 33.91%), and the 
elderly (54/174, 31.03%) were the predominant affected populations. 
On the other hand, MRSA primarily affected children (19/38, 50.00%) 
and the elderly (10/38, 26.32%). The main sources of the strains were 
secretions and purulent fluid, with 23 and 11 MRSA cases originating 
from secretions and purulent fluid, respectively. The remaining 4 cases 
were from sputum, throat swabs, vaginal swabs, and tissue samples. 
Statistical analysis showed significant differences in age and sample 
type, in addition to gender and department distribution. Detailed 
information on the MRSA strains can be  found in 
Supplementary Table S2.

3.2. The drug resistance characteristics of 
Staphylococcus aureus isolates

In this study, S. aureus exhibited high resistance rates to penicillin 
(208/212, 98.11%), erythromycin (137/212, 64.62%), and clindamycin 
(127/212, 59.91%). It showed sensitivity to vancomycin and linezolid. 
Oxacillin, sulfamethoxazole, tetracycline, gentamicin, levofloxacin, 

1 https://cge.cbs.dtu.dk/services

2 https://www.chiplot.online/
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rifampicin, and nitrofurantoin demonstrated good activity against 
S. aureus, with resistance rates ranging from 0.5 to 17% (Figure 1A). 
Multiple drug resistance was observed in 57.47% of the MSSA strains 
and 81.58% of the MRSA strains. One MSSA strain exhibited resistance 
to all seven antibiotics tested, while 26/38 MRSA strains demonstrated 
resistance to four or five antibiotics (Figure 1B). Detection of efflux 
pump genes revealed high detection rates for all genes except qacA/B 
and smr, which were not detected in MRSA strains. The detection rates 
for norA, norB, norC, mepA, and mdeA genes in MRSA strains were 
100%, slightly higher than their detection rates in MSSA strains 
(Figure 1C). The most common efflux pump gene profile in all strains 
was norA-norB-norC-sepA-mepA-mdeA (120/212, 56.60%). Detection 
of resistance genes showed that among the 37 oxacillin-resistant strains, 
24 were mecA-positive, while one strain was sensitive to oxacillin but 
tested positive for the mecA gene. In all strains, quinolone-related genes 
gyrA and grlA (174/174, 100%; 32/38, 84.21%), and β-lactam-related 
gene blaZ (142/174, 81.61%; 31/38, 81.58%) exhibited the highest 
detection rates. But tet(O) and mecC were not detected in any of the 
strains (Figure 1D). The most common resistance gene profile in all 
strains was blaZ-ermC-gyrA-grlA (51/212, 24.06%). Consistency 
analysis of all efflux pump genes, resistance genes, and antibiotic 
detection results revealed a significant correlation between resistance 
genotypes and phenotypes, showing a positive correlation. When the 
Pearson correlation coefficient is greater than 0.4, it indicated a strong 

correlation. The closely related correlations found in this study were 
mecA and oxacillin (r = 0.7378), aacA-aphD and gentamicin (r = 0.6943), 
aacA-aphD and sulfamethoxazole (r = 0.598), ermB and gentamicin 
(r = 0.4772), ermB and sulfamethoxazole (r = 0.4127) (Figure 1E).

3.3. The virulence characteristics of 
Staphylococcus aureus isolates

In this study, all enterotoxin genes were detected, but the detection 
rates varied significantly among different strains. Among MSSA 
strains, seg had the highest detection rate (132/174, 75.86%), followed 
by sei (116/174, 66.67%), seln (110/174, 63.22%), selo (108/174, 
62.07%), and selm (108/174, 62.07%). In MRSA strains, sea had the 
highest detection rate (32/38, 84.21%), followed by selq (21/38, 
55.26%), selk (20/38, 52.63%), and seb (19/38, 50.00%). The detection 
rate of the pvl gene was relatively high, and the detection rate in MSSA 
strains (70/174, 40.23%) was higher than that in MRSA strains (9/38, 
23.68%). The detection rates of toxic shock syndrome toxin (tst) gene 
and exfoliative toxin (eta) gene were maintained at 2 to 5.5%, while the 
exfoliative toxin (etb) gene was not detected in any strains (Figure 2A). 
The most common virulence gene profile in all strains was pvl-seg-sei-
selm-seln-selo (43/212, 20.28%). The distribution of virulence gene 
numbers in MSSA strains ranged from 0 to 12, with 29.31% of strains 

TABLE 1 The general information of S. aureus isolates.

Group χ 2 p value

MSSA % MRSA %

Sex
Male 102 58.62% 23 60.53% 0.084 0.7721

Female 72 41.38% 15 39.47%

Age

≤9 year 53 30.46% 19 50.00% 8.767 0.0326

9–18 year 8 4.60% 1 2.63%

18–50 year 59 33.91% 8 21.05%

>50 year 54 31.03% 10 26.32%

Department

Neonatal pediatrics 31 17.82% 9 23.68% 12.689 0.1776

Otolaryngology 24 13.79% 7 18.42%

Burn department 25 14.37% 3 7.89%

Pediatrics 10 5.75% 5 13.16%

Orthopedics 10 5.75% 3 7.89%

Endocrinology 

department
11 6.32% 2 5.26%

Obstetrics 11 6.32% 1 2.63%

General surgery 

department
7 4.02% 2 5.26%

Department of divine 

surgery
7 4.02% 1 2.63%

Other departments 38 21.84% 5 13.16%

Specimen type

Secretion 116 66.67% 23 60.53% 22.034 0.0002

Purulent fluid 19 10.92% 11 28.95%

Puncture fluid 14 8.05% 0 0

Blood 10 5.75% 0 0

Others 15 8.62% 4 10.53%
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harboring 6 virulence genes. Low-pathogenicity strains without 
virulence genes accounted for 6.32% of MSSA strains, while 1.72% of 
strains had 12 virulence genes and exhibited high pathogenicity. 
Considering the clinical information, all highly pathogenic strains were 
derived from the otolaryngology department. MRSA strains mainly 
had 4 to 6 or 10 virulence genes, generally demonstrating strong 
pathogenicity (Figure  2B). Figure  2C analyzed the virulence gene 
profiles of the 38 MRSA strains and showed a complex pattern, with a 
total of 22 types, among which sea-seb-selk-selq were the most common.

3.4. Biofilm detection of MRSA

The positive rates of biofilm-associated genes in the 38 MRSA 
strains were analyzed in Supplementary Figure S1A, and except for fib, 

which was not detected, the positive rates of the remaining genes were 
all above 80%. Among them, clfA, clfB, fnbA, icaA, icaB, icaC, and icaR 
were detected in all MRSA strains. The biofilm formation ability test 
results showed that, except for strains SA17 and SA35, all other strains 
were capable of biofilm formation (Supplementary Figure S1B). Most 
strains showed weak (17/38, 44.74%) or moderate (14/38, 36.84%) 
biofilm formation ability, while only 5 strains showed strong biofilm 
formation ability (Supplementary Figure S1C).

3.5. Molecular typing of MRSA

A total of 14 MLST types were identified among the 38 MRSA 
strains, with ST59 being the most prevalent type (19/38, 50.00%), 
followed by ST22 (3/38, 7.80%) and ST5 (3/38, 7.80%). SCCmec 

FIGURE 1

The drug resistance characteristics of S. aureus isolates. (A) The antibiotic susceptibility testing of all strains. PEN, penicillin; ERY, erythromycin; CLI, 
clindamycin; OXA, oxacillin; SXT, sulfamethoxazole; TET, tetracycline; GEN, gentamicin; LEV, levofloxacin; RFP, rifampicin; NIT, nitrofurantoin; VAN, 
vancomycin; LNZ, linezolid. (B) The number of antibiotic resistance of MSSA and MRSA. (C) Detection rate of efflux pump genes. (D) The detection rate 
of resistance genes. (E) Consistency between drug resistance genotypes and phenotypes. The size of the circle represents the correlation between the 
antibiotics and resistance genes, and the closer the correlation, the larger the circle. The p < 0.05 was considered to indicate statistical significance. 
*p ≤0.05; **p ≤0.01; ***p≤0.001; ****p≤0.0001.
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typing revealed the presence of three major types and five minor 
subtypes, including IVa (14/25, 56%), IVc (1/25, 4%), IVg (1/25, 4%), 
Vb (8/25, 32%), and XII (1/25, 4%). Additionally, 13 MRSA strains 
were detected to be mecA-negative and SCCmec element-negative, 
but still exhibited resistance to oxacillin. In terms of spa typing, 
except for strain SA27, the remaining 37 MRSA strains were classified 
into 15 types, with t437 being the most prevalent (17/37, 45.95%), 
followed by t441 (3/37, 8.11%) and t309 (3/37, 8.11%) 
(Supplementary Table S2). MLST typing, SCCmec typing, and spa 
typing showed a close relationship, with all ST22 types corresponding 
to t309, while ST59 types were predominantly associated with 
SCCmec-IV, V and spa t437 and t441. The most common epidemic 
clone in this study was ST59-SCCmec IV-t437 (8/38, 21.05%), 
followed by ST59-SCCmec V-t437 (6/38, 15.79%) and ST59-SCCmec 
IV-t441 (3/38, 7.89%). Analysis of the number of resistance genes and 
virulence genes in the major types showed that ST59 had a higher 

number of resistance genes but fewer virulence genes compared to 
ST5 and ST22. There was no significant difference in the number of 
resistance genes and virulence genes between SCCmec IV and V. The 
spa type t437 exhibited high levels of resistance genes and virulence 
genes, t441 had more resistance genes but very few virulence genes, 
and t309 showed the opposite pattern (Figure 3A). Different strains 
of different molecular types exhibited varying biofilm formation 
abilities, with ST59-MRSA strains showing higher biofilm formation 
abilities, and significant differences were observed between ST59-
MRSA and ST5-MRSA strains (Figure 3B). Figure 3C analyzed the 
resistance gene profiles, virulence gene profiles, and biofilm formation 
abilities of the three major epidemic clones. ST59-SCCmec V-t437 
had a high positive rate for the pvl gene, reaching 66.67%. The ser 
gene rate for the ST59-SCCmec IV-t437 type was relatively high at 
37.5%, and this type of MRSA strain showed higher biofilm 
formation abilities.

FIGURE 2

The virulence characteristics of S. aureus isolates. (A) The detection rate of virulence genes of all strains. (B) The number of virulence genes of MSSA 
and MRSA. The horizontal axis represents the number of strains, while the vertical axis represents the number of genes. (C) The upset plot of MRSA. 
The bar chart on the left represents the quantity of various toxic genes. The solid circles represent the intersection between data quantities, meaning 
that each vertical column of solid circles represents a specific toxic gene profile. The bar chart above represents the quantity of different toxic gene 
profiles. The p < 0.05 was considered to indicate statistical significance. **p ≤0.01; ****p≤0.0001.
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3.6. Phylogenetic analysis

Core-pan analysis of the 38 MRSA strains revealed a total of 2094 
core genes and 0–66 dispensable genes distributed among the strains, 
with SA03, SA11, and SA26 having the highest number of dispensable 

genes (Figure 4A). COG functional annotation analysis was performed 
on the 2094 core genes and 309 dispensable genes, resulting in 
annotations to 23 and 19 categories, respectively. The core genes were 
involved in a wide range of functions, primarily in translation, 
ribosomal structure, and biogenesis (9.98%), followed by amino acid 

FIGURE 3

The resistance and virulence characteristics of major typings. (A) The number of resistant and virulence genes in the main typing strains. The horizontal 
axis represents different subtypes, while the vertical axis represents the number of genes. The box plot represents the average, upper and lower 
quartiles of these gene numbers. (B) The biofilm formation ability in the main typing strains. The horizontal axis represents different subtypes, while the 
vertical axis represents OD value. The violin diagram shows the distribution and probability density of biofilm formation ability. (C) The gene heatmap of 
major epidemic typings. Dark blue indicates the presence of this gene, while light blue indicates the absence of this gene. The formation ability of 
biofilms varies from strong (+++) to weak (+). The p < 0.05 was considered to indicate statistical significance. *p ≤0.05; **p ≤0.01; ***p≤0.001; 
****p≤0.0001.
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transport and metabolism (9.60%). The dispensable genes were 
primarily involved in mobilome: prophages, transposons (16.83%), 
and replication, recombination, and repair (15.86%) (Figure 4B). A 
heatmap was created based on the distribution of dispensable genes 
among different strains, which also showed clustering of the strains. 
The results revealed that these 38 strains mainly clustered into four 
major branches, with SA04 and SA07 forming a separate branch that 
was more distantly related to the other strains (Figure 4C).

According to the analysis of core-pan genes, a phylogenetic tree 
of the 38 strains was constructed (Figure 5). The results showed that 
these strains were closely related and mainly clustered into three major 
branches, clade I, clade II, and clade III. SA04 and SA07 formed a 
separate branch, clade I. Clade II mainly consisted of strains that were 
not classified in SCCmec typing, and these strains were resistant to 
oxacillin but did not contain the mecA gene. Additionally, the positive 
rate of the resistance gene blaZ, associated with β-lactam antibiotics, 
was higher than the average level, reaching 85.7% in clade II. Clade III 
mainly consisted of MRSA strains of ST59 genotype, which exhibited 
significant differences in resistance and virulence genes compared to 

clade II. In clade III, the vanRE gene had a high detection rate of 
100%, while aph(3′)-IIIa, aad(6), and ant6-Ia had detection rates of 
63.6%. In clade II, the detection rates of vanRE and ant6-Ia were 21.4 
and 7.1% respectively, and aph(3′)-IIIa and aad(6) were not detected. 
The sulfonamide resistance genes dfrA and dfrG were not detected in 
clade III, while they had detection rates of 21.4% in clade II. The lukD/
lukE gene, associated with leukocidin, had a high detection rate of 
71.4% in clade II, while it was 4.5% in clade III. The lukF-PV/lukS-PV 
gene had similar detection rates in clade III and clade II, at 27.2 and 
21.4%, respectively. Clade II and clade III had different profiles of 
common enterotoxin genes, which were seg-sei-selm-seln-selo-set and 
sea-seb-selk-selq-set, respectively.

3.7. The evolutionary analysis of 
ST59-MRSA

In this study, ST59-MRSA was the most common clone type, and 
a phylogenetic tree of 19 ST59-MRSA strains was constructed based 

FIGURE 4

The core and pan-genome analyses of 38 MRSA in this study. (A) The flower diagram of numbers of core genes and dispensable genes for all the 
strains. (B) The COG functional annotation of core genes and dispensable genes. (C) The heat map of dispensable genes. Top are Dispensable gene 
cluster and left are strain cluster. The similarities of gene are shown in the middle with different color represent different coverage by heat map.
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on core-pan genes (Figures 6A,B). The phylogenetic tree showed that 
these strains clustered into three branches, indicating diversity. Strains 
of the ST59-SCCmec V-t437 type were closely related and formed a 
single branch. Figures 6A,B showed that differences in departments 
and sample types did not have a significant impact on the phylogenetic 
relationship of strains. Strains from different departments exhibited 
similarities, while strains from the same department exhibited 
diversity. COG functional annotation was performed on the 19 ST59-
MRSA strains, and they were annotated to 23 entries, showing some 
variation between the genomes, but primarily annotated to amino acid 
transport and metabolism and translation, ribosomal structure, and 
biogenesis (Figure 6C). To study the genetic evolutionary relationship 
of ST59-MRSA, 22 ST59-MRSA strains were selected from the NCBI 
database as reference sequences (Supplementary Table S3), and a 
phylogenetic tree was constructed with them and the 19 ST59-MRSA 
strains from this study (Figures 6D,E). Except for SA36, the remaining 
18 MRSA strains from this study clustered into the same branch. SA36 
had the closest relationship with strain SWF.27 from European human 
sources, both belonging to ST59-t172. Figure 6D showed that ST59-
MRSA strains from humans, animals, and food sources were closely 
related and exhibited consistent relationships. Figure 6E showed that 
the phylogenetic relationship between strains was related to 
geographic location, with ST59-MRSA primarily originating from 
Asia and exhibiting distinct regional characteristics. ST59-MRSA 
strains from the Americas and Europe tended to be  in different 
evolutionary branches compared to those from Asia.

4. Discussion

MRSA is characterized by its wide spread, fast transmission, and 
complex resistance mechanisms, making the monitoring and 
treatment of MRSA an important topic of concern. According to the 
surveillance by the CHINET surveillance system, S. aureus has 
maintained a high detection rate, while the infection rate of MRSA 
decreased from 45 to 30% between 2013 and 2021. In some Asian 
countries, the hospital-acquired MRSA infection rates remain above 
20%, with rates reaching as high as 70–80% in countries like South 
Korea and Vietnam (Chen and Huang, 2014). In our study, the MRSA 
infection rate was relatively low at 17.9%, below the national average. 
Children and elderly patients were the most common groups affected 
by MRSA infection, and there was a significant difference in MRSA 
infection rates based on age. Previous research has shown a decline in 
the outpatient visit rate for pyogenic skin and soft tissue infections in 
pediatrics, but S. aureus remains a major cause of invasive bacterial 
infections in children (Prochaska et al., 2023).

Antibiotic susceptibility testing results showed that most strains 
exhibited high resistance to penicillin, erythromycin, and 
clindamycin, while showing good antibacterial activity against 
vancomycin and linezolid, which is consistent with a multicenter 
longitudinal study of MRSA strains in China conducted by Wang 
B. et  al. (2022). However, in this study, the resistance rates to 
tetracycline and gentamicin were 13.68 and 7.08%, respectively, 
significantly lower than the national average (42.8, 33.5%), which may 

FIGURE 5

The phylogenetic trees of 38 MRSA strains. Perform phylogenetic analysis on 38 MRSA strains and construct a phylogenetic tree. These strains were 
divided into three branches, namely green (clade I), blue (clade II), and red (clade III). The different colors of the circles represented the different 
subtypes of the strains. Blocks indicated the presence or absence of these genes, dark blue indicated the presence of these genes, and light blue 
indicated the absence of these genes.
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be due to the lower usage rate of tetracycline and gentamicin in the 
Shanxi hospital. The multidrug resistance of S. aureus is not only 
present in clinical strains but also in retail water products in China. 
Monitoring of S. aureus in these products found that 90.6% of strains 
exhibited multidrug resistance, with high resistance against penicillin 
(88.2%), ampicillin (88.2%), and erythromycin (53.8%) (Rong et al., 
2017). In this study, in addition to 81.58% of MRSA strains, 57.47% 
of MSSA strains also exhibited multidrug resistance, which was 
associated with the high detection rate of resistance genes and efflux 
pump genes. The resistance of beta-lactam antibiotics is mainly 
related to mecA and blaZ, with a high detection rate of blaZ in all 
strains. It encodes β-lactamase, which mediates the degradation of 
β-lactam antibiotics (Rocha et al., 2022). We also found 34.21% of 
MRSA strains showed resistance to oxacillin but were negative for the 
mecA and mecC genes. This may be due to the overproduction of 
β-lactamase or modifications in PBP genes caused by spontaneous 
amino acid substitutions in the transpeptidase domain (Hou et al., 
2023). The detection rate of pvl gene in this type of MRSA was only 
15.3%, which confirms that this type of MRSA generally does not 
contain the PVL locus that expresses leukocidin. Resistance to 
erythromycin is mainly determined by the resistance gene erm. 
Consistent with previous research, the highest positive rates of ermC 
(52.63%) and ermB (44.74%) were observed in MRSA strains, with 
ermC playing a dominant role in the mechanism of erythromycin 

resistance (Li et al., 2019). And also, erm can mediate the resistance 
of S. aureus to most macrolides, lincosamides, and streptogramins B 
(MLS-B), that is the ermA or ermC genes often determine the 
inducible resistance to MLS-B in S. aureus. The frequency of 
formation of constitutive variants from inducible ermA and ermC 
genes are usually high. The reasons behind constitutive variants 
include deletions, duplications, insertions, and, to a lesser extent, 
point mutations found in a region approximately 200 bp upstream of 
the 5′ end of the erm gene (Mlynarczyk-Bonikowska et al., 2022). But 
in this study, three point mutations (T222C, C224T, G299A) occurred 
in the ermB gene of SA05 and SA09 strains, resulting in ones 
synonymous mutation (Asn→Asn) and two missense mutations 
(Thr→Ile, Ser→Asn). However, these mutations do not affect the 
resistance of both strains to erythromycin and clindamycin. Pearson 
correlation analysis showed consistency between the resistance 
genotypes and phenotypes of S. aureus, and the use of conserved 
genes in S. aureus was able to successfully predict the resistance 
phenotype of strains. This suggests that a large hospital can use 
genomic data features to construct strain prediction models, which 
can be directly used to determine the drug resistance of strains and 
guide treatment in the absence of rapid susceptibility results (Wang 
S. et al., 2022). Therefore, the results of the study on the resistance 
genotypes and phenotypes of these S. aureus strains can serve as a 
medication guide for the treatment of S. aureus infections in this 

FIGURE 6

The evolutionary analysis of ST59 typing. (A,B) The phylogenetic trees of ST59 MRSA strains in this study. Analyze the impact of differences in 
departments (A) and speciman types (B) on the genetic relationships of strains. (C) The COG functional annotation of ST59 MRSA strains in this study. 
(D,E) The phylogenetic trees of ST59 MRSA strains in this study and 20 reference strains. Analyze the impact of differences in sources (D) and 
continents (E) on the genetic evolution of strains.

44

https://doi.org/10.3389/fmicb.2023.1273397
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Hou et al. 10.3389/fmicb.2023.1273397

Frontiers in Microbiology 11 frontiersin.org

hospital and assist in the identification and treatment of multidrug-
resistant bacteria in clinical practice.

In this study, all isolates contained at least one virulence gene, 
which plays an important role in colonization, invasion, and infection 
processes (Patel and Rawat, 2023). Enterotoxin is one of the main 
causes of foodborne illnesses caused by S. aureus. There were 
significant differences in the enterotoxin gene profiles between MSSA 
and MRSA strains. The classical enterotoxin genes sea (84.21%) and 
seb (50.00%) were more frequently detected in MRSA strains. In a 
study on subclinical mastitis in cows and water buffaloes, milk samples 
were collected, and MRSA isolates were tested for toxin genes, with 
the sea gene being the most prevalent (Algammal et al., 2020a). The 
sea gene is heat-stable and can maintain some activity under 
conditions of 28°C for 121 min. It is commonly detected in foodborne 
MRSA strains and has a significant association with outbreaks of food 
poisoning (Lv et al., 2021). The seb gene is usually highly expressed in 
ST59-MRSA, which contributes to widespread systemic infection, 
which may be the reason for the increased mortality rate of ST59 
infection in China (Bae et  al., 2021). In MSSA strains, the most 
common enterotoxin gene profile is seg-sei-selm-seln-selo, which 
belongs to the enterotoxin gene cluster (egc cluster). The egc cluster 
functions as a superantigen, activating T lymphocytes and antigen-
presenting cells to produce a large amount of cytokines, which can 
directly cause toxicity to the cardiovascular system (Patel and Rawat, 
2023). The egc cluster has become a major enterotoxin gene in 
S. aureus, with similar findings in oral S. aureus (Kwapisz et al., 2020) 
and foodborne S. aureus (Wu et  al., 2019; Igbinosa et  al., 2023). 
We found that the distribution of enterotoxin genes in this hospital is 
diverse, with different toxin gene distributions in different populations 
and disease types. Classical enterotoxin genes and egc clusters have 
become the main toxin genes in healthcare-associated and foodborne 
S. aureus. PVL is a two-component toxin composed of LukS and LukF 
proteins, which bind to C5aR and C5L2, forming channels on the cell 
membrane of white blood cells, leading to cell lysis and tissue necrosis, 
causing skin and soft tissue infections (Patel and Rawat, 2023). The 
detection rate of the pvl gene in this study was relatively high at 
37.26%, higher than the detection rate of the pvl gene isolated from 
blood samples by Wang et al. (2021). PVL is commonly found in 
community-acquired methicillin-resistant Staphylococcus aureus 
(CA-MRSA) and has been considered a marker for CA-MRSA (Hou 
et  al., 2023). Therefore, based on the detection rate of pvl and 
preliminary epidemiological investigations indicating that these 
strains in this study are mostly community-acquired infections, it 
suggests that CA-MRSA is not only spreading in the community but 
also increasing in prevalence in hospitals. In addition, the detection 
rate of pvl in MSSA strains (70/174, 40.23%) was higher than that in 
MRSA strains (9/38, 23.68%), which may be related to the source and 
number of samples. However, it also indicates that although MRSA 
has attracted attention due to its multidrug resistance, it is not 
necessarily more virulent than MSSA.

The clone types of S. aureus have geographical advantages, and 
ST59 is the predominant MRSA clone in China and even Asia (Huh and 
Chung, 2016). In this study, 50% of the MRSA isolates belonged to the 
ST59-MRSA. Systematic evolutionary analysis of ST59-MRSA showed 
consistency among strains isolated from humans, food, and animals, 
indicating close genetic relatedness. Additionally, the phylogenetic 
relationship among strains was associated with geographical location, 
with strains from different continents tending to diverge in evolution. 

In a study by Wang B. et al. (2022) in 2022, ST59-MRSA accounted for 
27.1% of the clinical MRSA isolates in China. Wu et al. (2019) analyzed 
food-related MRSA in China in 2019 and found that 47.7% of the 
isolates belonged to ST59-MRSA, and it has been shown that food-
related MRSA strains have a high degree of similarity to community-
associated MRSA. The distribution of ST59-MRSA is geographically 
limited and mainly spreads within Asia. However, analysis of isolates 
from Europe showed that the resistance profiles of European ST59-t437 
isolates were similar to those of Asian ST59-t437 isolates, but different 
from other MRSA isolates in Europe (Glasner et al., 2015).

In this study, the predominant epidemic clones were ST59-
SCCmecIV-t437 and ST59-SCCmecV-t437, both belonging to clade 
III in the phylogenetic tree but relatively independent, forming two 
smaller branches. Both clones showed high rates of resistance and 
virulence gene detection, with resistance genes detected for all 
antibiotic classes except sulfonamides. The main enterotoxin genes in 
these clones were the classical enterotoxin genes sea and seb, and the 
ST59-SCCmecV-t437 clone had a high positive rate for the pvl gene, 
reaching 66.67%. These two clones belong to the Asian-Pacific clone 
and the Taiwan clone, respectively. Asian-Pacific clone isolates are 
mostly pvl-negative and colonize healthy children, while Taiwan clone 
carries the pvl gene and is generally isolated from critically ill patients. 
Due to the high expression of pvl and hla genes in Taiwan clone 
isolates, it has higher virulence and pathogenic potential compared to 
the Asian-Pacific clone (Chen et al., 2013). MLST is consistent with 
spa typing, and the ST59 typing is generally associated with t441 and 
t437. And then we  found an ST59-t172 isolate, which is distantly 
related to other ST59-MRSA strains in this study but closely related to 
an ST59-t172 isolate from Finland in Europe. It is extremely rare 
elsewhere and mainly reported in Finland. The ST59-t172 strain 
mainly spreads among elderly patients and can cause outbreaks of 
S. aureus in environments with low MRSA incidence (Silvola 
et al., 2022).

5. Conclusion

This study investigated the colonization and distribution of 
S. aureus in a tertiary A hospital in Shanxi, China. It detected the 
antibiotic resistance, biofilm formation capability, as well as the 
carriage rates of resistance genes, virulence genes, and biofilm-related 
genes in the isolates. And then three molecular typing methods and 
whole-genome sequencing were used to study the molecular 
characteristics and genetic evolution of MRSA isolates from different 
sources. It was found that MRSA isolates displayed multidrug 
resistance, and the carriage of resistance genes and virulence genes 
exhibited diversity and complexity. The predominant clones were 
ST59-SCCmecIV-t437 and ST59-SCCmecV-t437, and ST59-MRSA 
was closely associated with various hosts, showing diverse patterns of 
transmission. This study elucidated the molecular characteristics and 
evolutionary relationship of MRSA isolates, which can contribute to 
the prevention and control of S. aureus infections.
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The management of infectious diseases has become more critical due to the

development of novel pathogenic strains with enhanced resistance. Prevotella

melaninogenica, a gram-negative bacterium, was found to be involved in various

infections of the respiratory tract, aerodigestive tract, and gastrointestinal tract.

The need to explore novel drug and vaccine targets against this pathogen

was triggered by the emergence of antimicrobial resistance against reported

antibiotics to combat P. melaninogenica infections. The study involves core

genes acquired from 14 complete P. melaninogenica strain genome sequences,

where promiscuous drug and vaccine candidates were explored by state-

of-the-art subtractive proteomics and reverse vaccinology approaches. A

stringent bioinformatics analysis enlisted 18 targets as novel, essential, and

non-homologous to humans and having druggability potential. Moreover, the

extracellular and outer membrane proteins were subjected to antigenicity,

allergenicity, and physicochemical analysis for the identification of the candidate

proteins to design multi-epitope vaccines. Two candidate proteins (ADK95685.1

and ADK97014.1) were selected as the best target for the designing of a

vaccine construct. Lead B- and T-cell overlapped epitopes were joined to

generate potential chimeric vaccine constructs in combination with adjuvants

and linkers. Finally, a prioritized vaccine construct was found to have stable

interactions with the human immune cell receptors as confirmed by molecular

docking and MD simulation studies. The vaccine construct was found to have

cloning and expression ability in the bacterial cloning system. Immune simulation

ensured the elicitation of significant immune responses against the designed

vaccine. In conclusion, our study reported novel drug and vaccine targets and

designed a multi-epitope vaccine against the P. melaninogenica infection. Further

experimental validation will help open new avenues in the treatment of this

multi-drug-resistant pathogen.
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Introduction

Prevotella melaninogenica is a gram-negative, anaerobic, black-

pigmented, and short rod-shaped bacterium. It is mainly involved

in polymicrobial infections spreading throughout the body and

mainly in the respiratory tract. Patients suffering from cystic

fibrosis are diagnosed with Prevotella species in their respiratory

tract (Sherrard et al., 2014). P. melaninogenica can be detected in

saliva and at the dorsal and lateral sites of the tongue, which contain

a high proportion. Mucosal surfaces of the aerodigestive tract,

i.e., lungs, are majorly colonized by Prevotella species (Könönen

and Gursoy, 2022). The oral cavity of humans is also a site of P.

melaninogenica colonization. This species is involved in diseases

of the gastrointestinal tract, acute and chronic ailments of the

respiratory tract, and cancers of the digestive tract (Könönen and

Gursoy, 2022). An inflammatory disease, oral lichen planus (OLP),

is caused by P. melaninogenica in the oral mucosa with white

striation lesions, repeated erosions, and pain (Zheng et al., 2022).

P. melaninogenica potentially leads to oral lichen planus

(OLP) through different mechanisms. It uses T6SS protease to

initiate the degradation of the epithelial barrier, which leads to

dysfunction and an imbalance in surface flora (Kondo et al., 2018).

P. melaninogenica, then, infiltrates the basal layer and lamina

propria as target antigens, triggering recognition by innate immune

cells such as macrophages and keratinocytes. Activation of NF-κB

pathways by P. melaninogenica leads to the production of various

cytokines and chemokines. This, in turn, results in the recruitment

and infiltration of CD4+ and CD8+ T lymphocytes that attack

epithelial keratinocytes, which causes the degeneration of the basal

cell layer and leads to further impairment of the epithelial barrier.

This destructive cycle leads to chronic infection and persistent

inflammatory responses in OLP (Zheng et al., 2022).

The subgingival plaque represents the existence of P.

melaninogenica in patients with periodontal diseases. The

significance of periodontal abscesses is categorized by periodontal

pathogens and black-pigmented microorganisms such as P.

melaninogenica (He et al., 2013). Pro-inflammatory short-chain

fatty acids can be produced due to the enhancement of bacterial

pathogenicity in the lungs in the presence of these bacteria. This

is one of the mechanisms that cause resistance to antibiotics.

Resistance can be caused by resistance genes or the production of

an enzyme (beta-lactamase). Resistance can also be developed by

repetitive use or administration of high doses of antibiotics, as in

patients with cystic fibrosis (Lamoureux et al., 2021).

There is an emerging trend toward developing resistance

against tetracycline and penicillin among pigmented species. Beta-

lactamase production causes resistance to penicillin (Troil-linde,

1999). A few antibiotics can still be used against P. melaninogenica

such as metronidazole, clindamycin, imipenem, meropenem, and

cefoxitin, but there is a risk of developing resistance against these

antimicrobials in the near future (Troil-linde, 1999). Moreover,

new therapeutic strategies are required to ensure the prevention of

infections caused by P. melaninogenica.

The vaccine to combat P. melaninogenica infections is still not

available. There is no information about the vaccine’s development

in the literature. This developed a need to design novel drug and

vaccine targets that would be helpful in the near future. In this

context, this study is aimed at identifying novel drug and vaccine

targets against this bacterium to provide alternative potential

therapeutic targets for the efficient action of antimicrobials and

vaccine candidates (Qasim et al., 2023). The approach employed

in this study is significant to minimize labor and focus on

the development of vaccine candidates’ predictions by utilizing

bioinformatics tools.

Materials and methods

The proteins necessary for the survival of P. melaninogenica

were determined by subtractive proteomics. Different tools and

databases were used to find drug and vaccine targets, as shown in

Figure 1.

Retrieval of core gene sequences

The complete genome sequences of the 14 strains of P.

melaninogenica were used to retrieve a core genome from the

EDGAR tool version 2 (Blom et al., 2016). Clustering techniques

were employed to identify duplicate or paralogous proteins viaCD-

HIT analysis (Li and Godzik, 2006), to remove redundancy. The

cutoff value of 60% sequence similarity was kept as a threshold

to obtain non-paralogous proteins, which were used for further

analysis (Qasim et al., 2023). Alignment coverage was obtained by

setting parameters at default.

Determination of human non-homologs

Human host non-homologous proteins were determined by

standalone BLASTp analysis, which was used for scanning against

species non-paralogous proteins with E-value 1e-20, bitscore≥100,

percent identity ≥35, and query coverage ≥35 (Shah et al., 2021).

The human proteome was downloaded from the UniProt database,

comprising 1,076,164 proteins.

Further scanning of pathogen proteins was carried out against

the human gut microbiome. The NCBI database was used to

acquire a human gut microbiome consisting of 75,176 proteins.

BLASTp was performed with criteria as follows: E-value 1e-4,

bitscore ≥100, percent identity ≥50, and query coverage ≥35,

as in our previous studies (Aslam et al., 2020; Shah et al.,

2021; Jaan et al., 2022; Qasim et al., 2023). All the homologs

were discarded.

Identification of pathogen-essential
proteins

After excluding gut microbiome homologs, essential proteins

of the pathogen were determined by subjecting proteins to

the database of essential genes (DEG) (http://tubic.tju.edu.cn/

deg/) (Luo et al., 2021). DEG contains all the genes required

for the survival of the pathogen. BLASTp was performed for

scanning against DEG with cutoff parameters of E-value 1e-4
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FIGURE 1

Schematic representation of approaches followed for therapeutic studies against Prevotella melaninogenica infection.

and bitscore ≥100 for the determination of P. melaninogenica

essential genes.

Identification of virulence proteins

The host defense mechanism is destroyed by the virulence

factors of bacteria, which help to cause the disease through

invasion, colonization, and adhesion. Four categories of virulence

factors are included in the virulence factor database (VFDB)

(Liu et al., 2019), which is used to identify virulence factors in

a pathogen. From 25 pathogenic bacteria, offensive, defensive,

non-specific, and virulence-related proteins are assembled in this

database. Pathogen proteins were subjected to BLASTp analysis

against VFDB with parameters, i.e., E-value 1e-4 and bitscore≥100

(Qasim et al., 2023).

Identification of antibiotic resistance and
host–pathogen-interacting proteins

Databases were employed to identify resistant and host–

pathogen-interacting proteins with criteria such as E-value 1e-4

and bitscore ≥100. There is an emerging trend toward developing

resistance to available antibiotics among bacterial pathogens.

Moreover, antibiotic-resistant genes were identified by the ARG-

ANNOT database (Gupta et al., 2014), with selected criteria by

subjecting pathogen proteins to BLASTp (Aslam et al., 2020). The

host–pathogen interaction database (HPIDB v2.0) (Ammari et al.,

2016) was used for the curation of host–pathogen protein–protein

interactions, which were essential for the survival of a pathogen.

Standalone BLASTp was used for the screening of interacting

proteins against the HPIDB repository (Aslam et al., 2020).

Metabolic pathway determination

Metabolic pathways of living organisms can be retrieved

from the Kyoto Encyclopedia of Genes and Genomes (KEGG)

database (Fatoba et al., 2021). Human non-homologous essential

proteins were further subjected to KEGG for metabolic pathway

determination. Functional annotation of proteins was provided

by the KAAS server via these metabolic pathways (Nazir et al.,

2018). Metabolic pathways of the human host and pathogen

were manually compared to find unique and common pathways

in the pathogen. KEGG automatic annotation server (KAAS)

(Moriya et al., 2007) employs BLASTp analysis for these metabolic

pathways. KEGG orthology (KO) identifiers were provided by

the KAAS server for proteins (Fatoba et al., 2021). Unique and

common pathway proteins were enlisted and categorized into

KEGG-dependent and independent proteins. Unique proteins are

those involved only in the pathogen-specific pathways but not

in humans.

Druggability analysis of proteins

Screening of essential, non-homologous proteins was further

performed by subjecting proteins to BLASTp analysis with a cutoff

E-value of 1e-4, against the DrugBank database for identification
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of druggable proteins (Aslam et al., 2021). All FDA-approved drugs

and experimental drugs are contained in the DrugBank database

(Law et al., 2014). Druggable targets showed significant matching

(80% or more) with FDA-approved drug targets, while proteins

not showing any significant matching with already available targets

were considered novel targets and used for subsequent analysis.

Subcellular localization prediction and
topology analysis

Proteins are located in different positions, including the

cytoplasm, inner membrane, periplasmic membrane, and outer

membrane, by subcellular localization prediction. Proteins are

categorized as drug or vaccine targets according to their

location. Cytoplasmic and outer membrane proteins are considered

suitable drug and vaccine targets, respectively (Jaan et al., 2022).

PSORTb v3.0 (http://www.psort.org/psortb/) was employed for

the prediction of the subcellular location of the resulting target

proteins. Further validation of proteins was needed to ensure the

location, which was carried out by a server named subcellular

localization predictor (CELLO v2.5) (http://cello.life.nctu.edu.tw/)

(Yu et al., 2014). The STRING database v10.5 (http://string-db.org)

(Szklarczyk et al., 2016) was employed for the analysis of protein–

protein interactions by setting parameters at default. The number

of interactions was presented by hub proteins showing node degree

(K≥ 5). The transmembrane topology of proteins was predicted by

the TMHMM v0.2 server (Krogh et al., 2001). Proteins spanning

the lipid membrane are termed transmembrane proteins and are

prioritized as potent drug targets (Shah et al., 2021).

Protein structure modeling and validation

Proteins prioritized in the previous step were employed in

SWISS-MODEL for the generation of 3D structures. The server

uses homology modeling techniques for the prediction of protein

structures when experimental structures are not accessible. Reliable

protein templates with expected accuracy were generated (Jaan

et al., 2022). A protein verification tool called “ERRAT” was used to

verify the quality of the 3D structure of proteins. ERRAT signifies

the quality of protein by a parameter called an overall quality factor,

where a high value (≥50) specifies good quality for non-bonded

atomic interactions (Aslam et al., 2020). The molecular weight and

theoretical PI of proteins were determined by the ExPasy server.

The estimation of protein pocket ability to bind small molecules

with high affinity is a valuable step in the identification of

drug targets. PockDrug, an online server (http://pockdrug.rpbs.

univ-paris-diderot.fr.), was used to calculate druggable scores for

the prioritized targets. Protein structure information and ligand

proximity assessment were used to predict the pocket druggability

of proteins by using different estimationmethods via the PockDrug

server. By using pocket estimationmethods, consistent druggability

results were obtained, which differentiatedmore druggable proteins

from less druggable proteins (Shah et al., 2021).

Reverse vaccinology: prediction of
antigenic proteins

For the evaluation of the antigenic nature of proteins,

VaxiJen server v2.0 was employed for outer membrane and

extracellular proteins with criteria, i.e., accuracy rate 70–89%

and probability score >0.5 (Doytchinova and VaxiJen, 2007).

The allergenicity of the shortlisted proteins was evaluated

by the AllergenFP server to distinguish allergens from non-

allergens. Allergic proteins that are harmful to the host were

discarded in this evaluation (Dimitrov et al., 2014). Different

parameters of proteins were assessed by the ExPasy ProtParam

tool, calculating molecular weight, theoretical PI, instability

index, aliphatic index, half-life, number of amino acids, and

GRAVY (Grand Average of Hydropathicity) (Qasim et al.,

2023).

Prediction of T-cell epitopes

For a specific pathogen, vaccine targets are identified with

the help of T-cell epitopes involved in the elicitation of immune

responses. An antigen is processed by an MHC molecule to

bind with either cytotoxic or helper T cells (Shah et al., 2021).

CD4 or CD8T cells are stimulated by an epitope defined as

the shortest immunogenic peptide having the ability to stimulate

immune responses. Two types of major histocompatibility complex

(MHC) classes I and II recognized by CD4 and CD8, respectively,

are represented by T-cell epitopes (Aslam et al., 2020). MHC

prediction was carried out by the Immune Epitope Database

(IEDB) server. For the prediction of MHC class-I epitopes,

vaccine candidates were subjected to the NetMHCpan 4.1

web server with a percentile rank <0.2, recommended by

the IEDB server (Fleri et al., 2017). MHC class-II epitopes

were predicted by the IEDB recommendation of 2.22 with an

adjusted rank of <0.5. Further evaluation of preferred epitopes

was performed.

Prediction of B-cell epitopes

The solvent-exposed regions in the antigen can be identified

by the prediction of B-cell epitopes, by which antibodies can

be recognized (Nazir et al., 2018). For the prediction of B-cell

epitopes, different servers were used. BCPreds, FBCPreds,

AAP, and BepiPred online servers were used to predict linear

B-cell epitopes. BCPred uses the SVM method, which has 5-

fold cross-validation and utilizes five different kernel methods.

Linear-length B-cell epitopes were predicted by subsequent kernel

followed by FBCPred. Biochemical properties such as amino

acid composition, hydrophobicity, hydrophilicity, secondary

structure, and surface accessibility of peptides were used to

predict linear epitopes by BepiPred (IEDB) (Solanki and Tiwari,

2018).
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Antigenicity, allergenicity, toxicity, and
conservancy analyses

A designated vaccine candidate must be able to act as an

antigen. For this purpose, the VaxiJen v2.0 server was employed

with a threshold value of >0.4. The sequence alignment method

is used in the VaxiJen server, and the physicochemical properties

of peptides are used to confirm their antigenicity (Doytchinova and

VaxiJen, 2007). The allergenic properties of vaccine candidates were

measured by the AllergenFP server. Another server, ToxinPred,

was employed to check the toxic and non-toxic peptides, where

non-toxic peptides were selected for further evaluation (Jaan et al.,

2022). The conservancy level of epitopes was evaluated by the IEDB

server by setting parameters at default, where conserved or variable

epitopes could be assessed (Jaan et al., 2022). These properties of

epitopes were evaluated for the construction of chimeric vaccines.

Multi-epitope vaccine construction

Multi-epitope vaccine constructs were generated by joining

overlapped epitopes ofMHC-I,MHC-II, and B cells with the help of

amino acid linkers (i.e., EAAAK, GGGS, and KK). To increase the

immunogenicity of vaccine constructs, adjuvants were added to the

sequence. Four adjuvants, i.e., HBHA protein, L7/L12 ribosomal

proteins, beta-defensin, and HBHA conserved sequences, were

added to improve the efficacy of vaccine models. PADRE peptide

sequences, containing 13 amino acids (i.e., AKFVAAWTLKAAA),

were also added, which helped induce CD4+ T cells (Aslam

et al., 2020). PADRE sequences help to overcome the problems

of polymorphism and elicit better immune responses. Different

combinations of vaccine constructs were made and checked for

immunogenicity, toxicity, and allergenicity. The SOLPro server was

employed to check the solubility of vaccine constructs (Magnan

et al., 2009).

Analysis of physicochemical properties

Intrinsic physical and chemical characteristics of a substance

are defined as physicochemical properties. For the estimation of

physicochemical properties, the ProtParam tool was used, which

calculated the number of amino acids, half-life, theoretical PI,

instability index, aliphatic index, molecular weight, and GRAVY of

vaccine models (Jaan et al., 2022).

Structure analysis

For the prediction of secondary structure, two online servers,

i.e., PSIPRED and SOPMA, were used. Properties such as

transmembrane helices, bend regions, random coils, and beta

sheets can be assessed through these self-optimized prediction

methods. A graphic presentation of proteins is obtained as output

(Jaan et al., 2022). 3D modeling of chimeric constructs was

generated by Phyre2, increasing the accuracy of alignment by

using the alignment of the Hidden Markov model (Raza et al.,

2021). GalaxyRefine and 3DRefine servers were employed for the

refinement of predicted 3Dmodels, in which side chains are rebuilt

and repacked. The probable errors of 3D models were checked

by the ProSA-web server (Jaan et al., 2022). The Ramachandran

plot was obtained by an online server called PROCHECK, which

explains the stereochemical properties of the protein (Shah et al.,

2021). Phi/Psi angles were assessed by the Ramachandran plot for a

comprehensive understanding of the protein backbone.

Disulfide engineering

Vaccine constructs were disulfide-engineered by DbD2, to

check the stability and conformational entropy of the protein.

Increased stability and decreased conformational entropy of

protein can be confirmed by the accessibility of protein, and it can

add novel disulfide bonds (Craig and Dombkowski, 2013).

Molecular docking analysis

An energy-minimizing step used to obtain a stable structural

configuration of vaccine targets with the ligands is determined by

molecular docking analysis. Immune receptor–peptide interactions

were inferred by docking vaccine constructs with six various

human HLA alleles using the PatchDock server. More refinement

and re-scoring of docked complexes were performed by the Fast

Interaction Refinement in Molecular Docking (FireDock) server,

which gave the 10 best models as a result. Based on the lowest

binding energy, the vaccine construct (V5) was prioritized as the

best-docked complex (Jaan et al., 2022). Furthermore, TLR4 (toll-

like receptor) acquired from PDB (2Z65) was docked with vaccine

construct V5 in the same way by the PatchDock server. The top

10 generated models from the FireDock server were redirected

to PatchDock for refinement. Assumed refined solutions were

recognized by the binding score and global binding energies of

docked refined models.

Molecular dynamic simulation

The stability of the docked complex and molecules’ behavior

was assessed by the molecular dynamic approach. The interaction

between the designed vaccine and receptor was estimated by

the iMOD server. Four main factors are measured by this tool

by estimating the direction and range of basic movements of

the docked complex. These factors include Eigenvalue, B-factors,

covariance, and deformability. A high Eigenvalue indicates the

value of much harder deformation (Jaan et al., 2022).

In silico expression analysis and immune
simulation

The possible expression level of vaccine constructs was tested

by using the Java Codon Adaptation tool (JCAT), which used

back-translated amino acid sequences. E. coli (K12 strain) was
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selected for the expression of the protein. The high expression

level in E. coli was verified by the consequential GC content

and codon adaptation index (CAI) (Jaan et al., 2022). The rho-

independent transcription terminators, cleavage sites of some

restriction enzymes, and prokaryotic ribosome binding sites

were dodged. SnapGene software was used to introduce codon-

adapted sequences into plasmid vector pET30a (+), to construct

recombinant plasmid sequences (Solanki and Tiwari, 2018). C-

ImmSim server was employed for immune simulation to predict

the production of interferons, antibodies, and cytokines in response

to a foreign particle. Parameters were set to default (Puzone et al.,

2002).

Results

Core protein retrieval and CD-HIT analysis

The core genomemethod uses conserved sequences of available

complete genome strains in accordance with the reference genome.

A total of 1,415 core proteins were retrieved from 14 complete

genome strains of P. melaninogenica. Some proteins are produced

in response to duplication events taking place in organisms within

one species, known as paralogous proteins. To reduce redundancy

in sequences, proteins were subjected to CD-HIT analysis (Li and

Godzik, 2006). A total of 1,414 non-paralogous proteins were

obtained by subtracting one duplicate protein from the core protein

sequences. The threshold was set to 0.6 (60%) sequence similarity.

Human host non-homolog analysis

For the identification of novel targets, bacterial proteins

were subjected to homology filters as an essential step for the

screening of human host homologs. After removing the proteins

homologous to the host proteins, 1,295 candidates were obtained

by screening against the human proteome database. Different

metabolic reactions such as homeostasis, development, defense

system, and physiological functions are performed by the gut

flora, which colonizes the human body throughout life (Kho and

Lal, 2018). The scanning of core proteins against the human gut

microbiota was performed by standalone BLASTp, to prevent the

likelihood of serious complications in the host. The resulting 615

proteins were used for downstream analysis.

Identification of essential, virulent,
antibiotic-resistant, and interacting
proteins

A minimal set of genes required to perform basic cellular

functions and important for the survival of an organism are defined

as essential genes. A database of essential genes (DEG) based on

BLASTp scanning was employed to dig out essential proteins of

the pathogen. As a result, 123 proteins were recognized as essential

for the maintenance of cellular functions in P. melaninogenica. The

virulence factor database (VFDB) was used to identify the virulence

proteins of the pathogen. The pathogenic capacity of bacteria to

infect the host is increased by virulence factors (Aslam et al., 2020).

By subjecting proteins to BLASTp scanning, VFDB calculated 19

proteins as virulence factors.

Antibiotic resistance proteins were determined by Antibiotic-

Resistant Gene ANNOTation (ARG-ANNOT) (Gupta et al., 2014).

This analysis determined three proteins as resistant to antibiotics,

which might act as important drug targets in future studies. Host–

pathogen protein–protein interactions (HP-PPI)mediate infectious

diseases in response to molecular cross-conferences between host

and pathogens. For treating infectious diseases, such proteins need

to be identified for the discovery of potential drug targets. Proteins

were subjected to BLASTp against HPIDB v2.0, which identified

only one interacting protein (Ammari et al., 2016). The proteins

from this analysis have the potential to be selected as alternative

drug targets and deserve further experimental investigation.

Identification of pathogen-specific
metabolic pathways

Metabolic pathway analysis is used to find out the preferable

drug target as involved in pathogen-specific unique pathways

(Dorella et al., 2013). The KEGG database was used to predict

the metabolic pathways of Homo sapiens (humans) and P.

melaninogenica, which were 345 and 94, respectively. A manual

comparison of human and bacterial metabolic pathways showed

that 25 unique pathways were present but absent in the human

host, while the remaining 69 pathways were common to both

humans and bacteria. The KAAS server was employed for the

functional pathway analysis of 114 essential, non-homologous

pathogen proteins via BLASTp, which assigned them a KO (KEGG

orthology) identifier (Fatoba et al., 2021). Out of 114 proteins,

only 5 were involved in pathogen-specific unique pathways called

KEGG-dependent (Table 1), while the rest of the 109 proteins were

categorized as KEGG-independent.

The potential therapeutic targets were represented by the

metabolic pathway analysis of non-homologous, essential human

proteins. Suitable and least-targeted were identified by applying

filters to reduce time, labor, and resources. Druggability screening

of the prioritized proteins was performed to find novel druggable

targets, which demonstrated that in KEGG-dependent, one protein

is a novel target, while in KEGG-independent proteins, 90 proteins

are novel and have the potential to be explored as potential

drug targets.

Prediction of subcellular localization

Suitable and effective targets can be identified by predicting

subcellular location for a comprehensive understanding of the

function and mechanisms of proteins. Purification and assay of

membrane-localized proteins are critical, so cytoplasmic proteins

are favored as potent drug targets (Mondal et al., 2015). For

suitable vaccine targets, outer membrane and extracellular proteins

were prioritized for elicitation of better immune responses as

membrane proteins were exposed to host cells (Nogueira et al.,

2021). Subcellular location prediction by CELLO and PSORTb tools
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TABLE 1 P. melaninogenica unique pathway proteins.

Sr. no. Protein IDs KO identifiers Pathway IDs

1 gi|302149751|gb|ADK96013.1| K02517 Lipopolysaccharide biosynthesis

2 gi|302150676|gb|ADK96937.1| K05515 O-Antigen repeat unit biosynthesis

3 gi|302150062|gb|ADK96324.1| K00865 Biosynthesis of secondary metabolites

4 gi|302149000|gb|ADK95262.1| K02551 Biosynthesis of secondary metabolites

5 gi|302149929|gb|ADK96191.1| K03787 Biosynthesis of secondary metabolites

6 gi|302150384|gb|ADK96645.1| K00919 Biosynthesis of secondary metabolites

7 gi|302150673|gb|ADK96934.1| K11753 Biosynthesis of secondary metabolites

8 gi|302150062|gb|ADK96324.1| K00865 Microbial metabolism in diverse environments

9 gi|302149329|gb|ADK95591.1| K06881 Microbial metabolism in diverse environments

10 gi|302149556|gb|ADK95818.1| K08678 Biosynthesis of nucleotide sugars

11 gi|302150676|gb|ADK96937.1| K05515 Beta-Lactam resistance

12 gi|302151208|gb|ADK97469.1| K01448 Cationic antimicrobial peptide (CAMP) resistance

13 gi|302150566|gb|ADK96827.1| K07165 Two-component system

14 gi|302150409|gb|ADK96670.1| K03217 Quorum sensing

15 gi|302150820|gb|ADK97081.1| K03086 Flagellar assembly

16 gi|302150409|gb|ADK96670.1| K03217 Bacterial secretion system

showed three proteins to be cytoplasmic and only one protein to

be outer membrane in the case of KEGG-dependent proteins. In

the case of KEGG-independent proteins, 49 proteins were found to

be cytoplasmic and 23 proteins to be outer membrane in location.

These proteins were prioritized as drug or vaccine targets for

further analysis in accordance with their location.

Drug target prioritization

Further characterization of selected targets was performed by

STRING v10.5 databases for the estimation of protein–protein

interactions. A significant number of interactions were represented

by node degree (K) ≥5 as hub proteins (Szklarczyk et al., 2016).

This characterization prioritized 20 proteins as suitable targets

(Figure 2). The TMHMM server was employed for the prediction

of transmembrane helices set to be less than or equal to 1. Due

to multiple transmembrane helices, there may be complications

in the cloning, expression, and purification of proteins (Solanki

and Tiwari, 2018). For this purpose, proteins with more than

one helix were excluded, and 18 proteins were selected (Table 2).

The molecular weight of selected targets was calculated by the

ExPasy tool, which prioritized proteins with <110 KDa molecular

weight. Proteins submitted to SWISS-MODEL were checked for

model quality estimation by different parameters, i.e., percentage

identity, Q-mean, and GMQE scores, which prioritized three drug

targets. Protein pocket ability prediction is one of the crucial steps

in the development of therapeutic drugs to ensure the affinity of

proteins with small drug-like molecules. The PockDrug server was

employed for this purpose, which identified significant druggable

targets with a drug score of >0.5 (Borrel et al., 2015). Furthermore,

the ERRAT server was used to evaluate the quality of models, which

was considered significant (85%) for all models.

Antigenic membrane protein selection

Surface-exposed or outer membrane proteins which were

exposed to host cells were prioritized for the reverse vaccinology,

in the case of gram-negative bacteria. Certain characteristics

(i.e., instability index, aliphatic index, PI, GRAVY, and molecular

weight) of 24 outer membrane proteins were analyzed by the

ProtParam tool. The AlgPred server was employed to check the

allergenicity of proteins by using the hybrid method for the best

vaccine candidate selection. Antigenicity was estimated by the

VaxiJen server based on the threshold of >0.5. Two proteins with

IDs ADK95685.1 and ADK97014.1 were selected as the best vaccine

targets used for subsequent analysis. By this analysis, it was ensured

that induced immune responses were aimed to target the pathogen,

not the host cells.

Prediction of lead epitopes

Targeted immune responses are induced by the short peptide

fragments of a peptide vaccine; accordingly, allergenic sequences

are avoided. A variety of peptides termed epitopes can bind to

MHC molecules with high affinity as mutations are possible in

MHC-binding epitopes caused by pathogens (Shah et al., 2021).

One of the major keystones in the development of vaccines is

the B- and T-cell epitope prediction (Li et al., 2014). MHC-I and

MHC-II molecules provide both types of T cells, i.e., (i) cytotoxic

T cells and (ii) helper T cells, with epitopes. High-binding affinity
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FIGURE 2

Interaction analysis of predicted drug targets with other proteins using STRING database where query proteins are indicated by red color. The

proteins with the best predicted three-dimensional structures: (A) ADK95883.1, (B) ADK96110.1, (C) ADK96369.1, (D) ADK96424.1, (E) ADK96570.1,

and (F) ADK96796.1, are shown to summarize the drug target’s PPI list.

epitopes were predicted by multiple prediction sources to find

potent vaccine-candidate epitopes. For the prediction of MHC-

binding epitopes in two prioritized vaccine candidates, an IEDB

server was employed. For MHC-I binding, the NetMHCpan 4.1

server was used with criteria of <0.2 percentile rank. Hydrogen

binding can attach peptides with only 8 to 10 amino acids due to

the closed binding site cleft ofMHC-Imolecules (Nazir et al., 2018).

Criteria for binding with human alleles were set to 9-mer length,

and predicted 19 and 16 epitopes for both vaccine candidates

were used for further analysis. These epitopes were further

filtered by toxicity, antigenicity, conservancy, and immunogenicity

analyses, which resulted in 5 and 6 final epitopes for chimera

vaccine construction.

Due to open and shallow pockets, prediction by MHC-

II molecules is less accurate. The IEDB-recommended 2.22

method was employed for the prediction of MHC-II epitopes

with a percentile rank <0.5, and the 15-mer length of amino

acids was selected due to the higher binding affinity of these

molecules as compared with MHC-I (Shah et al., 2021). After

screening, the final MHC-II and MHC-I epitopes were selected

(Supplementary Tables S1, S2). For the prediction of linear B-cell

epitopes, different online servers, i.e., BCPred, BepiPred, FBCPred,

and AAP, were employed. The predicted epitopes of T and

B cells were compared for the determination of overlapping

epitopes (Table 3). These overlapping epitopes may be useful

in the development of a vaccine against P. melaninogenica in

future. Conformational B-cell epitopes have an important role in

antigen and antibody association, but unfortunately, these cannot

be predicted due to the inaccessibility of the 3D structures of all

the proteins.

Vaccine construct modeling

For the construction of chimera vaccine constructs, different

combinations of non-toxic, antigenic, and conserved lead epitopes

were chosen. On the N-terminal of prioritized epitopes, adjuvants

were added to enhance the immunogenic nature of the multi-

epitope vaccine. Linkers, i.e., EAAAK, GGGS, and KK, were

used to join the adjuvants. Allergenicity and antigenicity of the

constructs affected by adjuvants were analyzed by the different

combinations of adjuvants (Solanki and Tiwari, 2018). The

conformation of designed constructs was not altered by adding

linkers. Around the global population, the problems triggered

by polymorphisms in HLA-DR molecules can be overcome

by adding PADRE sequences (synthetic peptides containing 13

amino acids) to vaccine constructs. Better immune protection

and cytotoxic T-lymphocyte (CTL) responses were provided by

PADRE sequences (Wu et al., 2010). Different combinations of

lead epitopes, adjuvants, and PADRE sequences provided eight

vaccine constructs, i.e., V1, V2, V3, V4, V5, V6, V7, and V8

(Table 4).
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TABLE 2 Analysis of shortlisted druggable proteins to check transmembrane alpha helices, molecular weight, and node degree (STRING analysis).

Sr. no. Protein ID Protein name TMHMM No. M. wt
(KDa)

Query
length

STRING

Metabolic pathway-dependent protein

1 ADK97401.1 Dihydroneopterin aldolase 0 13 23 6.55

Metabolic pathway-independent proteins

1 ADK95262.1 2-succinyl-5-enolpyruvyl-6-hydroxy-3-

cyclohexene-1-carboxylic-acid

synthase

0 61 113 6

2 ADK95358.1 Pyridoxal 5′-phosphate synthase 0 31 77 5.09

3 ADK95511.1 Hypothetical protein 0 23 35 6.36

4 ADK95702.1 NAD-dependent DNA ligase OB-fold

domain protein

0 74 155 6.55

5 ADK95883.1 Nicotinate phosphoribosyltransferase 0 49 80 7.82

6 ADK95886.1 Glycosyltransferase 0 33 49 6

7 ADK96013.1 Lipid A biosynthesis

(KDO)2-(lauroyl)-lipid IVA

acyltransferase

1 39 46 6.55

8 ADK96033.1 YbbR-like protein 0 33 46 6.36

9 ADK96110.1 Putative phosphomethylpyrimidine

kinase

0 36 73 7.09

10 ADK96369.1 Putative ACR, COG1399 0 19 34 8.55

11 ADK96424.1 Hypothetical protein 0 43 74 7.45

12 ADK96445.1 Exodeoxyribonuclease VII, large

subunit

0 48 89 5.82

13 ADK96570.1 UvrD/REP helicase 0 103 162 6.73

14 ADK96645.1 4-(cytidine

5′-diphospho)-2-C-methyl-D-erythritol

kinase

0 31 66 6.18

15 ADK96796.1 ATP synthase F1, gamma subunit 0 36 64 8.73

16 ADK96878.1 Hypothetical protein 1 18 23 6.36

17 ADK96880.1 Hydrolase, tatd family 0 30 56 5.64

Antigenicity, allergenicity, and solubility
analysis of vaccine constructs

The antigenic behavior of vaccine constructs was examined

by the AntigenPro server with a cutoff value of >0.90. The

VaxiJen server was employed to estimate the antigenicity, with

a threshold of 0.75 showing good antigenic behavior. The

allergic nature of constructs was checked by the AllergenFp,

and allergic constructs were excluded as being harmful to

the human host. The SOLPro server with a probability

score of >0.5 was employed to analyze the solubility of

the designed chimeric constructs. GC content (30–70%)

and CAI value (0.90–1.0) were considered significant as

inferred from the results. The ProtParam tool was used

to evaluate properties such as the number of amino acids,

aliphatic index, instability index, PI, molecular weight, and

GRAVY. Eventually, vaccine constructs V5 and V8 fulfilled the

standard criteria and were selected for further investigations

(Supplementary Tables S3, S4).

Structure prediction of vaccine constructs

A 2D diagram of the vaccine represents the residues involved

in the formation of coils, b-sheets, and a-helices. These particular

secondary structures of vaccine are involved in its overall

structural stability. The 2D diagram indicates a big picture

of the complete structure of the vaccine construct. Therefore,

prioritized vaccine constructs (V5 and V8) were subjected to

PSIPRED and SOPMA servers for the prediction of secondary

structure to evaluate the stability of peptides (Raza et al.,

2021). The results revealed by servers calculated the percentage

of α-helix (36.90), β-strands (10.69), extended strands (21.80),

and random coils (30.61) for V5 (Supplementary Figure S1A).

Similarly, percentages for V8 were 29.43, 24.44, 11.22, and

34.91, respectively (Supplementary Figure S1B). The function and

stability of proteins are critically analyzed by tertiary structure

prediction. The Phyre2 server was employed for the prediction

of the tertiary structure of prioritized vaccine constructs (V5 and

V8). The vaccine construct V8 was deselected due to limited
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TABLE 3 Comparative analysis of predicted epitopes (bold highlights the selected epitopes).

Protein
IDs

Sr.
no.

Final
positions

Final B-cell epitopes

ADK95685.1 1 2,−50 ATRTINGREYTKVDFENKLRHLSDAQELAAMLNELKLPWYYSDFRGKQL

2 55–83 DTNNVQRRCKTFRLRKKHGGYREITAPKG

3 100–127 DEPTPWAFGFVCGRSVVDNARPHVGKRY

4 168–199 ATVRTKNNKEVLAQGFATSPTLSNFICREMDK

5 208–254 QGITFTRYADDLTFSSDTDILRPQGELVQQVKAIVERYGFRLNEEKT

6 268–294 LMVTEKVNVSRRYVREIRSLLYIWERY

7 303–325 AWKSYRQQHGKTKGHQHCVPLNA

8 349–375 VSRYTSLQQRSKGDIKEVAYKAYMGKY

9 377–417 SNSTEDRMTSANVLPNDNTSSRQLGATSSNPYDPRKKSKRI

ADK97014.1 1 15–45 VQVSAQSGTNSPYSQYGLGALASQATSFNRG

2 52–75 GFHERNQVNYANPASYASVDSLSF

3 82–109 SLQLTNFEENGNKVNAKNADIEYVVASF

4 121–161 LLPYTNVGYNFSNTQNVNAFPSTSSVNATYSNAYNGSGGLH

5 165–236 LGAGWEPFKGFSFGANIGYLWGTLNRNSTNTYSDSYVNTLSKNYSAQVKSYKVDFGAQYTYAVDKKNELTLG

6 253–274 LISTNSQTSISDTTRYVVSNSL

7 278–329 HTFGVGLMWNHNNRLKFGVDYQLQKWAKLKYPQLTTVNGTTSYNLVDGQFND

8 332–379 KFTLGGDYCKGERYRGFFSRMHYRAGFSYASPYLKINGVDGPRELSAS

9 390–427 YNNRSMLNISAEWVNQSVTGMIKENMFRINVGFTFNER

data for three-dimensional structure formation. Hence, V5 was

used for tertiary structure, and distortions in protein structure

were overcome by refinement of structure. Closeness to the

native structure of proteins was acquired by the refinement

of models by GalaxyRefine and 3DRefine. Efficient protein

structure refinement is obtained by applying knowledge-based

force fields and composite physics. Energy minimization steps

and repetitive optimization of hydrogen bonding at the atomic

level are employed by these online servers for refinement

(Raza et al., 2021).

Validation of the refined 3D model was executed by

PROCHECK and PROSAweb, which were used to generate the

Ramachandran plot. This plot assessment elaborates on the

combination and orientation of dihedral angles falling in the

disallowed region on the basis of steric hindrance (Maxwell

and Popelier, 2017). The Z-score (assessed by PROSA Web)

improved from −2.98 to −5.37, which ensured the better quality

of models. More than 90% of residues in the most favored

regions of the Ramachandran plot indicate the better folding

of the protein structure and validate its quality. The results of

the Ramachandran plot analysis of our vaccine showed 95.2% of

residues in the most favored regions, which indicated the good

quality of our vaccine. Visualization of the tertiary structures

was made with Pymol v2.5.5 software for better representation

(Figure 3).

Disulfide engineering and molecular
docking analysis

The designed vaccine construct was stabilized by performing

disulfide engineering, where 13 pairs of amino acids were found

to be able to make disulfide bonds predicted by the DbD2 server.

However, considering the parameters such as energy and chi3, five

pairs were considered favorable. The value of energy was calculated

to be <4 kcal/mole for 5 pairs, with a chi3 value between −105

and+109.

Favorable interactions between vaccine constructs and HLA

alleles were predicted by molecular docking analysis, an energy

minimization step. The vaccine construct (V5) was docked with

six different HLA alleles, i.e., 1A6A, 1AQD, 2Q6W, 3C5J, 4MD4,

and 5NI9, acquired from PDB by using the PatchDock server.

For refinement of models, the results were subjected to the

FireDock server. Docked complex V5-1AQD fulfilled the criteria

by showing the highest docking score (14814) as compared

with the docking score of other docked complexes. Vigorous

immune-stimulatory and CTL response effects can be elicited by

interactions between TLRs (Rana and Akhter, 2016). The vaccine

construct (V5) was further docked with TLR4 (toll-like receptor)

to enhance immune responses (Table 5). Profound interactions

of the docked complex V5-TLR4 were confirmed through

binding energy.
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TABLE 4 Designed multi-epitope vaccine sequences.

Sr. no. Epitope sequence
position

Complete sequence of vaccine construct

1 ADK95685.1 (100–127,

208–254), and ADK97014.1

(52–75, 121–161, 253–274,

332–379, 390–427)

EAAAKMSDLKNLAETLVNLTVKDVNELAAILKDEYGIEPAAAAVVMAGPGAEAAEEKTEFDVILKSAGASKLAVVKLVKD
LTGAGLKEAKDMVDGAPAAIKSGISKDEAEALKKQLEEAGAEVELKEAAAKAKFVAAWTLKAAAGGGSDEPTPWAFGFVCGR
SVVDNARPHVGKRYGGGSQGITFTRYADDLTFSSDTDILRPQGELVQQVKAIVERYGFRLNEEKTGGGSAKFVAAWTLKAAA
GGGSGFHERNQVNYANPASYASVDSLSFHEYGAEALERAGLLPYTNVGYNFSNTQNVNAFPSTSSVNATYSNAYNGSGGLHH
EYGAEALERAGLISTNSQTSISDTTRYVVSNSLHEYGAEALERAGKFTLGGDYCKGERYRGFFSRMHYRAGFSYASPYLKIN
GVDGPRELSASHEYGAEALERAGYNNRSMLNISAEWVNQSVTGMIKENMFRINVGFTFNERHEYGAEALERAGAKFVAAWTL
KAAAGGGS

2 ADK95685.1 (100–127,

208–254), and ADK97014.1

(52–75, 121–161, 253–274,

332–379, 390–427)

EAAAKMAENPNIDDLPAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVEERRARLTKFQEDLPEQFIELRDK
FTTEELRKAAEGYLEAATNRYNELVERGEAALQRLRSQTAFEDASARAEGYVDQAVELTQEALGTVASQTRAVGERAAKL
VGIELEAAAKAKFVAAWTLKAAAGGGSDEPTPWAFGFVCGRSVVDNARPHVGKRYGGGSQGITFTRYADDLTFSSDTDIL
RPQGELVQQVKAIVERYGFRLNEEKTGGGSAKFVAAWTLKAAAGGGSGFHERNQVNYANPASYASVDSLSFHEYGAEALE
RAGLLPYTNVGYNFSNTQNVNAFPSTSSVNATYSNAYNGSGGLHHEYGAEALERAGLISTNSQTSISDTTRYVVSNSLHE
YGAEALERAGKFTLGGDYCKGERYRGFFSRMHYRAGFSYASPYLKINGVDGPRELSASHEYGAEALERAGYNNRSMLNIS
AEWVNQSVTGMIKENMFRINVGFTFNERHEYGAEALERAGAKFVAAWTLKAAAGGGS

3 ADK95685.1 (100–127,

208–254), and ADK97014.1

(52–75, 121–161, 253–274,

332–379, 390–427)

EAAAKMAENSNIDDIKAPLLAALGAADLALATVNELITNLRERAEETRRSRVEESRARLTKLQEDLPEQLTELREKFTA
EELRKAAEGYLEAATSELVERGEAALERLRSQQSFEEVSARAEGYVDQAVELTQEALGTVASQVEGRAAKLVGIELEAAA
KAKFVAAWTLKAAAGGGSDEPTPWAFGFVCGRSVVDNARPHVGKRYGGGSQGITFTRYADDLTFSSDTDILRPQGELVQQ
VKAIVERYGFRLNEEKTGGGSAKFVAAWTLKAAAGGGSGFHERNQVNYANPASYASVDSLSFHEYGAEALERAGLLPYTN
VGYNFSNTQNVNAFPSTSSVNATYSNAYNGSGGLHHEYGAEALERAGLISTNSQTSISDTTRYVVSNSLHEYGAEALERA
GKFTLGGDYCKGERYRGFFSRMHYRAGFSYASPYLKINGVDGPRELSASHEYGAEALERAGYNNRSMLNISAEWVNQSVT
GMIKENMFRINVGFTFNERHEYGAEALERAGAKFVAAWTLKAAAGGGS

4 ADK95685.1 (100–127,

208–254), and ADK97014.1

(52–75, 121–161, 253–274,

332–379, 390–427)

EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKKEAAAKAKFVAAWTLKAAAGGGSDEPTPWA
FGFVCGRSVVDNARPHVGKRYGGGSQGITFTRYADDLTFSSDTDILRPQGELVQQVKAIVERYGFRLNEEKTGGGSAKFVA
AWTLKAAAGGGSGFHERNQVNYANPASYASVDSLSFHEYGAEALERAGLLPYTNVGYNFSNTQNVNAFPSTSSVNATYSNA
YNGSGGLHHEYGAEALERAGLISTNSQTSISDTTRYVVSNSLHEYGAEALERAGKFTLGGDYCKGERYRGFFSRMHYRAGF
SYASPYLKINGVDGPRELSASHEYGAEALERAGYNNRSMLNISAEWVNQSVTGMIKENMFRINVGFTFNERHEYGAEALER
AGAKFVAAWTLKAAAGGGS

5 ADK95685.1 (55–83,

268–294), and ADK97014.1

(15–45, 82–109, 165–236,

278–329)

EAAAKMSDLKNLAETLVNLTVKDVNELAAILKDEYGIEPAAAAVVMAGPGAEAAEEKTEFDVILKSAGASKLAVVKLVK
DLTGAGLKEAKDMVDGAPAAIKSGISKDEAEALKKQLEEAGAEVELKEAAAKAKFVAAWTLKAAAGGGSDTNNVQRRCKTF
RLRKKHGGYREITAPKGGGGSLMVTEKVNVSRRYVREIRSLLYIWERYGGGSAKFVAAWTLKAAAGGGSVQVSAQSGTNSP
YSQYGLGALASQATSFNRGHEYGAEALERAGSLQLTNFEENGNKVNAKNADIEYVVASFHEYGAEALERAGLGAGWEPFKG
FSFGANIGYLWGTLNRNSTNTYSDSYVNTLSKNYSAQVKSYKVDFGAQYTYAVDKKNELTLGHEYGAEALERAGHTFGVGL
MWNHNNRLKFGVDYQLQKWAKLKYPQLTTVNGTTSYNLVDGQFNDHEYGAEALERAGAKFVAAWTLKAAAGGGS

6 ADK95685.1 (55–83,

268–294), and ADK97014.1

(15–45, 82–109, 165–236,

278–329)

EAAAKMAENPNIDDLPAPLLAALGAADLALATVNDLIANLRERAEETRAETRTRVEERRARLTKFQEDLPEQFIELRDK
FTTEELRKAAEGYLEAATNRYNELVERGEAALQRLRSQTAFEDASARAEGYVDQAVELTQEALGTVASQTRAVGERAAKLV
GIELEAAAKAKFVAAWTLKAAAGGGSDTNNVQRRCKTFRLRKKHGGYREITAPKGGGGSLMVTEKVNVSRRYVREIRSLLY
IWERYGGGSAKFVAAWTLKAAAGGGSVQVSAQSGTNSPYSQYGLGALASQATSFNRGHEYGAEALERAGSLQLTNFEENGN
KVNAKNADIEYVVASFHEYGAEALERAGLGAGWEPFKGFSFGANIGYLWGTLNRNSTNTYSDSYVNTLSKNYSAQVKSYKV
DFGAQYTYAVDKKNELTLGHEYGAEALERAGHTFGVGLMWNHNNRLKFGVDYQLQKWAKLKYPQLTTVNGTTSYNLVDGQF
NDHEYGAEALERAGAKFVAAWTLKAAAGGGS

7 ADK95685.1 (55–83,

268–294), and ADK97014.1

(15–45, 82–109, 165–236,

278–329)

EAAAKMAENSNIDDIKAPLLAALGAADLALATVNELITNLRERAEETRRSRVEESRARLTKLQEDLPEQLTELREKFTA
EELRKAAEGYLEAATSELVERGEAALERLRSQQSFEEVSARAEGYVDQAVELTQEALGTVASQVEGRAAKLVGIELEAAAK
AKFVAAWTLKAAAGGGSDTNNVQRRCKTFRLRKKHGGYREITAPKGGGGSLMVTEKVNVSRRYVREIRSLLYIWERYGGGS
AKFVAAWTLKAAAGGGSVQVSAQSGTNSPYSQYGLGALASQATSFNRGHEYGAEALERAGSLQLTNFEENGNKVNAKNADI
EYVVASFHEYGAEALERAGLGAGWEPFKGFSFGANIGYLWGTLNRNSTNTYSDSYVNTLSKNYSAQVKSYKVDFGAQYTYA
VDKKNELTLGHEYGAEALERAGHTFGVGLMWNHNNRLKFGVDYQLQKWAKLKYPQLTTVNGTTSYNLVDGQFNDHEYGAEA
LERAGAKFVAAWTLKAAAGGGS

8 ADK95685.1 (55–83,

268–294), and ADK97014.1

(15–45, 82-109, 165–236,

278–329)

EAAAKGIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKKEAAAKAKFVAAWTLKAAAGGGSDTNNVQR
RCKTFRLRKKHGGYREITAPKGGGGSLMVTEKVNVSRRYVREIRSLLYIWERYGGGSAKFVAAWTLKAAAGGGSVQVSAQS
GTNSPYSQYGLGALASQATSFNRGHEYGAEALERAGSLQLTNFEENGNKVNAKNADIEYVVASFHEYGAEALERAGLGAGW
EPFKGFSFGANIGYLWGTLNRNSTNTYSDSYVNTLSKNYSAQVKSYKVDFGAQYTYAVDKKNELTLGHEYGAEALERAGHT
FGVGLMWNHNNRLKFGVDYQLQKWAKLKYPQLTTVNGTTSYNLVDGQFNDHEYGAEALERAGAKFVAAWTLKAAAGGGS

Molecular dynamic simulation

In the cellular environment, the stability of docked complexes

was inferred by molecular dynamic simulation studies. The iMOD

server was employed to explore the movement of molecules and

atoms. The relation of the docked complex between the NMA

and the PDB sector was clearly visualized by the B-factor graph

(Figure 4A). The coupling between residues was indicated by a

covariancematrix, where themotions, i.e., correlated, uncorrelated,

and anti-correlated, of different pairs were indicated by red, blue,

and white colors, respectively (Figure 4B). The distortion of each

residue was counted as the deformability of the complex, as shown

in the graphs obtained by the server with higher peaks indicating

the greater deformability (Figure 4C). A low Eigenvalue indicates

that the complex can be deformed easily. The motion stiffness

of the complex was represented by an Eigenvalue (9.549413e-05)

(Figure 4D). The Eigenvalue and variance related to each normal

mode were found to be in an inverse relation (Figure 4F). The
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FIGURE 3

(A) Tertiary structure of the vaccine V5 generated and refined by Phyre 2 and GalaxRefine servers, respectively. (B) Ramachandran plot exhibiting

more than 95% in the Rama-favored regions. (C) Vaccine 3D structure validation by ProSA-web. The Z-score of the refined model is −5.37, which is

lying inside the score range.

TABLE 5 Docking analysis for the interaction studies between vaccine construct V5 and major immune receptors.

Sr. no. HLA alleles PDB ID Score Area Hydrogen bond
energy

Global energy ACE

1 2Q6W 13,898 1,886.3 −1.25 −15.29 7.27

2 1A6A 14,024 1,894.2 −0.9 −11.84 −2.64

3 5NI9 14,416 1,935.3 −3.07 −16.12 9.23

4 TLR4 14,506 1,932 −2.05 −12.82 13.86

5 4MD4 14,544 1,912.2 −5.03 −21.8 9.32

6 1AQD 14,814 1,867.8 −5.34 −25.38 8.99

elastic network model indicated the stiffness of the residues of the

vaccine in the form of springs, with darker grays indicating stiffer

springs (Figure 4E). The interpretation obtained from the results

confirmed the stability of the docked complex (V5-TLR4) in the

cellular environment.

Codon optimization and in silico cloning

For the sake of maximal protein expression, the vaccine

construct’s codon was optimized by JCat (Java Codon Adaptation

Tool) in E. coli (strain K12). The JCat resource provided the

percentage of average GC content up to 70% and CAI value (0.95–

1.0) of adapted sequences, which ensured a high expression rate

of vaccine constructs in E. coli. The adapted codon sequences

were introduced in the plasmid vector pET 28a (+) for the

construction of recombinant plasmid sequences, which ensured

expression and heterologous cloning in E. coli. Cloning of the

vaccine DNA sequence provided a recombinant vector of 6,804 bp

(Supplementary Figure S2).

Immune simulation

Immune simulations play a role in the development of an

immune profile of the vaccine construct. The memory of immune

cells was observed under C-ImmSim analysis to increase their

half-life and successive immune responses by the cell (Bibi et al.,
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FIGURE 4

Molecular dynamics simulation of vaccine construct (V5)–TLR4 complex. The stability of the protein–protein complex was examined by (A) B-factor,

(B) covariance matrix of residue index, (C) deformability, (D) Eigenvalue, (E) elastic network analysis, and (F) variance.

2021). Steadiness and real immune reactions were confirmed by

the outcomes of this server. High IgM values indicated a primary

immune response. Furthermore, the immunoglobulin expression

level (IgG1+IgG2, IgM, and IgG+IgM) was increased, showing a

decrease in antigen concentration (Figure 5A), which confirmed an

increase in the active B-cell population (Figure 5D). Immunization

led to an increase in the concentration of the active cytotoxic and

helper T lymphocytes (Figures 5B, C). The cytokinin levels and

IFN-gamma-inducing properties were also increased after every

dose of the vaccine. Furthermore, the inset plot indicated that the

chances of the danger caused by the vaccine are too low (Figure 5E).

All the immune responses indicated that our vaccine is capable of

causing a potent immune response.

Discussion

P. melaninogenica, due to its irrefutable place within the

CF respiratory microbiota in the pathophysiology of oral lichen

planus (OLP) and periodontal diseases, has gained the attention

of researchers to target this pathogen (Lamoureux et al., 2021).

Although discrepancies in antimicrobial rates were observed, a

constant increase in resistance is still trending, which provoked

the researchers to look for an alternative to the current therapies.

Identification of novel therapeutic drugs by targeting the core genes

of bacterial species might be favorable. In silico approaches have

become popular in designing novel drug and vaccine targets against

pathogenic organisms with the help of bioinformatics.

While looking for an alternative drug target, subtractive

proteomics or genomics were combined with reverse vaccinology

to find a suitable vaccine target. In the present study, 14 complete

genomes of P. melaninogenica were used to extract the core genes

of the bacteria, which remain conserved throughout the species.

The previous studies involved surveys and other experimental

approaches to combat the infections of P. melaninogenica, but no

in silico approaches were applied in the past. A total of 114 proteins

were recognized as essential, virulent, antibiotic-resistant, and non-

homologous, which could serve as novel drug or vaccine targets

determined by in silico analysis.

PPI network analysis of these drug candidates filtered the

hub proteins after predicting the subcellular location of proteins

(Jalili et al., 2016). Druggable screening of the cytoplasmic

proteins prioritized the non-homologs as novel discoveries

in the identification of therapeutic drug targets against P.

melaninogenica. A total of 18 proteins were prioritized as

potential drug targets, of which 1 is KEGG-dependent and 17 are

KEGG-independent (Table 2). Of these proteins, dihydroneopterin

aldolase (ADK97401.1) is involved in the conversion of 7,8-

dihydroneopterin to 6-hydroxymethyl-7,8-dihydropterin in the

folate synthesis pathway of microorganisms. This pathway is very

important for the growth and survival of many microorganisms.

It was selected as a drug target because its inhibition can cause

the death of microorganisms (Wang et al., 2006). Pyridoxal 5′-

phosphate (PLP) (ADK95358.1) is an important coenzyme and

is involved in a variety of reactions. The pyridoxal 5′-phosphate

synthase is responsible for the synthesis of PLP. If PLP-synthase

is inhibited in microorganisms, it leads to a decrease in their

essential amino acids, leading to growth retardation or death

of the microorganisms. Due to this reason, PLP-synthase was

prioritized as a potential drug target (Strohmeier et al., 2006).

Nicotinate phosphoribosyl transferase (NAPRT) (ADK95883.1)

causes the conversion of nicotinic acid into nicotinamide adenine
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FIGURE 5

Immune simulation results of the designed vaccine construct (V5). (A) Immunoglobulin levels with respect to antigen concentration. (B) Cytotoxic

T-cell population per state. (C) Helper T-cell population per state. (D) B-cell population per state. (E) Cytokine and interleukin levels after vaccine

injection. The inset plot indicated high production of IL-2 along with a danger signal.

dinucleotide (NAD) (Audrito et al., 2020). NAD is involved in

energy production and the repair of DNA in the event of any

damage. If NAPRT is inhibited in bacteria, it can lead to many

problems for them. It can also cause sensitivity to certain antibiotics

(Ghanem et al., 2022). Glycosyltransferase (ADK95886.1), involved

in the interconversion of sugars, was also prioritized as a drug target

(Schmid et al., 2016). The putative phosphomethylpyrimidine

kinase (ADK96110.1), the homolog of thiD, is involved in the initial

stage of the biosynthesis of vitamin B1 (thiamin). Thiamin, in its

activated form, thiamin diphosphate (ThDP), is very important

for microorganisms. It is essential for many important metabolic

processes, such as the breakdown of sugars and amino acids.

Therefore, it was considered a drug target (Naz et al., 2019).

Lipid A biosynthesis (KDO)2-(lauroyl)-lipid IVA acyltransferase

(ADK96013.1) is responsible for the growth of bacterial cells at high

temperatures. If this protein is deleted in a bacterium, it cannot

survive at temperatures above 33◦C (Zhou et al., 2021). Moreover,

it is involved in the formation of Lipid A in bacteria, which is

very important for the survival of the bacteria. If it is inhibited in

bacteria, it can lead to the disruption of its outer membrane, which

ultimately results in the death of the bacteria. Thus, it is a potential

drug target against bacterial infections (Six et al., 2008). Another

potential novel drug target is UvrD (ADK96570.1). It is a versatile

protein found in microorganisms. Its role in DNA metabolism

is crucial because it plays various functions such as repairing

DNA mismatches during replication, participating in nucleotide

excision repair and replication, promoting recombination by

removing RecA filaments from DNA, and regulating transcription

through interactions with RNA polymerase (Ordabayev et al.,

2018). Overall, UvrD’s involvement in maintaining DNA integrity

and genomic stability is essential for the proper functioning of

microorganisms (Ordabayev et al., 2018). Its inhibition can cause

the death of microorganisms. Due to these reasons, it showed

the potential to become a drug target. The gamma subunit of

ATP synthase F1 (ADK96796.1) is essential for ATP production

through oxidative phosphorylation in microorganisms (Xu et al.,

2015). It plays a vital role in controlling ATP synthase activity

and maintaining the proton gradient across the membrane. When

the gamma subunit is inhibited, ATP synthesis decreases and the

proton gradient is disrupted, which can impact various aspects of

cellular metabolism, growth, and survival. Prolonged inhibition

of ATP synthesis can ultimately result in cell death (Xu et al.,

2015). Thus, targeting this important protein may be fatal for

the pathogen and is an effective drug target. The novel drug

targets, including aldolases, helicases, hydrolases, synthases, and

transferases, investigated in this study have not been reported

as drug targets in previous studies. According to the centrality–

lethality rule, bacterial pathogens can be targeted by the inhibition

or knockdown of these proteins.

To treat pathogenic infections, various antibiotics are

discovered by using subtractive genomics or proteomics

approaches, but there is still a demand to look for chimeric

vaccine development due to increased antimicrobial resistance in

clinical isolates of P. melaninogenica. Outer membrane proteins

being involved in host–pathogen interaction were prioritized

as potent vaccine targets in the reverse vaccinology approach

(Lu et al., 2014). After analyzing different parameters, two

vaccine candidates, i.e., reverse transcriptase (ADK95685.1)

and hypothetical protein (ADK97014.1), were selected for the

chimeric vaccine construction. Host cells are directly exposed to

bacterial outer membrane proteins; hence, they are considered to

be the most favorable candidate to be used in reverse vaccinology
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against invasive pathogens (Rizwan et al., 2017). Bacterial life and

pathogenesis depend on these proteins as they play an important

role in different functions such as nutrient acquisition, adhesion,

and sustaining bacterial membrane integrity (Mishra et al., 2020).

B- and T-cell immunity is stimulated by antigenic regions

of proteins in epitope mapping using the immunoinformatic

approach, where the non-antigenic portion is excluded. Lead B-

and T-cell overlapped epitopes were used to generate chimeric

subunit constructs with different combinations of adjuvants and

PADRE sequences for better immune responses and to overwhelm

the HLA polymorphism throughout the population (Ghaffari-

Nazari et al., 2015). Maximal expression of the prioritized vaccine

construct (V5) was ensured by in silico cloning in pET 28a (+).

A stable interaction between ligand and receptor was confirmed

by molecular docking of the vaccine construct with human HLAs

and TLR4, which showed the highest docking score. Response to

antigens directly depends on the human body’s defense system,

which is fully equipped to respond. Cytokine and chemokine

production to mediate cellular immune responses and the

recognition of PAMPs (pathogen-associated molecular patterns)

are controlled by TLRs, which are present on the surface of

immune cells.

Innate and adaptive immunity responses might be possible

with the designed vaccine, as inferred by the binding of V5 with

TRL4. The stability and dynamic performance of docked complex

V5-TLR4 were explored by molecular dynamic simulation, where

steady binding of the complex was confirmed by an RMSD

plot. Profound immune responses were expected, as predicted by

immune simulation. Memory B and T cells were developed, and the

production of helper T cells was evident from the results. Efficient

Ig production was indicated by a high level of T cells, supporting

a humoral response. Moreover, practical implementation of the

designed lead vaccine might be advantageous to combat pathogenic

diseases of P. melaninogenica in the near future, as inferred from in

silico approaches.

Conclusion

Before doing biological experiments, it is of utmost

importance to depend on in silico approaches that can give a

better idea about the probability and feasibility of discovering

novel drug and vaccine targets. In the present study, in

silico approaches such as subtractive proteomics and reverse

vaccinology were applied to prospect proteins to serve them

as drug or vaccine candidates from a conserved set of genes

obtained from 14 complete genomes of P. melaninogenica.

Several biological databases, comparative sequence analyses,

and druggability analyses were performed to find the most

potent drug candidate. Ultimately, 18 proteins were enlisted

as prioritized druggable candidates to be addressed as novel

targets against the bacterium that had not been reported in

previous studies.

Two proteins were selected as vaccine candidates to develop a

chimeric subunit vaccine. Maximal expression of the engineered

vaccine construct (V5) was ensured by the in silico cloning

of the chimeric construct in the bacterial system. Furthermore,

the vaccine construct (V5) was docked with human immune

cell receptors and TRL4 to confirm its stable binding and

capability to stimulate cell-mediated immune responses. Steady

binding of the docked complex was inferred by the molecular

dynamic simulation analysis. Effective immunological memory to

control P. melaninogenica infections was validated by immune

simulation. All the proposed therapeutic targets further need

validation in animal models. Various pathogenic strains of P.

melaninogenica can be targeted by these therapeutic candidates

as core genes were the basis of the study. The drug targets

and the vaccine construct designed in this study deserve

experimental validation to devise the proper treatment for the

said pathogen.
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Background: Colistin has emerged as a last-resort therapeutic against antibiotic-
resistant bacterial infections, particularly those attributed to carbapenem-
resistant Enterobacteriaceae (CRE) like CRKP. Yet, alarmingly, approximately 45% 
of multidrug-resistant Klebsiella pneumoniae strains now manifest resistance to 
colistin. Through our study, we discerned that the synergy between carbapenemase 
and IS elements amplifies resistance in Klebsiella pneumoniae, thereby narrowing 
the existing therapeutic avenues. This underscores the instrumental role of IS 
elements in enhancing colistin resistance through mgrB disruption.

Methods: From 2021 to 2023, 127 colistin-resistant Klebsiella pneumoniae 
isolates underwent meticulous examination. We  embarked on an exhaustive 
genetic probe, targeting genes associated with both plasmid-mediated mobile 
resistance-encompassing blaKPC, blaNDM, blaIMP, blaVIM, blaOXA-48-like, 
and mcr-1 to mcr-8-and chromosome-mediated resistance systems, including 
PhoP/Q, PmrA/B, and mgrB. PCR amplification revealed the presence of virulence-
associated genes from the pLVPK plasmid, such as rmpA, rmpA2, iucA, iroB, and 
peg344. mgrB sequencing was delegated to Sangon Biotech, Shanghai, and the 
sequences procured were validated using BLAST. Our search for IS elements 
was navigated through the IS finder portal. Phenotypically, we harnessed broth 
microdilution (BMD) to ascertain the MICs of colistin. To sketch the clonal lineage 
of mgrB-mutated CoR-Kp isolates, sophisticated methodologies like MLST and 
PFGE were deployed. S1-PFGE unraveled the intrinsic plasmids in these isolates. 
Our battery of virulence assessment techniques ranged from the string test and 
capsular serotyping to the serum killing assay and the Galleria mellonella larval 
infection model.

Results: Among the 127 analyzed isolates, 20 showed an enlarged mgrB PCR 
amplicon compared to wild-type strains. These emerged over a three-year period: 
three in 2021, thirteen in 2022, and four in 2023. Antimicrobial susceptibility tests 
revealed that these isolates consistently resisted several drugs, notably TCC, 

OPEN ACCESS

EDITED BY

Vijay Soni,  
NewYork-Presbyterian, United States

REVIEWED BY

Maruti Nandan Rai,  
University of Illinois at Urbana-Champaign, 
United States  
Pratima Saini,  
Wistar Institute, United States  
Yaxin Li,  
Cornell University, United States

*CORRESPONDENCE

Wei Zhang  
 zhangweiliuxin@163.com  

Yang Liu  
 ly13767160474@sina.com

†These authors have contributed equally to this 
work and share first authorship

RECEIVED 14 August 2023
ACCEPTED 11 September 2023
PUBLISHED 28 September 2023

CITATION

Zhu L, Li P, Zhang G, He Z, Tao X, Ji Y, Yang W, 
Zhu X, Luo W, Liao W, Chen C, Liu Y and 
Zhang W (2023) Role of the ISKpn element in 
mediating mgrB gene mutations in ST11 
hypervirulent colistin-resistant Klebsiella 
pneumoniae.
Front. Microbiol. 14:1277320.
doi: 10.3389/fmicb.2023.1277320

COPYRIGHT

© 2023 Zhu, Li, Zhang, He, Tao, Ji, Yang, Zhu, 
Luo, Liao, Chen, Liu and Zhang. This is an 
open-access article distributed under the terms 
of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted which 
does not comply with these terms.

TYPE Original Research
PUBLISHED 28 September 2023
DOI 10.3389/fmicb.2023.1277320

65

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1277320﻿&domain=pdf&date_stamp=2023-09-28
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1277320/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1277320/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1277320/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1277320/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1277320/full
mailto:zhangweiliuxin@163.com
mailto:ly13767160474@sina.com
https://doi.org/10.3389/fmicb.2023.1277320
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1277320


Zhu et al. 10.3389/fmicb.2023.1277320

Frontiers in Microbiology 02 frontiersin.org

TZP, CAZ, and COL. Additionally, 85% resisted both DOX and TOB. The MICs 
for colistin across these strains ranged between 16 to 64  mg/L, with a median 
of 40  mg/L. From a genetic perspective, MLST unanimously categorized these 
mgrB-mutated CoR-hvKp isolates as ST11. PFGE further delineated them into 
six distinct clusters, with clusters A and D being predominant. This distribution 
suggests potential horizontal and clonal genetic transmission. Intriguingly, every 
mgrB-mutated CoR-hvKP isolate possessed at least two virulence genes akin 
to the pLVPK-like virulence plasmid, with iroB and rmpA2 standing out. Their 
virulence was empirically validated both in vitro and in vivo. A pivotal discovery 
was the identification of three distinct insertion sequence (IS) elements within or 
near the mgrB gene. These were:ISKpn26 in eleven isolates, mainly in cluster A, 
with various insertion sites including +74, +125, and an upstream −35.ISKpn14 in 
four isolates with insertions at +93, −35, and two upstream at −60.IS903B present 
in five isolates, marking positions like +74, +125, +116, and −35 in the promoter 
region. These diverse insertions, spanning six unique locations in or near the 
mgrB gene, underscore its remarkable adaptability.

Conclusion: Our exploration spotlights the ISKpn element’s paramount role in 
fostering mgrB gene mutations in ST11 hypervirulent colistin-resistant Klebsiella 
pneumoniae. Employing MLST and PFGE, we  unearthed two primary genetic 
conduits: clonal and horizontal. A striking observation was the ubiquitous presence 
of the KPC carbapenemase gene in all the evaluated ST11 hypervirulent colistin-
resistant Klebsiella pneumoniae strains, with a majority also harboring the NDM 
gene. The myriad mgrB gene insertion locales accentuate its flexibility and the 
overarching influence of IS elements, notably the pervasive IS5-like variants ISKpn26 
and IS903B. Our revelations illuminate the escalating role of IS elements in antibiotic 
resistance within ST11 hypervirulent colistin-resistant Klebsiella pneumoniae, 
advocating for innovative interventions to counteract these burgeoning resistance 
paradigms given their profound ramifications for prevailing treatment modalities.

KEYWORDS

colistin-resistant Klebsiella pneumoniae, ISKpn, mgrB, ST11, hypervirulent

1. Introduction

The dramatic rise in antibiotic resistance among Gram-negative 
bacteria since the 1970s has emerged as a significant global challenge 
(Nordmann and Poirel, 2019). Global resistance levels are alarmingly 
elevated, driven in part by the overuse and misuse of antibiotics and 
compounded by insufficient infection prevention and control 
strategies (Imai et  al., 2019; Jean et  al., 2022). Notably, strains of 
Escherichia coli, Klebsiella pneumoniae (KP), Acinetobacter baumannii, 
and Pseudomonas aeruginosa, presenting as multidrug-resistant 
(MDR), extensively drug-resistant (XDR), and pan-drug-resistant 
(PDR), are increasingly exhibiting diverse resistance mechanisms 
(Imai et  al., 2019). As per data from the China Antimicrobial 
Surveillance Network, Klebsiella pneumoniae is distinguished as the 
second most epidemiologically pertinent pathogen within Chinese 
tertiary hospitals (Qiao et al., 2018). It is of particular concern that the 
incidence of carbapenem-resistant Klebsiella pneumoniae (CRKP) 
surged dramatically, from 3.0% in 2005 to 24.2% in 2022.1

1 https://www.chinets.com/

Klebsiella pneumoniae (cKP) is a frequent cause of infections in 
healthcare settings, often harboring plasmids that code for 
antimicrobial resistance (Pu et al., 2023). In China, the sequence type 
(ST) 11 carbapenem-resistant Klebsiella pneumoniae (CRKP) stands 
as the predominant strain (Liao et  al., 2020). The ST11 Klebsiella 
pneumoniae, renowned as the most widespread MDR lineage in Asia 
(Xu et al., 2017), was initially identified as a hypervirulent strain in 
China (Yang et al., 2022). While hypervirulent Klebsiella pneumoniae 
(hvKp) is acknowledged as a life-threatening pathogen, it has 
historically exhibited fewer associations with resistance compared to 
classical Klebsiella pneumoniae strains (Choby et al., 2020). HvKP is 
characteristically linked with invasive community-acquired infections 
and often carries virulence plasmids, like the pLVPK plasmid, which 
encodes key mucoid regulators such as rmpA, aerobactin, and 
salmochelin (Chen et al., 2004). Notably, the recent emergence of 
strains that are both carbapenem-resistant and hypervirulent 
(CR-HvKP) has led to exceedingly high mortality infections in various 
nations (Xie et al., 2021). Recent observations indicate that in Chinese 
intensive care units (ICUs), the ST11 hypervirulent CRKp strain 
(hv-CRKp) has been on the rise post-colonization by carbapenem-
susceptible Klebsiella pneumoniae (CSKp) (Yang et al., 2022). This 
strain demonstrates heightened transmissibility, robust resistance, and 
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significant virulence, posing a grave risk to public health (Jin et al., 
2021; Xie et al., 2021).

In light of the multidrug resistance displayed by CRKP isolates, 
colistin, or polymyxin E, has been the mainstay therapeutic 
intervention for the most formidable antibiotic-resistant bacterial 
infections, especially those attributed to carbapenem-resistant 
Enterobacteriaceae (Falagas and Kasiakou, 2005). This antimicrobial 
agent exhibits efficacy against an array of Gram-negative bacilli 
(Zhang et al., 2018). By January 2017, China had approved polymyxin 
for intravenous therapeutic use in bacterial infection cases (Pan et al., 
2018). Disturbingly, contemporary data indicate an approximate 45% 
colistin resistance rate among MDR Klebsiella pneumoniae (Falagas 
and Kasiakou, 2005). Capitalizing on the breakthroughs in whole-
genome sequencing, Liu pinpointed the rise of colistin-resistant and 
hypervirulent MDR Klebsiella pneumoniae (CoR-HvKp) during 2017–
2018 (Liu et al., 2022). In a parallel vein, Chen’s research highlighted 
the in vivo resistance emergence to colistin and tigecycline in 
carbapenem-resistant hypervirulent Klebsiella pneumoniae within 
China (Chen et al., 2021). Concerningly, strains resistant to polymyxin 
have made their presence felt on a global scale (Gharaibeh and 
Shatnawi, 2019).

Resistance to colistin in Klebsiella pneumoniae is primarily 
ascribed to mutations that cause dysregulation of the two-component 
systems (TCSs) PmrAB, PhoPQ, or CrrAB (Bhagirath et al., 2019). 
Additionally, the acquisition of a plasmid bearing the mobilized 
colistin resistance gene (mcr1) also confers resistance (Liu et  al., 
2016). Notably, while multiple TCSs contribute to lipid A 
modifications, mutations that nullify the functionality of the small 
regulatory protein mgrB account for colistin resistance in nearly 70% 
of Klebsiella pneumoniae strains (Jin et al., 2021; Bray et al., 2022). 
mgrB is a compact regulatory transmembrane protein, composed of 
47 amino acids, that holds a pivotal function in antibiotic resistance 
(Bray et al., 2022). When inactivated, mgrB triggers an augmentation 
in lipid A modifications, subsequently conferring resistance to colistin 
(Groisman, 2001; Cheng et al., 2010). In the research spearheaded by 
Taher Uz Zaman et al., 23 non-replicating, colistin-resistant Klebsiella 
pneumoniae isolates were meticulously scrutinized. These isolates 
encompassed eight unique sequence types (STs) and predominantly 
manifested mutations in the mgrB or PhoP genes (Uz Zaman et al., 
2018). Notably, ten isolates bore the ISKpn14 insertion sequence, 
while ISKpn28 and IS903 were identified in four and three isolates, 
respectively. It’s compelling to note the distinct strain distribution in 
their findings compared to our own, underscoring the innovative facet 
of our investigation. Parallelly, a study by Stephen Mark Edward 
Fordham et al. revealed that specific plasmids encode mobilizable IS 
elements. When integrated into the mgrB gene of Klebsiella 
pneumoniae, these elements lead to its inactivation, paving the way for 
colistin resistance (Fordham et  al., 2022). The team’s exploration 
delved deep into evaluating the prevalence of mgrB-disruptive 
insertion sequences like ISL3 (ISKpn25), IS5 (ISKpn26), ISKpn14, and 
IS903B present on these plasmids. An intriguing find was the presence 
of antimicrobial resistance genes on these IS-rich plasmids, 
particularly those imparting resistance to carbapenems. Of these 
insertion sequences, ISKpn25 has garnered attention in multiple 
nations. In contrast, the prevalence of ISKpn26, ISKpn14, and IS903B 
appears to be acutely heightened in China. Under antibiotic stress, 
bacteria demand significant genomic modifications to introduce 
beneficial variations, which are beyond the scope of simple point 

mutations. Insertion sequences (ISs) play a pivotal role in enabling 
such changes. Many mutations in mgrB are mediated by these IS 
elements. In tandem with the presence of carbapenemase, these IS 
elements might amplify the drug resistance in K. pneumoniae, thereby 
constricting already limited treatment avenues. Expanding upon Bray 
et  al.’s findings on the chromosome-mediated mechanism in 
CoR-HvKp isolates (Bray et al., 2022), our research accentuates the 
pronounced role of IS elements in facilitating colistin resistance 
through mgrB disruption.

2. Materials and methods

2.1. Bacterial isolates and clinical data 
collection

From May 2021 to April 2023, 127 distinct clinical colistin-
resistant Klebsiella pneumoniae isolates were obtained from the First 
Affiliated Hospital of Nanchang University in China. Each isolate was 
identified using both the VITEK 2 automated system (bioMérieux, 
France) and the MALDI-TOF MS system (Bruker Daltonics, Billerica, 
MA, United States). All isolates were stored at −80°C until needed for 
further analysis. Antimicrobial susceptibility testing was conducted 
and interpreted according to the Clinical and Laboratory Standards 
Institute (CLSI) breakpoints (document M100-S32).

Clinical data for this study were sourced from the Electronic 
Medical Records of inpatients at the First Affiliated Hospital of 
Nanchang University. These data encompassed patient demographics, 
isolation dates, clinical diagnoses, specimen types, ward admissions, 
antimicrobial treatments, and hospitalization outcomes 
(Supplementary Table S2). The study’s methodologies and consent 
procedures received approval from the Ethical Committee of the First 
Affiliated Hospital of Nanchang University.

2.2. Identification of antibiotic-resistance 
and virulence-plasmid pLVPK-borne genes

All isolates were evaluated for the presence of genes coding for 
plasmid-mediated mobile-resistance genes (blaKPC, blaNDM, 
blaIMP, blaVIM, blaOXA-48-like, and mcr-1 to mcr-8), chromosome-
mediated two-component systems (PhoP/Q and PmrA/B), mgrB, and 
virulence plasmid pLVPK-borne genes (rmpA, rmpA2, iucA, iroN, and 
peg344). This assessment was executed using polymerase chain 
reaction (PCR) amplification, in line with previously described 
methodologies (Chen et al., 2021). PCR products were then visualized 
through agarose gel electrophoresis.

For sequence analysis of mgrB, the services of Sangon Biotech 
(Shanghai, China) were utilized. Both nucleotide and the consequent 
protein sequences were subsequently analyzed using the Basic Local 
Alignment Search Tool (blaST) program available at the National 
Center for Biotechnology Information website.2 Insertion sequences 
(ISs) were evaluated via the IS finder website.3

2 www.ncbi.nlm.nih.gov

3 www-is.biotoul.fr
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Of note, 20 isolates yielded an mgrB PCR amplicon product 
noticeably larger than that observed in wild-type strains 
(Supplementary Figure S1). To elucidate the cause of this amplified 
gene size, these 20 mutated mgrB CoR-Kp isolates were selected for 
further analysis (Poirel et al., 2015).

2.3. Colistin antimicrobial susceptibility 
testing

The minimum inhibitory concentrations (MICs) of colistin were 
ascertained using the broth microdilution (BMD) method, recognized 
as the gold-standard reference in line with the Clinical and Laboratory 
Standards Institute (CLSI) M100-S32 criteria. With the standard 
transitioning from resistance breakpoints to an intermediate 
categorization, susceptibility evaluations for colistin were conducted 
following the guidelines established by the European Committee on 
Antimicrobial Susceptibility Testing (EUCAST). For Klebsiella 
pneumoniae, colistin MICs were interpreted as follows: susceptibility 
is denoted by MIC values ≤2 mg/L, while resistance is indicated by 
values >2 mg/L.

2.4. Molecular analyses

2.4.1. Multilocus sequence typing and 
pulsed-field gel electrophoresis

MLST and PFGE were used for assessing the clonal relationship 
of the selected mgrB-mutated CoR-Kp isolates.

MLST employs seven conserved housekeeping genes: gapA, 
infB, mdh, pgi, phoE, rpoB, and tonB, as per the guidelines provided 
on the Pasteur Institute MLST website. The resulting amplicons 
were purified and dispatched to Sangon Biotech (Shanghai, China) 
for sequencing. The resultant sequences were then matched with 
those catalogued in the MLST database to establish the sequence 
type (ST) (Li et al., 2023).

PFGE was executed following the standardized protocol 
recommended by the CDC (CDC, 2013). The enzyme XbaI from 
TaKaRa was employed for the procedure. The generated DNA 
fragments were segregated using the CHEF DR III system (Bio-Rad, 
Richmond, CA, United  States). To serve as a molecular weight 
standard, the Salmonella serotype Braenderup strain H9812 was 
incorporated. Following the electrophoretic separation, the generated 
DNA patterns were then analysed using the BioNumerics software 
(version 7.6). The software facilitated the construction of a 
dendrogram based on the unweighted Pair-Group Method with 
Arithmetic means (UPGMA) and employed the Dice similarity 
coefficient (SD). The setting allowed for a 1.5% position tolerance. For 
the isolates to be deemed genetically similar, it was essential for their 
Dice coefficient correlation to surpass 80%. This threshold was set 
based on the “possibly related (4–6 bands difference)” criteria as 
posited by Tenover et al. (1995).

2.4.2. S1-pulsed field gel electrophoresis
S1-PFGE, utilizing S1 nuclease from TaKaRa, was employed to 

evaluate the plasmid content of mgrB-mutated CoR-Kp. The 
separation of plasmid fragments was accomplished using the 
CHEF DR III system (Bio-Rad, Richmond, CA, United States), 

with the Salmonella serotype Braenderup isolate H9812 as a 
molecular reference.

2.5. Virulence assessment of 
mgrB-mutated CoR-Kp

2.5.1. Hyperviscous phenotype detection (string 
test)

The hypermucoviscous phenotype was assessed using the string 
test. A positive result was defined by the formation of strings ≥5 mm 
upon stretching with a sterile inoculation loop. For this test, Klebsiella 
pneumoniae strains NTUH-K2044 and ATCC700603 served as 
positive and negative controls, respectively.

2.5.2. Serum killing assay
A serum killing assay was conducted to evaluate in vitro 

virulence, adapted from the method previously described (Li et al., 
2023). Serum was procured from healthy donors and preserved at 
−80°C. Bacterial inocula, at a concentration of 106 CFU during the 
mid-log phase, were exposed to 75% pooled human serum. The 
enumeration of viable bacteria was conducted at intervals of 0, 1, 2, 
and 3 h post-exposure, under conditions of 37°C and 200 rpm 
agitation. Each bacterial strain underwent a minimum of three 
independent assays. The serum susceptibility was delineated into six 
gradations, which were further categorized as: highly sensitive 
(grades 1–2), intermediately sensitive (grades 3–4), resistant (grades 
5–6). Grade 1 designation implied that the viable count was <10% of 
the original inoculum post 1 and 2 h, and diminished to <0.1% at the 
3 h mark. In contrast, grade 2 was characterized by a viable count 
between 10 and 100% post the 1 h interval but was less than 10% after 
3 h. Grade 3 counts surpassed the initial inoculum after 1 h but 
remained below 100% at the subsequent 2 h and 3 h intervals. Grade 
4 counts consistently exceeded the original inoculum after 1 and 2 h, 
but fell short of 100% after 3 h. Grade 5 counts continuously surpassed 
the inoculum across all time intervals, but evidenced a decrement in 
the third hour. Lastly, a grade 6 classification was characterized by 
consistently increasing viable counts across all time points. Klebsiella 
pneumoniae ATCC 700603 and hvKP strain NTUH-K2044 were 
utilized as benchmark controls, with serum sensitivities graded at 2 
(sensitive) and 5 (resistant), respectively.

2.5.3. Galleria mellonella infection model
In vivo virulence was assessed using the Galleria mellonella 

infection model, a technique previously established (Tsai et al., 2016). 
Specifically, 10 pathogen-free Galleria mellonella larvae, each weighing 
between 250 and 350 mg (sourced from Tianjin Huiyude Biotech 
Company, Tianjin, China), were selected for each bacterial strain. 
Mid-log-phase cultures were prepared, washed, and resuspended in 
PBS. Each larva was then inoculated with 1 × 10^6  CFU in a 10 
uLvolume, delivered to the hemocoel through the rear left proleg. 
Larval survival was monitored at 24 h intervals over a span of 4 days, 
maintaining the larvae in a dark environment at 37°C within petri 
dishes. These tests were replicated thrice. The LD50 value, derived 
from the Galleria model, serves as a marker for determining 
hypervirulence in Klebsiella pneumoniae isolates. For reference 
controls, the HvKP strain NTUH-K2044 represented high virulence, 
while PBS denoted low virulence.
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3. Results

3.1. Overall prevalence of colistin-resistant 
Klebsiella pneumoniae strains in a Chinese 
tertiary hospital

Between May 2021 and April 2023, our hospital collected 1,921 
clinical isolates of Klebsiella pneumoniae. Out of these, 127 (6.6%) 
were identified as colistin-resistant strains. Further screening via PCR 
amplification and sequencing identified 20 of these colistin-resistant 
strains as having mutations in the mgrB gene (Figure  1; 
Supplementary Figure S1).

3.2. Antimicrobial susceptibility testing for 
mgrB mutation colistin-resistant Klebsiella 
pneumoniae isolates

Antimicrobial susceptibility testing of the 20 Klebsiella pneumoniae 
isolates with mgrB mutations revealed universal resistance to TCC, 
TZP, CAZ, FEP, CSl, ATM, CIP, LVX, MNO, SXT, IPM, MEM, and 
COL. Additionally, 85% of the strains exhibited resistance to DOX and 
TOB (Figure 2). The colistin MIC values for these strains spanned a 
range of 16–64 μg/mL, with a median value of 40 μg/mL (Figure 2).

3.3. Demographic characteristics and 
molecular typing of mgrB mutation 
hypervirulent colistin-resistant Klebsiella 
pneumoniae isolates

As detailed in Supplementary Table S1, the temporal 
distribution of isolates was as follows: 3 in 2021, 13 in 2022, and 

4 in 2023. The patients from whom these isolates were collected had 
a median age of 58.8 ± 14.7 years, spanning from 23 to 83 years. 
Males represented 55% (11/20) of the patients. The isolates 
originated from diverse clinical sources, such as sputum, blood, 
bronchoalveolar lavage fluid (BALF), pus and others. These patients 
were admitted across various hospital wards, including the 
intensive care unit (ICU), respiratory department, neurosurgery 
department, hematology department, gastroenterology department, 
rehabilitation department, and other specialized wards. Notably, 
half of the patients (10/20) were in the ICU. The observed mortality 
rate amongst this cohort was 60% (12/20), as depicted in 
Supplementary Table S1.

As highlighted in Figure 3, MLST analysis revealed that all mgrB-
mutated CoR-hvKp isolates were categorized as ST11 (100%, 20/20). 
PFGE analysis discerned six distinct clusters among the 20 isolates, 
with the majority clustering within groups A and D. This clustering 
suggests dual genetic transmission modes for these strains: both 
horizontal and clonal transmission.

As depicted in Figure 4, the primary carbapenemase determinants 
were blaKPC (100%, 20/20) and blaNDM (60%, 12/20). None of the 
isolates tested positive for the OXA-48, VIM, or IMP genes. 
Supplementary Table S1 provides a comprehensive breakdown of the 
distribution of resistance genes, virulence factors, and sequence types 
(STs) among the isolates.

All isolates carried the pLVPK virulence plasmid, with 
distributions as follows: rmpA (45%, 9/20), rmpA2 (95%, 19/20), iroN 
(95%, 19/20), iucA (85%, 17/20), and peg344 (40%, 8/20). Notably, 
none of the isolates tested positive for the PhoQ/PhoP and pmrA/B 
genes. Furthermore, five isolates harbored both the mutated mgrB 
gene and a mcr positive gene, specifically mcr-1 (2/20), mcr-7 (1/20), 
and mcr-8 (4/20).

FIGURE 1

Flowchart illustrating the step-by-step methodology employed in the study.
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3.4. Virulence analysis of mgrB mutation 
hypervirulent colistin-resistant Klebsiella 
pneumoniae isolates

As illustrated in Figure 4, all the mgrB mutative CoR-hvKP 
isolates were found to harbor at least two virulence genes situated 
on a pLVPK-like virulence plasmid, including the iroN, iucA, peg-
344, rmpA, and rmpA2 genes. Both the string test and biofilm 
formation assays yielded positive results for these isolates, 
signifying their virulence potential. Capsular serotyping identified 
16 isolates as K64 and 4 as K20, with no detection of K1 and K2 
types (Figure 3). Interestingly, the K64 serotype is noted as the 
most prevalent among KPC-2-producing Klebsiella pneumoniae 
in China.

These results underline the isolates’ hypervirulent nature, 
evidenced by the presence of hypermucoviscosity and plasmid-borne 
genes akin to pLVPK. In vitro assessments corroborated this 
observation, with the strains displaying marked serum resistance; the 
survival rate was approximately 95% following a 60 min incubation 
with serum (Figure 4).

Further validation of the hypervirulent phenotype in all these 
CoR-hvKP was obtained through the Galleria mellonella infection 
model. As depicted in Figure 4, when a 10^6 CFU suspension of the 
isolates was used to infect Galleria mellonella larvae, all isolates 
exhibited a survival rate of fewer than 48 h. This pattern was akin to 
the virulent strain NTUH-K2044, emphasizing the notable virulence 
attributes of these CoR-hvKP isolates.

3.5. Iskpn element as a key target for 
inactivation/mutation of the mgrB in 
CoR-HvKp

The mgrB gene was PCR-amplified in 127 CoR-Kp isolates. 
Subsequent sequence analysis revealed that 20 isolates produced a 
larger amplicon relative to a wild-type isolate (Supplementary Figure S1). 
Three distinct elements from two IS families were identified, either 
within the open reading frame (ORF) or the promoter of the mgrB 
gene. Of the 127 isolates, 11 carried ISKpn26, four harbored ISKpn14, 
and five contained IS903B within their mgrB gene. The orientation and 
insertion site varied, as illustrated in Figure 5.

In the eleven isolates with ISKpn26, nine had insertions at position 
+74, one at +125, and one at −35 (promoter region, upstream of the 
start codon) (Figures 5A–C). Among the four isolates with ISKpn14, 
one showed insertion at +93, one at −35, and two at −60 (promoter 
region, upstream of the start codon) (Figures  5D–F). Of the five 
isolates with IS903B, two had insertions at +74, one each at +125, 
+116, and −35 (promoter region, upstream of the start codon) 
(Figures  5G–I). The left and right inverted repeats (IRs) were 
delineated, with the sequences as follows: ISKpn26 IRL: 
GGAAGGTGCGAACAAGTTCCTGATATGAGATCATCATATTCA 
TCCGGAGC, IRR: GGAAAGTGCGAATAAGCAGGTCATTTC 
TTCCCAAGCTGACTCGTTGATTA; ISKpn14 IRL: GGTGATGCTA 
CCAACTTGCTGATTTAGTGTATAATGGTGTTTTTGAGGTG, 
IRR: GGTAATGACTCCAATTTACTGATAGTGTTTTATGTTCAG 
ATAGTGCCCGA; IS903B IRL: GGCTTTGTTGAATAAA 

FIGURE 2

Antibiotic susceptibility profiles for the 20 mgrB-mutated CoR-Kp isolates. TCC, Ticarcillin; TZP, Piperacillin/Tazobactam; CAZ, Ceftazidime; FEP, 
Cefepime; CSL, Cefoperazone/Sulbactam; ATM, Aztreonam; IPM, imipenem; MEM, meropenem; CIP, Ciprofloxacin; LVX, Levofloxacin; DOX, 
Doxycycline; MNO, Minocycline; TOB, Tobramycin; SXT, Trimethoprim/Sulfamethoxazole; COL, colistin; Red, resistant; Green, susceptible.
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TCGAACTTTTGCTGAGTTGAAGGATCAGATCACG, IRR: 
GGCTTTGTTGAATAAATCAGATTTCGGGTAAGTCTCCCCCG 
TAGCGGGTT (Figures 5A,D,G). The direct repeat (DR) sequences 
were: ISKpn26 DR: TTAA; ISKpn14 DR: GGCTGCCTG; IS903B DR: 
CTCAGATGC (Figures  5A,D,G). Further details on transposons 
identified in the 20 mgrB-mutated CoR-HvKp isolates using ISfinder 
are provided in Supplementary Table S3. No mutations were detected 
in other components of the signaling system, such as the PhoP/Q and 
PmrA/B compartments.

4. Discussion

Colistin and tigecycline represent some of the limited therapeutic 
options available for infections caused by carbapenem-resistant 
Enterobacteriaceae (CRE) (Gharaibeh and Shatnawi, 2019). 
Alarmingly, the prevalence of carbapenem-resistant hypervirulent 
Klebsiella pneumoniae (CR-hvKP) in China is higher than previously 
anticipated (Yang et  al., 2022). This increased prevalence raises 
concerns about the potential acquisition of resistance to colistin, 

FIGURE 3

PFGE typing of the 20 mgrB-mutated CoR-Kp isolates. Genomic DNA from each research strain was digested with Xba I. The digests were then 
subjected to PFGE, producing diagnostic genomic DNA fragmentation fingerprints. The dendrogram representing the PFGE profiles was clustered 
using UPGAMA based on Dice similarity, analyzed with the bionumerics software. The red line marks the 80% similarity boundary.

FIGURE 4

S1-PFGE typing of the 20 mgrB-mutated CoR-Kp isolates. Genomic DNA from each research strain was digested with S1, and the resultant DNA 
fragments were separated using a CHEF DR III apparatus.
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tigecycline, and ceftazidime/avibactam in CR-hvKP, potentially 
leading to severe clinical consequences (Liao et  al., 2020). To 
counteract this emerging trend, it is imperative to manage and 
judiciously apply antibiotics.

In this study, we provide insights into the molecular mechanisms 
governing colistin resistance in ST11 hypervirulent Klebsiella 
pneumoniae. Utilizing MLST and PFGE analyses, we discerned two 
predominant genetic transmission modes among these strains: clonal 
and horizontal. Intriguingly, among the mgrB-mutated CoR-HvKp 
isolates, five tested positive for the plasmid-borne mcr gene. This 
finding underscores the convergence of both chromosomal and 
plasmid-mediated resistance strategies. Our observations are 
consistent with the recent work of Zhang et al. (2018). A salient point 
from our findings is that, in comparison to mgrB mutations (75%, 
15/20), the inactivation of mgrB (25%, 5/20) manifested a pronounced 
increase in colistin resistance, in tandem with augmented virulence.

Previous literature has established that the mgrB gene alterations 
are prevalent mechanisms attributing to colistin resistance in Klebsiella 
pneumoniae (Zhang et al., 2018; Bray et al., 2022). In a comprehensive 
study by Stephen and colleagues, it was elucidated that certain 
plasmids encode for mobilizable IS elements. These elements, when 
integrated into the mgrB gene of Klebsiella pneumoniae, result in the 
gene’s inactivation, thereby leading to colistin resistance. The research 
delved into assessing the prevalence of specific mgrB-gene disruptive 
insertion elements, namely ISL3 (ISKpn25), IS5 (ISKpn26), ISKpn14, 
and IS903B, present on these plasmids. Additionally, these plasmids 
containing IS elements underwent an extensive analysis to identify 
antimicrobial resistance genes, with a keen focus on those that confer 
resistance to carbapenems. Notably, while ISKpn25 is widespread and 

found in numerous countries, the occurrences of ISKpn26, ISKpn14, 
and IS903B are particularly pronounced in China (Fordham et al., 
2022). The IS5-like insertion element is predominantly implicated in 
mgrB disruption in this bacterium (Poirel et al., 2015). In our cohort, 
we  discerned that 80% of the IS elements (namely ISKpn26 and 
IS903B) are members of the IS5 family, while the remaining 20% 
(ISKpn14) affiliate with the IS1 family (Supplementary Table S2). It’s 
worth noting that ISKpn26 displays 99% amino acid similarity to IS5, 
but this similarity diminishes to 91% at the DNA level. IS903B, 
another member of the IS5 family, diverges from both IS903 and IS102 
by 34 and 61 nucleotides, respectively. Historically, IS903, an IS5 
family member, has been implicated in antibiotic resistance, 
functioning either as a resistance gene carrier or as an agent modifying 
antibiotic targets.

Among the isolates, eleven with ISKpn26 insertion were grouped 
into four distinct PFGE clusters (A, C, D, E). Notably, all isolates in the 
PFGE cluster A exhibited ISKpn26 insertion. Meanwhile, the four 
isolates with ISKpn14 insertion were categorized into three PFGE 
clusters (B, D, F). These findings suggest that ISKpn26 and ISKpn14 
potentially employ dual genetic transmission modes: horizontal and 
clonal. Contrarily, IS903B may represent a single clonal expansion, as 
all five isolates with this insertion aligned with the single PFGE 
cluster D.

The mutations in mgrB were mostly mediated by insertion 
elements (IS). Interestingly, isolates carrying either of the two insertion 
elements (IS903B and ISKpn14) were found to harbor more mcr 
genes. This finding indicates that the colistin resistance mechanism in 
these strains (IS903B and ISKpn14) involves both chromosomal and 
plasmid-mediated factors. In a parallel study conducted by Taher Uz 

FIGURE 5

Schematic depiction of distinct insertion events observed within the mgrB gene. The left and right inverted repeats corresponding to each IS are 
denoted as IRR and IRL, respectively. (1) For the 11 isolates featuring the ISKpn26 insertion: nine exhibited insertions at position +74 (A); one had an 
insertion at +125 (B); one displayed an insertion at −35, located in the promoter region upstream of the start codon (C). (2) Among the four isolates 
with the ISKpn14 insertion: one demonstrated an insertion at +93 (D); one had its insertion at −35 (E); two revealed insertions at −60, situated in the 
promoter region upstream of the start codon (F). (3) For the five isolates bearing the IS903B insertion: two presented insertions at +74 (G); one showed 
insertions each at positions +125 (H), +116 (I), and −35 (located in the promoter region upstream of the start codon).
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Zaman and his team, 23 non-replicating colistin-resistant Klebsiella 
pneumoniae isolates from Europe were investigated. These isolates 
spanned eight distinct sequence types (STs) and exhibited mutations 
primarily in either the mgrB or PhoP genes. Notably, ISKpn14 was 
detected in 10 of the isolates, ISKpn28 in four, and IS903 in three. A 
striking observation was the different strain distribution when 
compared to our findings, highlighting the innovative aspect of our 
research (Taher Uz Zaman et al., 2018). The orientation and insertion 
sites exhibited variability, as demonstrated in Figure 5. Despite the IS 
element being inserted across seven distinct locations within the mgrB 
gene, the +74 site emerges as a preferential insertion hotspot. 
Furthermore, 11 isolates from the IS-5 family (ISKpn26 and IS903B) 
shared the same integration site (+74) within the mgrB gene but fell 
into disparate PFGE clusters. This pattern insinuates a probable 
recombination event at this chromosomal location. Further 
investigations are warranted to explore the spacers potentially 
triggering the translocation of these elements from plasmids to the 
chromosome, a shift that could metamorphose the multi-drug-
resistant pathogen into a pan-drug-resistant entity.

The key discovery of this study is the prevalent role of the ISKpn 
element in the inactivation or mutation of the mgrB gene in ST11 
hypervirulent colistin-resistant Klebsiella pneumoniae. Remarkably, all 
the isolates in this study exhibited hypervirulent characteristics. Our 
data reveals that ST11 Hypervirulent Klebsiella pneumoniae is the 
most common strain circulating in our hospital, yet the isolates 
carrying the IS element in this study date from 2021, pinpointing the 
insertion as a recent phenomenon. Hypervirulent colistin-resistant 
Klebsiella pneumoniae with mgrB mutations have recently been 
reported in various regions globally, signaling the emergence of an 
endemic ColR clone (Dong et al., 2018; Bolourchi et al., 2021; Chen 
et al., 2021; Liu et al., 2022).

Another pivotal observation from our study is the pronounced 
prevalence of carbapenemase genes, notably blaKPC (present in 
100%, 20/20 of the samples) and blaNDM (in 55%, 11/20), within 
the ST11 hypervirulent colistin-resistant Klebsiella pneumoniae. 
This suggests the IS element might have a contributory role in 
mediating resistance, extending beyond colistin to encompass 
carbapenems. This aligns with prior research on tigecycline 
resistance in Klebsiella pneumoniae, where the IS5 element is 
integrated into the promoter region of the putative efflux pump 
operon, kpgABC (Schnetz and Rak, 1992; Zhang and Saier, 2009). 
There’s a pressing need for further studies to elucidate the 
mechanisms-specifically the spacers-prompting these elements’ 
transfer from plasmids to the chromosome. Such a shift has the 
potential to escalate a multi-drug-resistant pathogen to a pan-drug-
resistant phenotype (Lv et al., 2020; Sun et al., 2020).

Single nucleotide deletions leading to frame shifts and subsequent 
premature stop codons have been extensively documented in colistin 
resistance among Klebsiella pneumoniae and other bacterial species 
(Dong et  al., 2018; Lv et  al., 2020). In our study, we  observed 
disruptions in the mgrB gene by IS elements. Such disruptions 
shortened the CDS region of the mgrB gene to less than 144 bases, 
causing a frame shift. Despite the limited number of isolates examined, 
our findings resonate with the hypothesis that, under stressors like 
antibiotic exposure, bacteria may necessitate significant genomic 
structural modifications to introduce vital adaptive variations. Such 
modifications could be beyond the reach of mere point mutations, 

making IS elements a more effective mechanism for these changes 
(Schnetz and Rak, 1992; Poirel et al., 2015; Dong et al., 2018).

5. Conclusion

Our research highlights the critical role of the ISKpn element in the 
mutation of the mgrB gene in ST11 hypervirulent colistin-resistant 
Klebsiella pneumoniae. Through MLST and PFGE analyses, 
we delineated two principal genetic transmission methods, clonal and 
horizontal. Notably, all the studied isolates harbored the blaKPC 
carbapenemase gene, while 55% also presented the blaNDM gene. The 
extensive insertion points observed within the mgrB gene exemplify its 
inherent adaptability. Particularly dominant were the IS5-like elements, 
ISKpn26 and IS903B. These findings illuminate the increasing 
significance of IS elements in antibiotic resistance, especially via mgrB 
disruption. The adaptability of the mgrB gene underscores bacterial 
evolutionary dynamics, emphasizing the pressing need for advanced 
strategies to address these evolving resistance mechanisms, given the 
challenges they introduce to existing therapeutic approaches.
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Genome-wide transcriptional 
analyses of Clarireedia jacksonii 
isolates associated with 
multi-drug resistance
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1 College of Agro-Grassland Science, Nanjing Agricultural University, Nanjing, China, 2 Institute of Botany, 
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Emerging multidrug resistance (MDR) in Clarireedia spp. is a huge challenge to the 
management of dollar spot (DS) disease on turfgrass. Insight into the molecular 
basis of resistance mechanisms may help identify key molecular targets for 
developing novel effective chemicals. Previously, a MDR isolate (LT586) of C. 
jacksonii with significantly reduced sensitivities to propiconazole, boscalid, and 
iprodione, and a fungicide-sensitive isolate (LT15) of the same species were 
isolated from creeping bentgrass (Agrostis stolonifera L.). The present study 
aimed to further explore the molecular mechanisms of resistance by using 
genome-wide transcriptional analyses of the two isolates. A total of 619 and 475 
differentially expressed genes (DEGs) were significantly down and upregulated 
in the MDR isolate LT586, compared with the sensitive isolate LT15 without 
fungicide treatment. Three hundreds and six and 153 DEGs showed significantly 
lower and higher expression in the MDR isolate LT586 than those in the sensitive 
isolate LT15, which were commonly induced by the three fungicides. Most of 
the 153 upregulated DEGs were xenobiotic detoxification-related genes and 
genes with transcriptional functions. Fifty and 17 upregulated DEGs were also 
commonly observed in HRI11 (a MDR isolate of the C. jacksonii) compared with 
the HRS10 (a fungicide-sensitive isolate of same species) from a previous study 
without and with the treatment of propiconazole, respectively. The reliability 
of RNA-seq data was further verified by qRT-PCR method using a few select 
potentially MDR-related genes. Results of this study indicated that there were 
multiple uncharacterized genes, possibly responsible for MDR phenotypes in 
Clarireedia spp., which may have important implications in understanding the 
molecular mechanisms underlying MDR resistance.

KEYWORDS

RNA-seq, dollar spot, multidrug resistance, Clarireedia spp., fungicide resistance

1. Introduction

Dollar spot (DS) is one of the most economically important diseases of turfgrass worldwide 
(Salgado-Salazar et al., 2018). Multiple species in the genus Clarireedia (formerly Sclerotinia 
homoeocarpa) have been reported to cause DS, including C. homoeocarpa, C. bennettii, 
C. jacksonii, C. monteithian, C. paspali, and C. hainanense (Salgado-Salazar et al., 2018; Hu et al., 
2019a,b; Zhang et al., 2022). Management of DS requires repeated inputs of fungicides with 
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different chemical groups. Benzimidazole carbamates (MBCs), 
dicarboximides (DCFs), 14α-demethylase inhibitors (DMIs), and 
succinate dehydrogenase inhibitors (SDHIs) are among the most 
frequently used fungicide classes for DS control in the last few 
decades (Popko et al., 2012; Stephens and Kaminski, 2019). Due to 
widespread, repeated uses of fungicidal compounds as well as many 
other factors such as management location, environmental 
conditions, genetic regulation, and turfgrass species (Koch et  al., 
2009; Latin, 2011; Stephens and Kaminski, 2019), resistance to these 
chemical groups in Clarireedia spp. have been reported in many 
regions around the world (Miller et al., 2002; Jo et al., 2006; Koch 
et al., 2009; Lee et al., 2017). Moreover, multiple fungicide resistant 
(MFR) or multi-drug resistant (MDR) populations have emerged in 
the United States of America, Japan, as well as China, recently (Sang 
et  al., 2015, 2018; Zhang et  al., 2021), which makes DS disease 
increasingly difficult to control.

In the genus Clarireedia, resistance mechanisms to different 
chemical groups of fungicides have been systemically revealed in 
C. jacksonii. Hulvey et al. (2012) found that overexpression of two 
genes, ShCYP51B and ShatrD in the DS pathogen C. jacksonii, was 
responsible for reduced DMI fungicide sensitivity. Sang et al. (2016) 
found that nonsynonymous polymorphisms in codon 366 (isoleucine 
to asparagine) in histidine kinase gene (Shos1) and overexpression of 
ShPDR1 led to DCFs resistance in C. jacksonii isolates. Hu et al. (2018) 
found that nonsynonymous polymorphisms at codon 198 and 200 in 
β-tubulin were responsible for high and medium resistance to MBC 
fungicide thiophanate-methyl, respectively. The H267Y mutation in 
SdhB was determined to be responsible for resistance to boscalid and 
penthiopyrad in C. jacksonii isolates from Japan, and the G91R 
mutation in SdhC was confirmed to be  a direct factor conferring 
resistance to boscalid, fluxapyroxad, isofetamid, and penthiopyrad in 
C. jacksonii isolates from the United States (Popko et al., 2018).

There are two different types of resistance to multiple fungicides: 
MFR and MDR. Generally, MFR is often caused by accumulation of 
different mutations at the corresponding fungicide target genes (e.g., 
CYP51B, β-tubulin, os1 and Sdh genes in Clarireedia spp.), while the 
mechanisms of MDR in plant pathogenic fungi were often associated 
with overexpression of single or multiple drug efflux transporters, 
including ATP-binding cassette (ABC) and major facilitator 
superfamily (MFS) transporters (Nakaune et al., 2002; Omrane et al., 
2015; Sang et al., 2015). In C. jacksonii, Sang et al. (2015) demonstrate 
that MDR is partially attributable to the pleiotropic drug resistance 
(PDR) transporter gene, ShPDR1. Furthermore, they found that a 
gain-of-function mutation (ATG to ACG at codon 853, M853T) in the 
fungus-specific transcription factor ShXDR1 led to constitutive and 
induced overexpression of cytochrome P450s (CYP450s) and ABC 
transporters, which are responsible for MDR (Sang et al., 2018). In the 
previous study, we found that multiple isolates of C. jacksonii showed 
decreased sensitivities to fungicides with different mode of actions 
(Zhang et al., 2021). Preliminary studies revealed that no consistent 
mutations were found on the fungicide target genes in the resistant 
isolates, which suggested that they were MDR rather than MFR 
isolates. To further characterize if similar mechanisms of MDR 
responsible for the above-mentioned resistant isolates of C. jacksonii 
found in China, we  sequenced ShXDR1 gene in the sensitive and 
resistant isolates, but no M853T mutation on ShXDR1 was found. The 
mechanisms of MDR in C. jacksonii or other species in Clarireedia 
may be complex and need to be thoroughly investigated.

Comparative transcriptomics is a powerful tool to elucidate the 
molecular mechanisms of fungicide resistance. RNA-seq analyses have 
been used to uncover the molecular mechanisms of resistance to DMI, 
SDHI, or MDR in many pathogenic fungi, including Clarireedia spp., 
Aspergillus fumigates (Fan et al., 2021), Fusarium virguliforme (Sang 
et al., 2021), and Cercospora beticola (Bolton et al., 2016). In this study, 
the goal is to identify the genes that are differentially expressed 
between fungicide-sensitive and presumably MDR isolates of 
C. jacksonii under exposures to three different fungicides, 
propiconazole, boscalid, and iprodione. Comparative transcriptomics 
was applied to glean insight into the potential variations at 
transcriptomic level. The results provide additional molecular clues 
that will aid in elucidating the mechanisms and metabolic pathways 
related to MDR in Clarireedia spp.

2. Materials and methods

2.1. Fungal isolates

Fungal isolates LT15 and LT586 were recovered from symptomatic 
leaf blades of creeping bentgrass (Agrostis stolonifera L.). Sensitivities 
of the two isolates to iprodione, propiconazole and boscalid were 
determined in vitro using the respective discriminatory concentrations 
described in the previous study (Zhang et al., 2021). Agar plugs (5 mm 
in diameter) were inoculated on PDA plates amended with iprodione 
(1.0 μg/mL), propiconazole (0.1 μg/mL), and boscalid (10 μg/mL). The 
non-amended PDA plates served as controls. After 3 days’ incubation, 
the diameter of colonies was perpendicularly measured twice. The 
percentage (%) of relative mycelia growth was calculated as the 
average diameter on fungicide-amended medium divided by the 
average diameter on non-amended medium and multiplied by 100.

There are several species in the genus of Clarireedia. The two 
isolates tested here were identified to the species level, C. jacksonii by 
sequencing the nuclear ribosomal internal transcribed spacer (ITS) 
with the universal primer of ITS4 and ITS5 (Supplementary Table S1). 
ITS has proved useful to differentiate different species in the genus 
Clarireedia in previous studies, and the phylogenetic tree constructed 
from ITS produced a topology like the combined multi-locus dataset 
(Salgado-Salazar et  al., 2018; Aynardi et  al., 2019). Maximum 
likelihood method was used for constructing phylogenetic tree of 
select known and published isolates using the Tamura 3-parameter 
model in MEGA7 and tested with 1,000 bootstrap replicates (Kumar 
et al., 2016; Hu et al., 2019a,b).

2.2. Mycelial preparation and total RNA 
extraction

The mycelia of the two isolates were prepared for RNA extraction 
with the method described previously with some modifications 
(Hulvey et al., 2012). In brief, isolates were inoculated into 25 mL of 
potato dextrose broth (PDB) with eight agar plugs (5 mm in diameter) 
and grown for 3 days at 25°C and 150 rpm. Propiconazole (EC, Banner 
Maxx, Syngenta Crop Protection), iprodione (EC, Rovral, FMC), and 
boscalid (WG, Cantus, BASF) were added to the tubes with the final 
concentrations at 0.1, 1, and 10 μg/mL, respectively (Sang et al., 2018; 
Zhang et al., 2021). The untreated samples were added with same 
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volume of sterile water (Zhang et al., 2021). Tubes were lightly shaken 
on a benchtop shaker for 1 h. Approximately 100 mg of mycelia for 
each sample was harvested by vacuum filtration, transferred into a 
2-mL screw cap tube, and immediately dropped into liquid nitrogen. 
Frozen samples were stored at −80°C freezer until further processing. 
Three biological replicates of each treatment were generated. Total 
RNA was extracted from each sample (a total of 24 samples) using 
RNAsimple Total RNA Kit (TIANGEN Biotech, Beijing).

2.3. Transcriptome sequencing, assembly, 
and annotation

Total RNA of each sample was sent to Biomarker Technologies 
(Beijing, China) for cDNA library preparation and sequencing. RNA 
concentration and purity were measured using NanoDrop  2000 
(Thermo Fisher Scientific, Wilmington, DE, United  States). RNA 
integrity was assessed using the RNA Nano 6000 Assay Kit of the 
Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, 
United States). 1 μg RNA per sample was used for constructing cDNA 
library. Sequencing libraries were generated using NEBNext UltraTM 
RNA Library Prep Kit for Illumina (New England Biolabs, 
United States) following manufacturer’s instructions. RNA-seq was 
performed on an Illumina HiSeq4000 platform (Illumina, CA, 
United States). After sequencing, reads containing adapter, poly-N or 
low quality reads were removed through in-house perl scripts1 to 
produce clean data sets. Q20, Q30, GC-content, and sequence 
duplication level of the clean data were calculated. High quality clean 
data sets were mapped to the C. jacksonii reference genome (Zhang 
et al., 2023) with Hisat2 software (Kim et al., 2015). Only reads with a 
perfect match or one mismatch were further analyzed and annotated.

Gene functions were annotated through the following databases: 
NCBI non-redundant protein sequences (Nr), NCBI non-redundant 
nucleotide sequences (Nt), Protein family (Pfam), Clusters of 
Orthologous Groups of proteins (KOG/COG), Swiss-Prot, KEGG 
Ortholog database (KO), and Gene Ontology (GO).

2.4. Functional analysis of differentially 
expressed genes

Gene expression levels were estimated by fragments per kilobase 
of transcript per million fragments mapped (FPKM). The formula for 
FPKM calculation was: FPKM = (cDNA fragments)/mapped 
fragments (millions) × transcript length (kb). Differential expressed 
genes (DEGs) were analyzed by using the R package DESeq2 (Love 
et  al., 2014). The value of p < 0.05, |log2Fold Change| ≥ 1.5 and 
FPKM > 0.05 were set as the threshold for the identifications of DEGs. 
Principal component analysis (PCA) and heat map analysis were 
performed using BMKCloud.2 Enrichment analysis of the DEGs was 
implemented by the R package GOseq based on Wallenius non-central 
hypergeometric distribution (https://cran.r-project.org/; Young et al., 

1 https://www.perl.org/

2 www.biocloud.net

2021). We used KOBAS software to test the statistical enrichment of 
the DEGs in KEGG pathways (Bu et al., 2021).

2.5. Quantitative real time RT-PCR 
validation of RNA-seq data

The relative expressions of selected DEGs were assayed with 
quantitative real-time PCR (qRT-PCR) before and after treatments 
with propiconazole, iprodione, and boscalid as described above. Total 
RNA was extracted with RNAsimple Total RNA Kit (TIANGEN 
Biotech, Beijing), cDNA synthesis from total RNA was conducted 
with the one-step gDNA removal and cDNA synthesis super mix kit 
(TransGen Biotech, Beijing). cDNA was diluted to 10-fold, and 1 μL 
(100 ng) of cDNA which was used for qRT-PCR with HiScript II Q RT 
SuperMix (Vazyme Biotech, Nanjing). qRT-PCR was conducted on 
LightCycler 480 II (Roche Life Sciences, Swiss). The actin (Shact) gene 
of C. jacksonii was selected as the housekeeping gene, primers for 
quantifying Shact and ShPDR1 gene were used as reported by Hulvey 
et al. (2012), and primers for ShCYP68 gene quantification were used 
according to Sang et al. (2018). Other primers were designed with 
Primer5 (https://www.researchgate.net/journal/Biotech-Software-
Internet-Report-1527-9162; Supplementary Table S1). The 
comparative threshold cycle (CT) method was used for the calculation 
of relative gene expression. Linear regression analysis of the selected 
DEGs was performed with FPKM values from RNA-Seq and relative 
expression values from RT-qPCR.

3. Results

3.1. Genetic background and fungicide 
sensitivities of the isolates for RNA-seq

Phylogenetic analysis based on ITS sequences revealed that the 
two isolates LT15 and LT586 belonged to the same species: C. jacksonii 
(Supplementary Figure S1). In vitro sensitivity assays confirmed that 
the isolate LT586 showed significantly reduced sensitivities to 
iprodione, propiconazole, and boscalid (Figure 1A) compared with 
the isolate LT15 (p < 0.001) (Figure 1B). No point mutations were 
found on the fungicide target genes (ShCYP51B, Shβ-tubulin, Shos1, 
and ShSdh genes) in LT586, suggesting that LT586 is a MDR isolate of 
C. jacksonii (Figure 1).

3.2. Transcriptomic assembly data

In this study, comparative transcriptomic analyses were conducted to 
identify the DEGs between the two isolates (LT15 and LT586) without or 
with the treatments of propiconazole, boscalid, and iprodione 
(Supplementary Table S2). A total of 39,386,718-59,568,566 clean reads 
were obtained from 24 libraries. GC content was ranging from 48.75 to 
49.23% and the percentage of Q30 base was 93.27% or above 
(Supplementary Table S2). By iterative alignment, 93.56–95.79% of the 
clean reads were successfully mapped to C. jacksonii reference genome 
(Zhang et al., 2023). Of the mapped reads, 92.49–94.59% of them was 
mapped to unique loci, while 0.80–1.26% of the reads was mapped to 
multiple loci in the reference genome (Supplementary Table S2). The raw 
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RNA sequences were deposited in NCBI SRA Database under BioProject 
accession number PRJNA1007393.

3.3. Differential expression between the 
two isolates without fungicide treatments

Principal component analysis revealed that different 
compartments were clustered apparently, PC1 and PC2 explained 
24.87 and 16.88% variation between the two isolates without and with 
fungicide treatment, respectively (Figure  2A). The DEGs were 
identified, a total of 619 and 475 DEGs were significantly down- and 
upregulated in the MDR isolate LT586, compared with the sensitive 
isolate LT15 without fungicide treatment (Figure 2B).

Clusters of Orthologous Groups of proteins function analysis 
revealed that all these DEGs were mainly involved in general function 
prediction (23.29–99%), secondary metabolites biosynthesis, transport, 
catabolism (12–51%), and energy production and conversion (9.88–
42%; Supplementary Figure S2). KEGG pathway of all the DEGs were 
classified into four groups, which included cellular process, 
environmental information processing, genetic information processing, 
and metabolism (Supplementary Figure S3). KEGG pathway analysis 
revealed that these DEGs were mainly involved in protein processing 
in endoplasmic reticulum (n = 22), terpenoid backbone biosynthesis 
(n = 10), tyrosine metabolism (n = 13), diterpenoid biosynthesis (n = 3), 
and steroid biosynthesis (n = 10; Figure  2C). GO function analysis 
showed that the molecular functions of all these DEGs were mainly 
involved in dioxygenase activity (n = 10), monooxygenase activity 
(n = 19), iron ion binding (n = 26), oxidoreductase activity (n = 24), and 
heme binding (n = 29); the biological processes were mainly involved 

in steroid biosynthetic process (n = 4), DNA integration (n = 9), 
L-arabinose metabolic process (n = 4), tryptophan catabolic process to 
kynurenine (n = 5), and mycotoxin biosynthetic process (n = 11); the 
cellular components were mainly involved in integral component of 
membrane (n = 257; Figure 2D).

3.4. Differential expression between the 
two isolates induced by the treatment of 
three fungicides

RNA-seq analyses revealed that 398, 351, and 530 genes were 
significantly upregulated, while 736, 529, and 668 genes were 
significantly downregulated in MDR isolate LT586, compared with the 
sensitive isolate LT15 under the treatment of propiconazole, boscalid, 
and iprodione, respectively (Figure 3A). A total of 306 and 153 genes 
showed significantly lower and higher expressions in the MDR isolate 
LT586 than those in the sensitive isolate LT15, which were commonly 
induced by the three fungicides (Figure  3B). KEGG pathway 
enrichment analysis revealed that the 306 downregulated genes were 
mainly enriched in butanoate metabolism (n = 6), terpenoid backbone 
biosynthesis (n = 6), tyrosine metabolism (n = 6), and starch and 
sucrose metabolism (n = 7; Figure 3C); the 153 upregulated genes were 
mainly enriched in peroxisome (n = 4), glycerophospholipid 
metabolism (n = 4), protein processing in endoplasmic reticulum 
(n = 5), and ABC transporters (n = 4; Figure 3D).

Heatmap analysis showed that the 153 DEGs were clustered 
apparently in LT15 and LT586, and were significantly higher expressed 
in the MDR isolate LT586 under the treatments by the three fungicides 
(Figure  3E). The function of 153 upregulated DEGs further 

FIGURE 1

Mycelial growth of the MDR isolate (LT586) and fungicide-sensitive isolate (LT15) of Clarireedia jacksonii on non-amended PDA and propiconazole, 
boscalid, and iprodione amended PDA at 0.1, 10, and 1  μg/mL, respectively. *** means significant difference between the two strains under the 
fungicide treatment with p value < 0.001.
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characterized, which were mainly classified into seven molecular 
function terms, five biological processes, and three cellular 
components (Figure 3F). The molecular functions of the 153 DEGs 
were mainly involved in FAD binding, monooxygenase activity, 
transmembrane transporter activity, heme binding, zinc ion binding, 
ATP binding, and oxidoreductase activity. The five biological processes 
were intracellular signal transduction, response to stimulus, cellular 
protein metabolic process, L-arabinose metabolic process, and 
carbohydrate metabolic process. The cellular components included 
extracellular region, cytoplasm, and integral component of membrane 
(Figure 3F). The specific information of the genes with Pfam function 
annotations were shown in Supplementary Table S3. Most of them 
were involved in the functions of xenobiotic detoxification-related 
genes, which mainly included oxidoreductase activity, transferase 
activity, ATPase activity, and transmembrane movement of substance.

There were 10 genes involved in oxidoreductase activity 
(GE10720_g, GE15552_g, GE05437_g, GE03831_g, GE03356_g, 
GE02832_g, GE09522_g, GE05251_g, GE10755_g, and GE01921_g), 
which mainly included the functions of alcohol dehydrogenase, 

zinc-binding dehydrogenase, and NADH: flavin oxidoreductase. 
Nine genes were involved in ATP binding, including three ABC 
transporter genes (GE04562_g, GE10243_g, and GE13106_g), one 
Cdc48 subfamily gene (GE15443_g), one asparagine synthase gene 
(GE01321_g), one E1-E2 ATPase gene (GE06702_g), two fungal 
protein kinase genes (GE09508_g, GE16043_g), and one Hsp70 
protein encoding gene (GE08240_g). Of the three ABC transporter 
genes involved in ATP binding (Schoonbeek et al., 2001; Sang et al., 
2015), two (GE04562_g = ShPDR1, and GE10243_g = ShatrD) had 
been shown to be associated with MDR in C. jacksonii (Sang et al., 
2018). There were seven genes involved in heme binding, including 
six CYP450s genes (GE00961_g, GE07314_g, GE05983_g, 
GE10739_g, GE14553_g, and GE06676_g) and one glycosyl 
hydrolase family 20 gene (GE05305_g). Three of the six CYP450s 
genes (GE10739_g = CYP561, GE14553_g = CYP65, 
GE00961_g = CYP68) were also involved in monooxygenase activity 
and had been shown to be associated with MDR in C. jacksonii (Sang 
et  al., 2018). Seven genes were involved in transmembrane 
transporter activity, with five genes encoding MFS proteins 

FIGURE 2

Differential expression analysis between the MDR isolate LT586 and the sensitive isolate LT15 without fungicide treatments. (A) Principal component 
analysis (PCA) of the two isolates with and without the treatments of propiconazole (P15, P586), boscalid (B15, B586), and iprodione (I15, I586), each 
treatment had three replicates. (B) Volcano plot of the DEGs. (C) KEGG pathway enrichment analysis of all the DEGs. Rich_factor represents the 
proportion of genes annotated to a certain pathway in the DEGs compared to all genes annotated, the larger the rich_factor, and the more 
significance in the enrichment level of the DEGs in this pathway. (D) GO functions enrichment analysis of the upregulated and downregulated DEGs.
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(GE09014_g, GE09100_g, GE09161_g, GE00853_g, and GE09173_g), 
one encoding sugar and other transporter protein (GE02436_g), and 
one encoding POT family protein (GE10772_g). Three of the MFS 
genes (GE09014_g, GE09100_g, and GE09173_g) were highly 
homologous with YLL028W (Tpo1), YLL028W (Tpo1), and 
YNL065W (Aqr1) in yeast (Supplementary Table S3), which had been 

shown to be associated with fungicide resistance by active efflux of 
xenobiotics (Kretschmer et al., 2009; Omrane et al., 2015). Three 
genes were involved in FAD binding (GE05437_g, GE13986_g, and 
GE13409_g). Eight genes were involved in zinc ion binding 
(GE05988_g, GE06509_g, GE09053_g, GE09312_g, GE09402_g, 
GE10720_g, GE12966_g, and GE15454_g), which mainly included 

FIGURE 3

Differentially expressed genes (DEGs) in the MDR isolate LT586 compared with the sensitive isolate LT15 under the treatments of propiconazole (P), 
boscalid (B), and iprodione (I). (A) Volcano plot of the DEGs. (B) Venn plot analysis. (C) KEGG pathway enrichment analysis of 306 downregulated DEGs 
commonly induced by the three fungicides. Rich_factor represents the proportion of genes annotated to a certain pathway in the DEGs compared to 
all genes annotated. The larger the rich_factor, the more significance in the enrichment level of the DEGs in this pathway. (D) KEGG pathway 
enrichment analysis of 153 upregulated DEGs commonly induced by the three fungicides. (E) Heat map analysis of the 153 upregulated DEGs 
commonly induced by the three fungicides. (F) GO functions enrichment analysis of the 153 upregulated DEGs commonly induced by the three 
fungicides.
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the functions of zinc finger domain and fungal specific transcription 
factor domain.

3.5. Comparison with the published data

The transcriptome data from a previously published paper (Sang 
et al., 2018) were re-analyzed and mapped to the reference genome 
used in this study (Supplementary Table S2). Three hundred and sixty-
nine genes were significantly upregulated in the MDR isolate HRI11, 
as compared with the sensitive isolate HRS10 under no fungicide-
treatment (Supplementary Figure S4A). Fifty of these genes also 
showed significantly higher expression in LT586 than LT15 from this 
study (Supplementary Figure S4B). Most of the differentially expressed 
genes between the two studies were both from the same gene families, 
such as major facilitator superfamily, CYP450s, and fungal specific 
transcription factors (Supplementary Figure S4C).

In the previously published paper (Sang et al., 2018), C. jacksonii 
isolates were only treated by propiconazole, therefore the 
transcriptional expression analyses between the two studies were 
based on the data of propiconazole treatments. A total of 203 (PHRS10 
vs. PHRI11) and 398 (PLT15 vs. PLT586) genes were significantly 
upregulated in the MDR isolates HRI11 and LT586 after treatment of 
propiconazole (Figure  4A). Seventeen genes showed commonly 
upregulated overexpression in the two MDR isolates, which included 
the following five genes (CYP561, CYP65, CYP68, ShPDR1, and 
ShatrD), confirmed to be related with MDR function in the MBio 

paper (Sang et al., 2018; Figure 4B). These genes showed a generally 
constitutive overexpression and fungicide-induced expression trend 
in the two MDR isolates, except for CYP65, which was only induced 
expressed under the treatment of boscalid in this study (Figure 4C).

3.6. qRT-PCR analysis of key DEGs involved 
in fungicide resistance

To validate the expression pattern of some key DEGs involved in 
fungicide resistance from RNA-Seq analysis, three zinc finger 
transcript factor genes (GE07854_g, GE09003_g, and GE09664_g), 
four MFS transporter genes (GE06394_g, GE09014_g, GE09100_g, 
and GE09173_g), one CYP450 gene (GE00961_g), and two ABC 
transporter genes (GE13106_g and GE04562_g) were further 
quantified with qRT-PCR (Figure 5A). The log2-transformed relative 
expression values determined by qRT-PCR and RNA-seq were 
positively correlated (R2 = 0.7776, p < 0.001; Figure 5B). The result of 
qRT-PCR analysis was consistent with the RNA-seq data.

4. Discussion

Clarireedia jacksonii is the most widely distributed DS pathogen 
species across the world (Viji et al., 2004; Hu et al., 2019a,b). Due to 
widespread, repeated uses of multiple fungicide classes for DS control, 
MFR and MDR have become an increasing issue in C. jacksonii 

FIGURE 4

Significantly upregulated genes in HRS10 plus propiconazole vs. HRI11 plus propiconazole and LT15 plus propiconazole vs. LT586 plus propiconazole. 
(A) Venn plot analysis. (B) The specific information of 17 commonly upregulated genes through Venn plot analysis. (C) Gene expressions of CYP561, 
CYP65, CYP68, ShPDR1, and ShatrD in the MDR isolate LT586 and the sensitive isolate LT15 according to RNA-seq data. *means significant difference 
between the fungicide treatment group and the PDA treatment group in the LT586 isolate value of p <  0.05.
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populations from different regions or countries in recent years (Sang 
et al., 2016; Stephens and Kaminski, 2019; Zhang et al., 2021). In this 
study, fungicide sensitivity tests and comparative analyses of fungicide 
target genes clearly indicated that the C. jacksonii isolate LT586 
resistant to multiple fungicides was a MDR isolate. At present, MDR 
in fungal pathogens has become great concerns both in clinical and 
agricultural fields (Leroux et  al., 2012; Sang et  al., 2015). Several 
mechanisms have been reported to cause MDR in pathogenic fungi 
(Nakaune et al., 2002; Thakur et al., 2008; Kretschmer et al., 2009; Sang 
et al., 2018). Therefore, we profiled the response of two C. jacksonii 
isolates contrasting in sensitivity to different active ingredients of three 
fungicide classes: iprodione, propiconazole, and boscalid, to identify 
the genes involved in MDR. Moreover, we  compared the results 
between this study and a previous study (Sang et al., 2018) to get a 
better understanding of MDR mechanisms.

This study identified common MDR-related genes, which have 
also been described in study of Sang et al. (2018), as well as new genes 
potentially related to MDR. We  observed that many genes were 
constitutively or induced over-expressed by the three fungicides in the 
MDR isolate LT586 (Figures 2, 3). In general, both constitutive and 
induced expressions of MDR-related genes can lead to MDR (Sang 
et al., 2018). Therefore, there were still a substantial number of DEG 
changes between LT15 and LT586 even in the absence of fungicide 
treatment. Moreover, the genetic differences also might contribute to 
the constitutive changes of the DEGs between the two isolates. In this 
study, both constitutive and induced DEGs were identified between 
the two isolates, which provided us a better reference to locate the 
potential MDR genes for further analyses. Among these DEGs 
identified, some have been previously characterized to be associated 
with MDR in C. jacksonii (Sang et al., 2018), some homologous genes 
were identified to be  responsible for fungicide resistance in other 
fungi, which have not been studied in C. jacksonii. It is proposed that 
the MDR mechanisms in C. jacksonii are complicated and need to 
be further investigated.

When compared with the data from a similar study conducted by 
Sang et al. (2018), we found same and novel DEGs between the two 

studies, which suggested that the MDR mechanisms in C. jacksonii 
might have common as well as contrasting regulatory pathways, 
depending on the origins of the isolates. There are two main reasons 
that may contribute to the differences between the two studies. Firstly, 
the C. jacksonii isolates used in the two studies were different in 
genetic background and fungicide sensitivities. The key genes 
regulating MDR in these isolates might be  selected differently by 
different ways of fungicide uses or different environment conditions 
(Koch et al., 2009; Latin, 2011). Secondly, the isolates in the current 
study were treated by three fungicides, while only propiconazole was 
used to treat C. jacksonii isolates in the study by Sang et al. (2018).

Modifications, over-expression of target genes, and over-expression 
of efflux transporters in plasma membranes are well known mechanisms 
of fungicide resistance in filamentous fungi (Sang et  al., 2018). 
Transcriptome analysis in this study revealed that the target gene of 
DMI, propiconazole (CYP51) was significantly upregulated in LT586, 
while the target genes of SDHI, boscalid (SdhB, SdhC, and SdhD) and 
dicarboximide, iprodione (Shos1) did not show differential expressions 
between the two isolates (Supplementary Figure S5). Combined with no 
mutations found on these target genes, indicated that the observed 
MDR in LT586 was probably caused by the over-expressions of CYP51 
and other genes involved in xenobiotics detoxification systems. A 
significantly higher level of resistance to propiconazole observed in 
LT586 further supported partial contribution of CYP51 to MDR. Further 
investigations should be oriented to characterize if there exist commonly 
regulatory factors responsible for over-expressions of CYP51 as well as 
the genes in xenobiotics detoxification systems simultaneously.

General xenobiotics detoxification systems work through pathways 
that can be divided into three phases. Phase I includes metabolizing 
enzymes such as CYPs, that catalyze xenobiotics, phase II involves 
conjugating enzymes (e.g., glutathione S-transferase) by adding polar 
molecules onto compounds (Xu et al., 2005), and in phase III secretion 
system, ABC transporters or other transmembrane transporters export 
parent and/or metabolized compounds (Ihunnah et al., 2011). Previous 
study revealed that the constitutive and induced over-expressions of 
three phase I metabolizing enzyme genes CYP561, CYP65, and CYP68, 

FIGURE 5

Expression analysis of 10 potentially MDR related genes by qRT-PCR and RNA-seq method. (A) Comparison analysis between the two methods, the left 
and right column with same color refer to RNA-seq and qRT-PCR method, respectively. (B) Correlation of the log2-transformed relative expression 
values obtained by qRT-PCR and RNA-seq method.
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two phase III transporter genes ShPDR1 and ShatrD were associated 
with MDR in C. jacksonii (Sang et al., 2018). However, in this study, 
CYP65 in the MDR isolate LT586 was only upregulated in response to 
the treatment of boscalid, but not propiconazole or iprodione. 
Overexpression of different CYPs displayed various sensitivities to 
different chemical groups of fungicides, which might be due to the 
different substrate specificity of CYPs (Moktali et al., 2012). Beside the 
three above CYPs, three other CYPs were significantly upregulated in 
the MDR isolate LT586. Further studies are needed to characterize the 
full functional roles of these differentially expressed CYPs found in this 
study, which may gain a better understanding of the associations 
between these different CYPs and MDR. In this study, one phase II 
glutathione S-transferase (GE09048_g) showed constitutive and 
induced overexpression in the MDR isolate LT586, this gene was only 
constitutively overexpressed in the MDR isolate HRS11 in the previous 
study (Sang et al., 2018). The different expression patterns in different 
MDR isolates are expected and suggest the role of the gene in fungicide 
resistance needs to be further investigated.

Notably, the family members including ABC transporters, MFS 
transporters, zinc-cluster transcription factors, and CYP450s were 
significantly enriched in these potential multidrug resistant DEGs 
(Supplementary Table S3). Regarding MFS transporters, they are 
generally less understood compared with ABC transporters. MFS 
transporter genes such as GE09014_g, GE09100_g, and GE09173_g 
in this study (Supplementary Table S3) were highly homologous with 
YLL028W (Tpo1), YLL028W (Tpo1), and YNL065W (Aqr1) in yeast. 
Tpo1 was demonstrated to confer resistance to benzoic acid in 
Saccharomyces cerevisiae, and under the controls of the Gcn4 and Stp1 
transcription factors involved in the response to amino acid availability 
(Godinho et al., 2017). However, the sequences of these three genes 
are consistent in MDR isolate LT586 and fungicide sensitive isolate 
LT15 without point mutations. Therefore, the roles of these MFS genes 
in fungicide resistance and the interactive mechanisms between MFS 
genes and other transcription factors need to be further studied.

In addition, it has been not well characterized how fungi 
transcriptionally regulate and coordinate MDR related genes. 
Transcription factors have been confirmed to play important roles in 
drug resistance in multiple pathogenic fungi and they generally 
interacted with downstream target genes or other transcription factors 
(Nakaune and Nakano, 2007; Thakur et al., 2008; Wang et al., 2018). 
To date, only the transcription factor ShXDR1 has been demonstrated 
to regulate downstream MDR related genes in C. jacksonii (Sang et al., 
2018). Our results indicated that essential and specific roles for other 
fungal transcription factors in regulating MDR of Clarireedia spp. 
should be  investigated (Supplementary Table S3). Further genetic 
transformation and protein interactive analyses will help better 
understand if other transcription factors are involved in MDR, and 
how they regulate MDR in Clarireedia spp.

5. Conclusion

In this study, we utilized comparative transcriptomics to glean 
insight into the potential MDR-related genes associated with the 
reduced sensitivities to multiple fungicides (propiconazole, boscalid, 
and iprodione) in C. jacksonii isolates, comparative analyses were also 
conducted with the datasets from the current and a previous study 
(Sang et al., 2018). Common as well as novel DEGs were found to 

be associated with MDR in this study. The molecular functions of 
these DEGs were mainly involved in xenobiotic detoxification-related 
systems and transcriptional regulations. The results obtained from this 
study will provide valuable information for further identifying the 
molecular mechanisms of MDR. The study also strongly indicated that 
the MDR mechanisms in C. jacksonii are complicated, which need to 
be thoroughly characterized through functional studies in the future.
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Although the bacterial composition of boar ejaculate has been extensively studied,

the bacterial composition of extended boar semen is often overlooked, despite the

potential risks these microorganisms may pose to the long-term preservation of

extended boar semen at 15–17◦C. In this study, we characterized the bacterial

community composition of extended semen and discovered that Pseudomonas

spp. was the dominant flora. The dominant strains were further isolated and

identified as a potential new species in the Pseudomonas fluorescens group

and named GXZC strain, which had adverse e�ects on sperm quality and was

better adapted to growth at 17◦C. Antimicrobial susceptibility testing showed

that the GXZC strain was resistant to all commonly used veterinary antibiotics.

Whole-genome sequencing (WGS) and genome annotation revealed the large

genetic structure and function [7,253,751 base pairs and 6,790 coding sequences

(CDSs)]. Comparative genomic analysis with the closest type strains showed that

theGXZC strain predictedmore diversity of intrinsic and acquired resistance genes

to multi-antimicrobial agents. Taken together, our study highlights a problem

associated with the long-term storage of extended boar semen caused by a P.

fluorescens group strain with unique biological characteristics. It is essential to

develop a new antibacterial solution for the long-termpreservation of boar semen.

KEYWORDS

boar semen preservation, Pseudomonas fluorescens, microbial resistance, whole-

genome sequencing, antibiotic resistance island

Introduction

Artificial insemination (AI) is widely used in global pig production to facilitate

improvements in fertility, genetics, labor, and herd health (Knox, 2016). In pig AI, more

than 99% of boar semen is stored in a nutrient-rich liquid state at 15–20◦C (Johnson et al.,

2000; Pezo et al., 2019). Long-term extenders are now widely used in commercial extended

semen to meet the rapid development of AI and increase the flexibility of semen use, based

on their ability to preserve sperm for 7–12 days after collection (Karageorgiou et al., 2016).

However, the boar semen collection process is not aseptic, and freshly collected boar ejaculate

often contains bacterial contamination which sources animal (e.g., feces, hair, and human)

and non-animal (e.g., water, feed, and air) (Althouse et al., 2000). The bacterial composition
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of boar ejaculate is complex (Althouse et al., 2000, 2008; Althouse

and Lu, 2005; Godia et al., 2020; Zhang et al., 2020). Some bacterial

strains isolated from boar semen have been shown to reduce

sperm quality (motility, plasma membrane integrity, acrosome,

etc.), such as Enterobacteriaceae family (Luis Ubeda et al., 2013),

Clostridium perfringens (Sepulveda et al., 2013), Pseudomonas

aeruginosa (Sepulveda et al., 2016), Enterobacter cloacae (Prieto-

Martinez et al., 2014), Staphylococcus aureus (Li et al., 2017),

Proteus mirabilis (Gao et al., 2018), and Proteus vulgaris (Delgado-

Bermudez et al., 2020). Previous studies have reported bacterial

thresholds between ×103 and ×107 CFU/ml before adverse effects

on sperm quality or fertility become apparent (Auroux et al., 1991;

Diemer et al., 1996; Bussalleu et al., 2011; Sepulveda et al., 2013,

2014; Prieto-Martinez et al., 2014; Pinart et al., 2017; Delgado-

Bermudez et al., 2020).

Antibiotics are commonly added to commercial extenders

as the primary approach to control bacteria (Althouse et al.,

2000). According to national regulatory requirements (Union,

1992; CSAMR, 2019), antibacterial substances, as essential

components of commercial extenders, are strictly regulated by the

requirements of local laws or regulations. Antibiotics commonly

used in semen diluents include the β-lactams (penicillins,

cephalosporins), aminoglycosides (gentamicin, streptomycin, and

amikacin), macrolides (tylosin, spectinomycin), and lincosamides

(lincomycin) (Santos and Silva, 2020). Aminoglycosides are the

most commonly used antibiotics in boar semen (Mazurova and

Vinter, 1991; Bryla and Trzcinska, 2015; Waberski et al., 2019).

Recently, the demand for long-term semen preservation

has increased in the efficient and competitive pig industry in

China. However, long-term storage in nutrient-rich container

with antimicrobial agents facilitates the development of drug

resistance in bacteria. The potential risks associated with bacterial

contamination in long-term storage of extended boar semen

cannot be ignored. Therefore, this study aimed to characterize the

composition of the extended boar semen microbiome, isolate the

predominant microorganisms, and explore their potential risks.

Materials and methods

Sampling processing

Three healthy and sexually mature (1–2 years of age) boars

were randomly selected from the artificial insemination (AI) station

of Yangxiang Farming Co., Ltd., which is a floor building with

air filtration, temperature, humidity, and wind speed-controlled

automatically. Boars were farmed in the same condition. The brief

procedures are presented in Figure 1.

The collection and processing of ejaculates were conducted

according to the minimum bacterial contamination protocol

(Althouse et al., 2000). Each ejaculate was filtered through gauze

to remove the gel. In total, 10ml of ejaculate is diluted in

sterile Beltsville thawing solution (BTS) to the concentration

of 2.5×107 spermatozoa/ml (Pursel and Johnson, 1975) and

seems as antibiotic-free group (detailed descriptions in the

Supplementary material). Each of the remaining ejaculates was

processed with the commercial manufacturing requirements of

the AI station. In brief, the ejaculates diluted in Zenolong
R©

(Beikang, Taizhou, China; with gentamicin added), to the same

sperm concentration, and cooled to 17◦C. Then, they were

packaged in 60ml plastic bags (IMV, Shanghai, China). Three

of packaged extended semen doses of each boar were stored at

17◦C for 12 days. After 0, 3, 6, 9, and 12 days of fluid storage at

17◦C, the extended semen total sperm motility (TSM, including

progressive motility and non-progressive motility) was measured

using a computer-assisted semen analysis (CASA) system (HTR-

IVOS II, Hamilton Thorne Research, Beverly, MA, United States;

software settings are presented in Supplementary Table S1), and

composition of bacterial community was characterized by 16S

rRNA high-throughput sequencing. Considering the low bacterial

concentrations which were not 16S rRNA sequenced for analysis

at the early stages of stored extended semen, samples collected

each time were shaken (37◦C, 180 rpm) for 24 h to get the

high-concentration bacterial communities and seem as group II.

Previously unprocessed samples were seemed as group I.

DNA extraction and 16s rRNA
high-throughput sequencing

The MagBeads Fast DNATM Kit for Soil (MP Biomedicals,

Santa Ana, CA, United States) was used to extract total genomic

DNA from groups I and II. The concentration was determined

using a fluorometer (Qubit Fluorometer, Invitrogen), and <0.3

ng/µl did not meet the detection requirements. The samples

were discarded.

PCR amplification of the bacterial 16S rRNA gene V3-V4

region was performed using the forward primer 338F and reverse

primer 806R (Chen et al., 2017; Hu et al., 2018). The PCR products

were purified using the QIAquick PCR Purification Kit (Qiagen,

China), followed by end-repair mix and incubation at 20◦C for

30min. The end-repaired DNA was, then, purified, followed by A-

tail mix and incubation at 37◦C for 30min. The purified adenylated

3′-end DNA was combined with adapter and ligation mix, and

the ligation reaction was incubated at 16◦C for 12–16 h. Adapter-

ligated DNA was selected by running a 2.5% agarose gel for

approximately 2.5 to 3 h to recover the target fragments. The gel

is purified using QIAquick Gel Extraction Kit (Qiagen, China).

The final library was quantified using two methods: determining

the average molecular length using the Agilent 2100 Bioanalyzer

instrument and quantifying the library by real-time quantitative

PCR (qPCR) (TaqMan Probe). The raw reads were filtered to

remove adaptors and low-quality and ambiguous bases. The paired-

end reads were, then, merged to the tags using the Fast Length

Adjustment of SHort reads (FLASH) (version 1.2.11, http://ccb.

jhu.edu/software/FLASH/) (Magoc and Salzberg, 2011). These

tags were clustered into operational taxonomic units (OTUs) at

a 97% cutoff value using UPARSE software (version 7.0.1090,

http://drive5.com/uparse/) (Edgar, 2013). Chimera sequences were

detected by comparing the Gold database using UCHIME (version

4.2.40, http://drive5.com/uchime/uchime) (Edgar et al., 2011). The

OTU representative sequences were, then, taxonomically classified

with a minimum confidence threshold of 0.6 using the Ribosomal

Database Project (RDP) Classifier (version 2.2, http://rdp.cme.msu.

edu/) and trained on the Greengenes database (version 201305)
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FIGURE 1

Sampling processing.

usingQIIME (version 1.8, http://qiime.sourceforge.net/) (Caporaso

et al., 2010). The OTU abundance statistics table of each sample was

obtained by comparing all tags with the OTUs using the USEARCH

global method (version 7.0.1090, http://www.drive5.com/usearch)

(Edgar, 2010). Bar graphs of different classification levels were

plotted using the R package (version 3.4.1).

Bacterial isolation and characterization

The samples stored for the last day of group I were inoculated

on TSA and stored at 17◦C and 37◦C, respectively, for 36 h.

Five colonies with visually distinguishable colony morphologies

were picked from the 17◦C and 37◦C samples. These colonies

were designated as GXZC-number. The single primary colony was

continuously purified for three passages. The resulting colonies

were subjected to 16S DNA sequencing (Tsingke, Wuhan, China),

and the sequences were identified using the BLAST (blastn) tool

on the National Center for Biotechnology Information (NCBI)

website (https://www.ncbi.nlm.nih.gov/).

The growth of the isolated strains was analyzed in flat-bottomed

100-well microtiter plates by measuring the optical density at

600 nm (OD600) every 30min using the Bioscreen C system

(Labsystems Oy, Helsinki, Finland) with shaking (180 rpm) at

17◦C, 27◦C, and 37◦C.

Antimicrobial susceptibility testing was performed according

to the Clinical Laboratory Standards Institute (CLSI) guidelines

using the Kirby–Bauer agar diffusion or microdilution method

(CLSI, 2022). Standard strains of Escherichia coli ATCC 25922

and Pseudomonas aeruginosa ATCC 27853 were used for quality

control. Susceptibility testing was conducted against ampicillin,

ceftiofur, cefquinome, gentamicin, neomycin, kanamycin,

spectinomycin, sulfisoxazole, trimethoprim–sulfamethoxazole,

doxycycline, enrofloxacin, chloramphenicol, florfenicol, tilmicosin,

tiamulin, and colistin (according to the CLSI guidelines, the

microdilution method is acceptable, and disk diffusion methods

should not be performed for colistin). These antibiotics are

commonly used as veterinary drugs (CSAMR, 2019). CLSI (2018,

2022) and European Committee on Antimicrobial Susceptibility

Testing EUCAST (2022) criteria only provide minimum inhibitory

concentration (MIC) for gentamicin, sulfisoxazole, doxycycline,

and chloramphenicol. For the remaining 12 antibiotics, zone

diameter and MIC breakpoints were not provided, and thus, the

results are presented as zone diameter or MIC (colistin) values.

Assessment of the e�ect of isolated strains
on boar semen

The isolated strains were cultured in tryptic soy broth (TSB)

(BD, Spark MD, USA) at 27◦C or 37◦C for 16 h in a shaking

bath to assess the pathogenicity of the isolated bacteria on boar

sperm. Then, strains were inoculated into the extended semen. The

commercial extended semen doses (Yangxiang, Guigang, China),

with a concentration of 2.5 ×107 spermatozoa/ml, were collected

from the healthy boar and divided into seven aliquots of 8ml

each. One aliquot was used as a control (non-infected samples),

while the others were infected with isolated strain at the following

initial bacterial concentrations (day 0): 2×102, 2×104, and 2×106

CFU/ml. Non-infected and infected samples were stored in sealed

tubes at 17◦C for 12 days. TSM was measured using the CASA
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FIGURE 2

Variations in bacterial community composition of extended semen stored for days. (A–E) Shifts in bacterial taxonomic compositions at several

taxonomic levels, including phylum (A), class (B), order (C), family (D), genus (E), and species (F). “LA, LB, and LC” are samples that the ejaculate was

diluted in sterile BTS. All remaining are samples that the ejaculate was diluted in Zenolong®. “FC2, FC3, FA4, FB4, FC4, FA5, FB5, and FC5” are Group I

in which the samples were stored at 17◦C for the right time (3, 6, 9, or 12 days). Moreover, “LA, LB, LC, LA2, LB2, LC2, LA3, LB3, LC3, LA4, LB4, LC4,

LA5, LB5, and LC5” are Group II in which the samples were stored in an incubator under shaking condition with 180 rpm at 37◦C for 24h after having

17◦C storages. A, B, and C represent three boars, respectively; numbers 2, 3, 4, and 5 represent 3, 6, 9, and 12 days, where the extended semen was

stored. “F” and “L” represent groups I and II, respectively.

system (HTR-IVOS II, Hamilton Thorne Research, Beverly, MA,

United States) at 0, 2, 4, 6, 8,10, and 12 days. Simultaneously,

bacterial growth was evaluated at each infectious dose and time

point using plate culture with tryptic soy agar (TSA) (BD, Spark

MD, United States).

Whole-genome sequencing, annotation,
and gene prediction

The genome was sequenced using a combination of

Illumina NovaSeq6000 (Illumina, San Diego, CA, USA) and

Nanopore PromethION sequencing platforms (Oxford Nanopore

Technologies, Oxford, UK). The original image data were

converted into sequence data by base calling, resulting in raw

reads that were saved as a FASTQ file with read sequences and

quality information. After removing low-quality data using quality

information statistics, the reads were assembled into a contig

to generate a complete genome with seamless chromosomes

and plasmids using CAUN (version 1.6) and the Hierarchical

Genome Assembly Process (HGAP) (Chin et al., 2013; Koren et al.,

2017). Finally, the PacBio assembly results were corrected using

Illumine reads.

Glimmer (version 3.02, http://ccb.jhu.edu/software/glimmer/

index.shtml) and GeneMarkS (version 4.3, http://topaz.gatech.edu/

GeneMark) were used for CDS prediction (Besemer et al., 2001;

Delcher et al., 2007). tRNA-scan-SE (version 2.0, http://trna.ucsc.

edu/software/) was used for tRNA prediction (Chan and Lowe,

2019). Barrnap (https://github.com/tseemann/barrnap) was used

for rRNA prediction.

The predicted CDSs were annotated from NCBI non-

redundant (NR) (ftp://ftp.ncbi.nlm.nih.gov/blast/db/), Swiss-Prot

(https://web.expasy.org/docs/swiss-prot_guideline.html), Protein

families (Pfam) (http://pfam.xfam.org/), Gene Ontology (GO)

(http://geneontology.org/), Clusters of Orthologous Groups

(COG) (https://www.ncbi.nlm.nih.gov/research/cog/), and Kyoto

Encyclopedia of Genes and Genomes (KEGG) (https://www.

genome.jp/kegg/) databases using Blast2go (version 2.5, https://

www.blast2go.com/), Diamond (version 0.8.35, https://github.

com/bbuchfink/diamond), and HMMER (version 3.1, http://

www.hmmer.org/) sequence alignment tools. Each set of query

proteins was aligned with the databases, and the annotations

of best-matched subjects (e-value < 10−5) were obtained for

gene annotation.

Genome-based species identification

To carry out subsequent comparative genomic analyses, we

performed species identification based on whole-genome sequence

using the online Type (Strain) Genome Server (TYGS) (https://

tygs.dsmz.de/) (Meier-Kolthoff and Goeker, 2019) and JSpeciesWS

(version3.9.8, https://jspecies.ribohost.com/jspeciesws/#analyse)

(Richter et al., 2016).
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FIGURE 3

Bacterial proliferation curve at di�erent temperature. The proliferation curve of P. GXZC and A. GXZC with inoculation of three 10-fold ratio gradient

concentrations at 17◦C, 27◦C, and 37◦C, respectively. Data are shown as mean ± SD. n = 3.
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TABLE 1 Antimicrobial susceptibility testing.

Antimicrobial agent P. GXYX A. GXYX

Microdilution method MIC (µg/mL)

Gentamicin R R

Sulfisoxazole R R

Doxycycline R S

Chloramphenicol R S

Colistin 2048 32

Kirby–Bauer agar diffusion method Inhibition zone diameter (mm)

Ampicillin (10 µg) 0 26

Ceftiofur (30 µg) 0 0

Cefquinome (30 µg) 0 0

Gentamicin (10 µg) 0 0

Neomycin (30 µg) 10 14

Kanamycin (30 µg) 0 0

Spectinomycin (100 µg) 4 5

Sulfisoxazole (300 µg) 0 0

Trimethoprim–Sulfamethoxazole (1.25/23.75 µg) 0 0

Doxycycline (30 µg) 0 17

Enrofloxacin (10 µg) 0 14

Chloramphenicol (30 µg) 0 25

Florfenicol (30 µg) 0 27

Tilmicosin (15 µg) 0 0

Tiamulin (30 µg) 0 0

aR, Resistant was designated using suggested MIC breakpoints (gentamicin, ≥ 16µg/ml;

sulfisoxazole, ≥ 512µg/ml; doxycycline, ≥ 16µg/ml; chloramphenicol, ≥32µg/ml) from

CLSI reference for non-Enterobacteriaceae.
bS, Susceptible was designated using suggested MIC breakpoints (doxycycline, ≤4µg/ml;

chloramphenicol, ≤8µg/ml) from CLSI reference for non-Enterobacteriaceae.

Antibiotic resistance genes and
comparative genomics analysis

Antibiotic resistance genes were annotated and identified using

the online Resistance Gene Identifier (RGI) (version 6.0.1, https://

card.mcmaster.ca/analyze/rgi) (select criteria: “Perfect, Strict and

Loose hits,” Exclude nudge, High quality/coverage) (Alcock et al.,

2022). The ResFinder software (version 4.1, https://cge.food.dtu.

dk/services/ResFinder-4.1/) program (identity ≥ 80%, coverage ≥

60%) within ResFinder data was used to identify the acquired

antimicrobial resistance genes. Based on the average nucleotide

identity (ANI) data and the phylogenetic tree, the closest homologs

to the isolated strain were selected for resistance gene prediction

and comparative analysis.

Data analysis

The data were analyzed using GraphPad Prism 8.0 (San Diego,

CA, USA). The data from three independent experiments were

presented as means and standard deviations (SD). TSM was

compared by Duncan’s multiple range tests using one-way analysis

of variance (ANOVA) when the F-value was significant (p <

0.05). The correlation among the above-mentioned methods was

evaluated by linear regression analysis.

Data availability

Whole-genome sequencing data of the P. GXZC strain were

submitted to the NCBI (Pseudomonas sp. GXZC, assembly

accession: GCF_026967615.1). The BioProject number for the

complete genome sequence was PRJNA909457.

Result

Pseudomonas spp. was the dominant
genus in the later stages of semen storage

After 6 months of investigation in a group with approximately

10,000 boars from three clusters of AI stations distributed

throughout China, we observed a high percentage of Pseudomonas

isolates and flora composition during the late storage stage (storage

time > 9 days) of extended boar semen (data not shown). The

three randomly selected boars were consistent with the previous

background investigation. The extended semen of three boars also

showed similar results, with a rapid decrease in total spermmotility

(TSM) (Supplementary Figure S1) and an increased proportion of

Pseudomonas spp. with increasing storage time (Figure 2).

Due to the initially low bacterial levels present in semen during

the early stage of semen storage, 12 samples contained <0.3 ng/µl

of genomic DNA and were discarded (Supplementary Table S2).

To better comprehend the diversity of bacterial composition, the

collected semen was incubated at a temperature of 37◦C to facilitate

rapid bacterial growth. By utilizing 16S rRNA high-throughput

sequencing, we were able to partially elucidate the bacterial

population, particularly in the extenders without antibiotics (BTS

extender), which can be notably more complex. In conclusion, the

community diversity decreased after the addition of antibiotics and

after 12-day storage at 17◦C (Supplementary Figure S2). In the later

stages of storage (9 and 12 days), all samples were dominated by

Pseudomonas spp. (relative abundance: 99.05%−99.86%), followed

by Achromobacter spp. (relative abundance: 0.06%−1.95%)

(Figure 2E, Supplementary Table S3).

P. GXZC strain identified as a strain of
Pseudomonas fluorescens group with
adaptation to 17◦C temperature and
multidrug resistance

All colony morphologies of samples inoculated on TSA were

visually consistent at the same temperature. However, colony

morphologies were different between 17◦C and 37◦C. Sequence

alignment exhibited that the isolates stored at 17◦C were all

Pseudomonas spp. The sequences shared 100% identity, designated
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FIGURE 4

Relation of total sperm motility and bacterial growth in extended semen. Total sperm motility of extended semen incubated with di�erent infectious

concentrations (2 × 102, 2 × 104, and 2 × 106 CFU/ml) over 12 days of storage at 17◦C, and bacterial growth plotted by colonies counted directly

after incubating the TSA plates at 28◦C for 24h. (A) Incubated with P. GXYX strain. (B) Incubated with A. GXYX strain. Data are shown as mean ± SD. n

= 3. “NS”: no significant; ****p < 0.0001.

as P. GXZC strain. Similarly, the isolates stored at 37◦C were

all Achromobacter spp., and the sequences shared 100% identity,

designated as A. GXZC strain. No other bacteria were isolated.

However, it could not identify the groups or species using only

16S rRNA sequence comparisons. Multilocus sequence typing

(MLST) was performed to identify the groups and species of

Pseudomonas spp. using combined 16S rRNA, gyrB, rpoD, and rpoB

sequences (Ait Tayeb et al., 2005; Mulet et al., 2009; Edgar, 2010),

and Achromobacter spp. were identified based on 16S rRNA and

recA sequences (Gomila et al., 2014). The sequencing primers are

shown in Supplementary Table S4. P. GXYX was identified as P.

azotoformans (with a threshold of 97% similarity for the species)

within P. fluorescens group (Mulet et al., 2010), and A. GXYX was

identified as A. xylosoxidans (with a threshold of 98% similarity for

the species) (Gomila et al., 2014).

P. GXZC and A. GXZC had significantly different proliferation

curves at 17◦C, 27◦C, and 37◦C, respectively (Figure 3). At 17◦C, P.

GXZC proliferated more actively than A. GXZC. The strain entered

the log phase from 2 to 8 h and then the stationary phase from

28 to 34 h, inoculating three 10-fold ratio gradient concentrations.

Conversely, A. GXZC proliferation entered the log phase at the

later stages of the experiment and did not enter the stationary

phase until the end time. However, at 37◦C, P. GXZC could not

proliferate, while A. GXZC proliferation entered the log phase from

2 to 8 h and the stationary phase from 24 to 30 h. Although both

isolated strains proliferated actively at 27◦C, P. GXZC exhibited

faster proliferation than A. GXZC, with an earlier point of entering

the log and stationary phases.

Antimicrobial susceptibility testing showed that P. GXZC strain

exhibited resistance to gentamicin, sulfisoxazole, doxycycline, and

chloramphenicol (Table 1). For the 12 antibiotics lacking zone

diameter or MIC breakpoints, only zone diameter or MIC values

are provided (referring to the criteria of P. aeruginosa, P. GXZC

strain could identify resistance to colistin).

The P. GXZC strain harmed sperm vitality in
extended semen storage

A study has confirmed a positive correlation between

pregnancy rate and semen motility (Lucca et al., 2021). Herein, the

effect of P. GXZC strain on the vitality of sperm was determined.

The growth dynamics of the P. GXZC and A. GXZC strains are

shown in Figure 4 and are notably different during the 12-day

storage period at 17◦C. Consistent with the assessment results

above, P. GXZC proliferates actively in extended semen at 17◦C

(Figure 4A). All groups inoculated with different concentration of

P. GXZC strain reach the stationary phase at approximately 108

CFU/ml in liquid extended semen. The proliferation of the P.

GXZC strain adversely affected sperm vitality in the later stages of

extended semen storage. On day 6, the tube containing 2 × 106
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TABLE 2 Genomic properties of P. GXZC strain.

Characteristics Value

Genome size (bp) 7,253,751

GC content (%) 60.23

Topology Circular

Chromosome size (bp) 7,059,625

Plasmid size (bp) 194,126

Chromosome GC content (%) 60.39

Plasmid GC content (%) 54.28

Chromosome 1

Plasmid 1

tRNA 73

rRNA (5S,16S,23S) 20

CDS (chromosome, plasmid) 6,790

Genes assigned to NR 6,765

Genes assigned to Swiss-Prot 4,902

Genes assigned to COG 5,409

Genes assigned to KEGG 2,217

Genes assigned to GO 4,756

Genes assigned to Pfam 5,691

CFU/ml or 2× 104 CFU/ml of P. GXZC differed significantly from

the negative control. On day 12, all treatments differed from the

control. It seems that only when the bacteria proliferate to a certain

concentration (> 106 CFU/ml), they show significant negative

effects on sperm vitality. In contrast, A. GXZC proliferation was

extremely slow in liquid extended semen at 17◦C. Moreover, there

were no differences (Figure 4B) in the TSM between the treatments

and the negative control over the entire time.

Genomic characteristics of P. GXZC strain

The general characteristics of the P. GXZC strain genome are

shown in Table 2, which consisted of 7,253,751 base pairs with

an average G + C content of 60.23%. The genome contained

approximately 6,790 predicted CDSs and 73 tRNA and 20 rRNA

genes (8, 5S; 6, 16S; and 6, 23S) (Figure 5). The CDS numbers

allocated to the different databases are presented in Table 2.

Species determination of P. GXZC based on
whole-genome sequencing

P. GXZC strain does not belong to any species in the Type

(Strain) Genome Server (TYGS) database and is potentially a

new species in P. fluorescens group. The closest type strain

genomes are Pseudomonas canadensis Feb-92 strain (assembly

accession: GCF_026967615.1) and Pseudomonas simiae CCUG

50988 (assembly accession: GCF_900111895.1) (Figure 6).

The best-matching type strain is P. canadensis Feb-92

(assembly accession: GCF_026967615.1, type strain), with an

average nucleotide identity based on BLAST+ (ANIb) data of

92.4% using the JSpeciesWS (Supplementary Table S5).We selected

the four best-matching type strains with ANIb > 90%, namely,

P. canadensis Feb-92 (assembly accession: GCF_000503215.1), P.

canadensis PA-6-2A (assembly accession: GCF_021605905.1), P.

simiae CCUG 50988 (assembly accession: GCF_900111895.1), and

P. simiae PCL1751 (assembly accession: GCF_000934565.1), to

conduct a comparative analysis with P. GXZC.

Comparative analysis of antibiotic
resistance genes (ARGs)

Based on the phylogenetic tree and ANIb, the four

Pseudomonas strains conducted a comparative analysis with P.

GXZC. ARGs of all strains were predicted and categorized by drug

classes using online RGI 6.0.1. All strains were predicted diverse

and large drug-resistant genes (Table 3). However, the GXZC

strain has more ARG hits than other comparison strains with the

following drug classes: aminoglycoside antibiotic (with perfect

or strict criteria only), tetracycline antibiotic, fluoroquinolone

antibiotic, macrolide antibiotic, penam, cephalosporin, disinfecting

agents and antiseptics, sulfonamide antibiotic, nitroimidazole

antibiotic, and lincosamide antibiotic. Except for penam, all drug

classes are widely used in pig farms.

Antimicrobial resistance island of P. GXZC

The study identified nine acquired AMR genes conferring

resistance to three drug classes of antibiotics in the chromosome

of the GXZC strain using ResFinder 4.1 (Table 4). Four other

close-type strains were unidentified. P. GXZC strain accepted

nine acquired AMR genes conferring resistance to aminoglycoside

antibiotics. Aminoglycosides are the most commonly used

antibacterial additives in extended boar semen.

Using IslandViewer 4 with the IslandPath-DIMOB method

(Bertelli et al., 2017), we identified 15 gene islands (GI) in the

chromosome. One acquired AMR is located in one GI. The other

eight acquired AMR genes were clustered in another 81.6-kb GI.

This GI contains three types of mobile genetic elements, two

integrons, three IS elements, and two transposons (Figure 7). This

antimicrobial resistance island structure represents the potential for

rapidly acquiring resistance markers under antimicrobial pressure.

Alignment with MAUVE (version 1.1.3) revealed that similar GI

structures are absent at the homologous location of the other two

best-matching type strains (Figure 7).

Discussion

Our study reviewed previous experiments on the assessment

of semen quality during long-term preservation (Huo et al., 2002;

Dube et al., 2004; Bussalleu et al., 2017; Shaoyong et al., 2019;

Li et al., 2022), and we found that sperm motility analysis is the

most widely used and effective method. In commercial extended
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FIGURE 5

Circular representation of the P. GXZC genome structure. (A) Circular representation of chromosome; (B) Circular representation of plasmid. The

outermost circle of the diagram is the genome size identification; the second and third circles are CDS on positive and negative strands, and di�erent

colors indicate the functional classification of di�erent COGs of CDS; the fourth circle is rRNA, tRNA; the fifth circle is GC content, the outer red part

indicates that the GC content of the region is higher than the (average GC content of the whole genome, and the higher the peak indicates the larger

the di�erence with the average GC content The innermost circle is the GC-Skew value, the specific algorithm is G-C/G+C.
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FIGURE 6

Phylogenetic relationships of P. GXZC whole genome was conducted in Type (Strain) Genome Server (TYGS) (date: 02 March 2023).

semen production, TSM analysis performed by CASA is essential

for quality control (Amann and Waberski, 2014). To simplify the

evaluation of our experiments and facilitate statistical analysis,

TSM analysis was exclusively used in our research.

Although various factors contribute to semen deterioration

in a commercial extender containing antibiotics during

extended storage, microbial contamination is a significant

risk factor. High-throughput sequencing revealed dynamic

bacterial proliferation during extended semen storage.

Pseudomonas spp. was observed to gradually become the

dominant flora in 12-day long-term semen storage. The

result appears to be relative to an environment of 17◦C and

antibiotic supplements.

Pseudomonas is one of the most complex bacterial genus and

comprises the largest number of gram-negative bacteria species

(Gomila et al., 2015). Many isolations initially identified as “P.

fluorescens species” are now reclassified as “P. fluorescens species

complex” (Scales et al., 2014) or P. fluorescens intrageneric groups

based on MLST (Mulet et al., 2010). MLST is a rapid genotyping

method, but it has low resolution and is insufficient for species

typing for P. fluorescens group to perform comparative genomic

analysis. With the phylogenetic tree and ANIb database on WGS

(Richter et al., 2016), P. GXZC strain was identified as a potential

new species in Pseudomonas fluorescens group eventually. WGS is

a gold standard method to identify Pseudomonas species (Tohya

et al., 2022).

Most members of the P. fluorescens species complex (from

the environment) optimum growth temperature are <30 ◦C, and

their growth decreases as temperature rises above 30◦C (Buchon

et al., 2000; Zhang et al., 2019). This species complex is the most

frequently reported “psychrotrophic bacteria” in cold-stored raw

fluid milk and deteriorates stored milk (Craven and Macauley,

1993; Shah, 1994; Wiedmann et al., 2000; Dogan and Boor, 2003;

Gunasekera et al., 2003; Du et al., 2022). It was the primary

isolated strain among all contaminants in some studies (Dogan and

Boor, 2003; de Oliveira et al., 2015; Du et al., 2022). The storage

environment of the extended boar semen appears to be similar to

that of raw fluid milk. In our study, P. GXZC actively proliferated at

17◦C and 27◦C but did not proliferate at 37◦C and entered a viable-

but-not-culturable (VBNC) state (Bunker et al., 2004). This may be

one of the main reasons for P. GXZC to be the dominant flora in

the 12-day storage of extended semen experiment.

We first confirmed that the isolated strain of P. fluorescens had

a negative effect on sperm vitality when the bacteria proliferated

to a certain concentration (> 106 CFU/ml). The negative effect

of P. fluorescens on sperm motility is concentration-dependent.

The characteristic may be related to sperm damage caused by

bacterial outer membrane vesicles (OMVs) or lipopolysaccharide
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TABLE 3 Summary of predicted ARGs categorized by drug classes using Resistance Gene Identifier (RGI).

RGI
criteriaa

Drug class P. GXZCb P. canadensis

PA-6-2A
P. canadensis

Feb-92
P. simiae

CCUG 50988
P. simiae

PCL1751

Perfect Aminoglycoside antibiotic 3 0 0 0 0

Strict Aminoglycoside antibiotic 1 0 0 0 0

Cephalosporin 1 1 1 1 1

Disinfecting agents and

antiseptics

1 1 1 1 1

Fluoroquinolone antibiotic 5 6 5 5 5

Glycopeptide antibiotic 1 1 1 1 1

Glycylcycline 1 1 1 1 1

Penam 1 1 1 1 1

Phenicol antibiotic 1 1 1 1 1

Phosphonic acid antibiotic 1 1 1 0 0

Rifamycin antibiotic 1 1 1 1 1

Tetracycline antibiotic 5 5 4 1 4

Loose Tetracycline antibiotic 187 181 178 171 169

Fluoroquinolone antibiotic 185 180 170 163 160

Macrolide antibiotic 142 139 137 133 129

Penam 113 111 108 106 102

Aminoglycoside antibiotic 94 98 98 81 83

Peptide antibiotic 78 74 73 69 69

Phenicol antibiotic 77 77 68 69 68

Cephalosporin 68 67 64 61 61

Disinfecting agents and

antiseptics

67 62 57 58 58

Cephamycin 55 56 54 50 50

Carbapenem 48 50 49 43 43

Aminocoumarin antibiotic 38 43 46 41 40

Diaminopyrimidine antibiotic 35 37 32 33 33

Monobactam 34 36 35 33 33

Penem 28 30 29 28 28

Glycopeptide antibiotic 27 28 28 27 27

Sulfonamide antibiotic 13 10 12 12 12

Rifamycin antibiotic 12 15 13 14 14

Glycylcycline 10 10 8 10 10

Nitroimidazole antibiotic 8 7 7 7 7

Lincosamide antibiotic 7 6 6 6 6

Nucleoside antibiotic 7 6 6 5 5

Bicyclomycin-like antibiotic 5 6 6 5 6

Antibacterial free fatty acids 4 3 3 4 4

Oxazolidinone antibiotic 4 4 4 4 4

Pleuromutilin antibiotic 4 4 4 4 3

Elfamycin antibiotic 3 4 4 4 4

Fusidane antibiotic 3 3 3 3 3

Mupirocin-like antibiotic 3 3 3 3 3

(Continued)
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TABLE 3 (Continued)

RGI
criteriaa

Drug class P. GXZCb P. canadensis

PA-6-2A
P. canadensis

Feb-92
P. simiae

CCUG 50988
P. simiae

PCL1751

Phosphonic acid antibiotic 3 15 16 13 13

Streptogramin antibiotic 3 3 4 3 4

Isoniazid-like antibiotic 2 4 5 2 2

Polyamine antibiotic 1 1 1 1 1

Salicylic acid antibiotic 1 1 1 1 1

Streptogramin A antibiotic 1 1 2 2 2

Streptogramin B antibiotic 1 1 1 1 1

aRGI Criteria: “Perfect, Strict, Loose” have been mentioned in the published articles. A more technical definition of these terms refers to this website (https://github.com/arpcard/rgi/issues/140).
bPlasmid sequences of the P. GXZC strain were not predicted ARG hits using the same criteria in CARD.

TABLE 4 Acquired antibiotic resistance genes predicted using ResFinder 4.1.

Class Resistance gene Phenotype Location Gene position Identity (%) GI position

Aminoglycoside aph(3”)-Ib Streptomycin Chromosome 398950–399753 (364961–446597)

aph(6)-Id Streptomycin 405693–406436 100.00

aph(3”)-Ib Streptomycin 406529–407332 100.00

aph(3’)-Ia Neomycin, Kanamycin,

Lividomycin, Paromomycin,

Ribostamycin

404542–405357 99.88

aph(6)-Id Streptomycin 398114–398857 99.87

Folate pathway

antagonist

sul1 Sulfamethoxazole 415230–415844 100.00

sul1 Sulfamethoxazole 423055–423581 100.00

Tetracycline tet(G) Doxycycline, Tetracycline 419498–420673 100.00

Aminoglycoside aac(3)-IId Apramycin, Gentamicin,

Tobramycin, Dibekacin,

Netilmicin, Sisomicin

Chromosome 7023795–7024655 99.88 (70181560–7044848)

(LPS) (He et al., 2017; Gao et al., 2018) and the reduction in sperm

protein phosphorylation levels (Sepulveda et al., 2016).

Pasteurization (70–80◦C) can treat refrigerated raw milk, but

for extended semen, antibiotics are one of the few options to inhibit

bacterial proliferation in extended semen. However, antimicrobial

susceptibility testing demonstrated that P. GXZC developed a

high level of resistance to almost all commonly used veterinary

antibiotics, including colistin, a the last resort for combating

multidrug-resistant Gram-negative bacteria (MDR-GNB) (Singhal

et al., 2022).

As a member of the species complex, P. GXZC strain

has 6,790 predicted CDSs and diverse mechanisms of drug

resistance. Numerous resistant phenotypes in this complex were

related to intrinsic, adaptive, and acquired antimicrobial resistance

mechanisms (Silverio et al., 2022). Whole-genome sequencing has

revealed that the P. GXZC strain has more drug-resistant genes

than closely related strains (identified based on WGS), which may

be related to antibiotic use in extended boar semen or treating

boars. Although previous studies have reported that transferable

resistance mechanisms are rare in this complex, we confirmed

horizontal gene transfer (HGT) of antimicrobial resistance in P.

GXZC (Silverio et al., 2022). Themechanism of antibiotic resistance

includes reduced permeability to antibiotic, antibiotic efflux,

antibiotic inactivation, and antibiotic target alteration (Chopra and

Roberts, 2001; Zeng and Jin, 2003; Xiao and Hu, 2012; Ashenafi

et al., 2014; Chung et al., 2015; Kapoor et al., 2017). The resistance

island with eight clustered resistance genes and various mobile

genetic elements may indicate that these strains acquire resistance

genes more rapidly than previously assumed. Our results suggest

that adding antibiotics seems difficult to resolve the multidrug-

resistant P. fluorescens strains and is an unsustainable approach to

microbial control in extended semen.

P. fluorescens species complex are ubiquitous microorganisms

in the environment (Scales et al., 2014). Although several previous

studies have identified the presence of P. fluorescens in boar semen,

the risks it poses in boar semen storage have not been taken

seriously. This may be attributed to the past practice of storing

extended semen for a short period, during which bacteria did not

have sufficient time to proliferate and cause significant damage to

sperm. However, with the growing adoption of commercial long-

term extended semen which semen storage time shift from shorter

storage durations to longer periods, the adverse effects of bacterial

proliferation on extended semen storage should be given more

attention. The biological characteristics exhibited by P. GXZC, as

explored in this study, may pose a challenge for long-term semen

storage. Several studies have attempted boar semen storage at 5◦C
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FIGURE 7

Antimicrobial resistance island of P. GXZC strain. Whole-genome alignment of P. GXZC, with two types of strains, P. canadensis Feb-92 and P. simiae

CCUG 50988, is conducted using MAUVE. At the homologous site (in the red box), P. GXZC strain has an approximately 81kb insertion which is

identified as an antimicrobial resistance island.

in the absence of antibiotics (Paschoal et al., 2020; Jakel et al., 2021),

which seem to similarly consider the impact of these cold-adapted

proliferating or psychrotrophic bacteria.

Conclusion

Our study identified a potential new species GXZC strain in P.

fluorescens group as the dominant flora in extended boar semen.

This strain exhibited adverse effects on sperm quality. The strain

can better adapt to growth at a moderately low temperature (17◦C)

and has multidrug resistance. Whole-genome sequencing and

comparative genomic analysis revealed that the strain developed

devise intrinsic resistance and horizontal resistance gene transfer.

The unregulated proliferation of multidrug-resistant P. fluorescens

within commercial extenders presents potential risks to the long-

term preservation of extended boar semen at 17◦C and can

impact the success of artificial insemination (AI) procedures.

In AI facilities, heightened attention should be given to the

prevalence of this type of bacterial contamination, and more

effective antimicrobial and hygienic management strategies should

be developed to control it.
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To the best of our knowledge, to date, no study has investigated the optimal dosage 
regimens of either colistin or sitafloxacin against drug-resistant Acinetobacter 
baumannii (A. baumannii) infections by using specific parameters. In the 
current study, we aimed to explore the optimal dosage regimens of colistin and 
sitafloxacin, either in monotherapy or in combination therapy, for the treatment 
of carbapenem-, multidrug-, and colistin-resistant A. baumannii infections. A 
Monte Carlo simulation was applied to determine the dosage regimen that could 
achieve the optimal probability of target attainment (PTA) and cumulative fraction 
of response (CFR) (≥90%) based on the specific parameters of each agent and the 
minimal inhibitory concentration (MIC) of the clinical isolates. This study explored 
the dosage regimen of 90, 50, 30, and 10  mL/min for patients with creatinine 
clearance (CrCL). We  also explored the dosage regimen for each patient with 
CrCL using combination therapy because there is a higher possibility of reaching 
the desired PTA or CFR. Focusing on the MIC90 of each agent in combination 
therapy, the dosage regimen for colistin was a loading dose of 300  mg followed 
by a maintenance dose ranging from 50  mg every 48  h to 225  mg every 12  h 
and the dosage regimen for sitafloxacin was 325  mg every 48  h to 750  mg every 
12  h. We concluded that a lower-than-usual dose of colistin based on specific 
pharmacokinetic data in combination with a higher-than-usual dose of sitafloxacin 
could be an option for the treatment of carbapenem-, multidrug-, and colistin-
resistant. A. baumannii. The lower dose of colistin might show a low probability of 
adverse reaction, while the high dose of sitafloxacin should be considered. In the 
current study, we attempted to find if there is a strong possibility of drug selection 
against crucial drug-resistant pathogen infections in a situation where there is a 
lack of new antibiotics. However, further study is needed to confirm the results of 
this simulation study.
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Introduction

Acinetobacter baumannii (A. baumannii) is one of the most 
important gram-negative pathogens that cause various nosocomial 
infections (García-Garmendia et al., 2001; Cisneros and Rodríguez-
Baño, 2002; Werarak et al., 2012; Sieniawski et al., 2013; Almasaudi, 
2018; Centers for Disease Control and Prevention, n.d.). Drug-
resistant A. baumannii infections, including multidrug-resistant 
A. baumannii (MDR-AB), carbapenem-resistant A. baumannii 
(CRAB), and colistin-resistant A. baumannii (CoR-AB) infections, are 
a crucial problem because they cause prolonged hospitalization and a 
high mortality rate (Sunenshine et al., 2007; Kaye and Pogue, 2015). 
The study by Appaneal et al. showed that the inpatient mortality rate 
was higher in those with MDR-AB than those with non-MDR-AB 
infection (aOR 1.61) and in those with CRAB than non-CRAB 
infection (aOR 1.68). A hospitalization duration of more than 10 days 
was higher in those with MDR-AB compared to those with 
non-MDR-AB infection and in those with CRAB compared to those 
with non-CRAB infection (Appaneal et  al., 2022). Moreover, the 
clinical outcomes were worse among patients with MDR-AB and/or 
CRAB infections (Appaneal et al., 2022). Similarly, the meta-analysis 
showed that the CRAB could increase the risk of high mortality rate 
in patients (Lemos et al., 2014). Compared to colistin-susceptible AB 
infection, patients with CoR-AB bloodstream infection had higher 
mortality (100% vs. 50%, respectively (p = 0.001)) and died sooner 
(p = 0.006) (Papathanakos et al., 2020).

Colistin has gained attention for its use in the treatment of drug-
resistant A. baumannii infections (Falagas et al., 2010; Lim et al., 2011; 
Batirel et al., 2014; Kalin et al., 2014; López-Cortés et al., 2014; Yilmaz 
et al., 2015; Amat et al., 2018; Liang et al., 2018; Dickstein et al., 2019). 
The optimal dosage regimens for colistin have been investigated from 
the past to the present based on the population pharmacokinetic model 
and pharmacokinetic/pharmacodynamic (PK/PD) index of colistin 
(Garonzik et al., 2011; Nation et al., 2017). The usual PK/PD index of 
colistin is the average steady-state plasma colistin concentration (Css,avg). 
However, recent studies found that the most predictive PK/PD index 
of colistin against A. baumannii was the ratio of the area under the 
unbound concentration-time curve to the minimum inhibitory 
concentration (ƒAUC/MIC) (Dudhani et al., 2010; Cheah et al., 2015). 
A common adverse drug reaction from colistin is nephrotoxicity, which 
occurs in a dose- and time-dependent manner (Spapen et al., 2011; Dai 
et al., 2014). Therefore, the challenge of exploring a colistin dosage 
regimen is focused on both increasing efficacy and lowering toxicity.

Sitafloxacin is a fluoroquinolone that has shown excellent in vitro 
activity against drug-resistant A. baumannii (Dong et al., 2015; Huang 
et al., 2015; Rodjun et al., 2020). Its population pharmacokinetic model 
and PK/PD index have also been studied (Tanigawara et al., 2013). A 
key feature of sitafloxacin is its excellent penetration into the epithelial 
lining fluid (ELF) of critically ill patients with pneumonia; according to 
the data of Paiboonvong et al., the AUC0–8 h of ELF/unbound plasma 

ratio was 0.85 (Paiboonvong et al., 2019). Moreover, sitafloxacin in 
combination with colistin can decrease the MIC values of either colistin 
or sitafloxacin. This in vitro activity was observed when using this 
combination against extensively drug-resistant A. baumannii (XDR-AB) 
(Dong et al., 2015), MDR-AB, CRAB, and CoR-AB (Rodjun et al., 2020).

The World Health Organization (WHO) announced that there are 
declining private investments and a lack of innovation in the 
development of new antibiotics. Over 30 antibiotics are still in the clinical 
development pipeline (Kmietowicz, 2017; Butler et al., 2022). Because of 
the lack of novel antibiotics to treat drug-resistant bacterial infections, 
the standard guideline for treating drug-resistant pathogen infections 
still recommends using familiar antibiotics or some regimens that use 
the combination therapy (Tamma et  al., 2023). The combination 
regimens of colistin with other antibiotics such as sulbactam, tigecycline, 
and carbapenems have been options for the management of drug-
resistant A. baumannii infections (Garonzik et al., 2011; Lim et al., 2011; 
Batirel et al., 2014; Kalin et al., 2014; López-Cortés et al., 2014; Amat 
et al., 2018; Dickstein et al., 2019). From a previous in vitro study with 
sitafloxacin, the combination of colistin and sitafloxacin is one interesting 
possibility. This study aimed to explore the optimal dosage regimens of 
colistin and sitafloxacin, either in monotherapy or in combination 
therapy, for the treatment of MDR-AB, CRAB, and CoR-AB infections 
using a Monte Carlo simulation that was based on the specific population 
pharmacokinetics and PK/PD index of each agent.

Materials and methods

Microbiology

Data on A. baumannii were obtained from a prior study by 
Rodjun et al. (2020). Three hundred A. baumannii clinical isolates 
were comprised of MDR-AB–263 isolates (87.7%), CRAB–258 isolates 
(86%), and CoR-AB–43 isolates (14.3%). The MIC50/90 of colistin in 
MDR-AB and CRAB was 2/4 mg/L and that of CoR-AB was 
8/8 mg/L. The MIC50/90 of sitafloxacin in MDR-AB and CRAB was 
1/2 mg/L and that of CoR-AB was 0.5/1 mg/L. The MIC50/90 of 
colistin in combination regimens in MDR-AB and CRAB was 
0.5/1 mg/L and that of CoR-AB was 1/2 mg/L. The MIC50/90 of 
sitafloxacin in combination regimens in MDR-AB and CRAB was 
0.5/1 mg/L and that of CoR-AB was 0.25/1 mg/L.

Pharmacokinetic model

Colistin
The population pharmacokinetic models for colistimethate sodium 

(CMS) and colistin were two-compartment and one-compartment 
models, respectively. We used pharmacokinetic data from Nation et al. 
(2017), who studied the dosing guidance for colistin in critically ill 
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patients with a CrCL of 0–236 mL/min. The parameters were randomly 
generated for each estimated mean, and the %IIV of the parameters are 
shown in Table 1. The equations below were modified according to the 
study of Garonzik et al. (2011) and represent the differential equations 
for the disposal of CMS and colistin. The unbound fraction of 0.49 
+/− 0.11, determined by ultracentrifugation in samples collected from 
the patients in the prior study, was used (Nation et al., 2017).
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Sitafloxacin
The population pharmacokinetic model for oral sitafloxacin was 

assumed to follow the one-compartment model with first-order 
absorption (Tanigawara et al., 2013). We used pharmacokinetic data 
from Tanigawara et al. (2013), who used clinical data from clinical 
pharmacology studies, including a study on healthy, elderly but renally 
impaired patients (Nakashima et  al., 1995; Nakashima, 2008; 
Nakashima and Kawada, 2008; Sekino, 2008), and the clinical PK/PD 
study on patients with respiratory tract infections (Saito et al., 2008). 
The parameters are shown in Table 2. The equation below was used to 
calculate the plasma sitafloxacin concentration (Jambhekar and Breen, 
2012). An unbound fraction of sitafloxacin of 0.388 was used 
(Tanigawara et al., 2013).

 
dX
dt

K X KXa a= − ,
 

(4)

where dX/dt = the rate of change of the amount of drug in the 
plasma, X = the mass of drug in the plasma at time t, Xa = the mass of 

absorbable drug at time t, Ka and K = the first-order of absorption and 
elimination rate constants, respectively, KaXa = the first-order rate of 
absorption, and KX = the first-order rate of elimination.

Pharmacokinetic or pharmacodynamic 
index

Colistin
The pharmacokinetic/pharmacodynamic index (PK/PD) index 

of colistin is characterized by ƒAUC/MIC ≥7.4, which showed a 
2-log10 reduction of MDR A. baumannii clinical isolate strain 248-01-
C.248 (MIC of colistin is 1 mg/L) in a mouse model with a thigh 
infection. This value resulted in bacterial burdens in mouse thighs 
determined at 2 h after inoculation (untreated controls) and 24 h later 
(untreated controls and colistin-treated subjects) (Cheah et  al., 
2015). The model with the thigh infection has been used in most in 
vivo studies (Craig, 1998) and is considered to be the gold standard 
for evaluating the efficacy of antimicrobials since its high degree of 
translation to human patients (Yedle et  al., 2023). Moreover, the 
thigh infection model is considered to be an adequate simulator 
because the model allows for the dissemination of the offending 
pathogen in blood and viscera to occur as in the clinical status of 
bacteremia (Pantopoulou et al., 2007).

Sitafloxacin
The PK/PD index of sitafloxain is characterized by ƒAUC/MIC 

>30, which showed an eradication effect of 96.4% on respiratory tract 
infection (RTIs) isolates. This value was determined for individual PK 

TABLE 1 Population pharmacokinetic parameters of colistin (Nation et al., 2017).

Agent Parameter Unit Estimate %SE %IIV

CMS V1 L 12.9 - 40.4

V2 L 16.1 - 70.9

CLD1 L 9.57 10.5 80.1

CLR L/h/CrCL 0.0340 6.85 75.2

CLNRCMS L/h 2.52 3.71 39.8

Colistin V3 L 57.2 5.13 43.5

CLTC L/h 3.59 - 37.9

CLRC L/h/CrCL 0.00834 27.7 -

CLNRC L/h 3.11 4.38 -

V1, Central volume for CMS, V2, Peripheral volume for CMS, CLD1, Distributional clearance between the central and peripheral compartments for CMS, CLR, Renal clearance of CMS, 
CLNRCMS, Non-renal clearance of CMS, V3, volume of distribution of formed colistin, CLTC, Total clearance of colistin, CLRC, Renal clearance of colistin, CLNRC, Non-renal clearance of 
colistin, %SE, standard error or the precision of the estimates, %IIV, inter-individual variability in the population (standard deviation, SD, were calculated from %IVV x mean), CrCL, 
creatinine clearance, CMSC, mass of CMS in the central compartment, CMSp, mass of CMS in the peripheral compartment, colistin, mass of colistin in the single compartment, R1, infusion 
rate of CMS, CLTCMS, total intrinsic clearance for CMS.

TABLE 2 Population pharmacokinetic parameters of sitafloxacin 
(Tanigawara et al., 2013).

Agent Parameter Unit Estimate ωω2

Sitafloxacin CLt/F L 2.58 x CrCL 0.0757

V/F L/Kg 1.72 0.087

ka h−1 1.67 4.57

CLt, total clearance, V, volume of distribution (age < 65 years), ka, absorption constant in a 
fasted state, ω  2, the variance of the estimated value (SD were calculated from the square 
root of ω  2 × 100% × estimate).
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parameters with MIC in 91 RTI isolates, and the attainment rates of 
the ƒAUC/MIC were calculated (Tanigawara et al., 2013).

Simulated dosage regimens

Colistin
The dosage regimens were chosen according to the study of 

Nation et al. (2017), the guidelines of the European Medicine Agency 
(EMA) (Nation et al., 2016) and the United States Food and Drug 
Administration (FDA) (Nation et al., 2016), and the recommended 
dosage regimens by Siriraj Hospital, Thailand, and our study’s dosage 
regimens. The creatinine clearance (CrCL) values used for the 
simulation were 90, 50, 30, and 10 mL/min. Each dose was infused for 
30 min, and each dosage regimen starts with the loading dose (LD) of 
450 mg or 300 mg. The maintenance doses vary from 50 mg every 48 h 
to 450 mg every 12 h according to the CrCL value.

Sitafloxacin
The dosage regimens were chosen according to the manufacturer’s 

recommendations (Pharmaceuticals and Medical Devices Agency, 
n.d.) and our study’s dosage regimens. The regimens were 
administered orally to an inpatient in a fasted state who weighed 60 kg 
and was under 65 years of age. The CrCL values used in this study were 
90, 50, 30, and 10 mL/min. The doses vary from 50 mg every 48 h to 
1,500 mg every 12 h according to the CrCL value.

Monte Carlo simulation

A Monte Carlo Simulation (Crystal Ball version 2017; 
Decisioneering Inc., Denver, CO United  States) was applied to 
generate 10,000 subjects for each regimen. Log-normal distributions 
were studied for between-patient variability of each parameter except 
the unbound fraction of colistin, which was studied by the uniform 
distribution. The probability of target attainment (PTA) was 
determined as the percentage of all 10,000 estimates that achieved or 
exceeded the pharmacodynamic surrogate indices of each agent. Both 
colistin and sitafloxacin use ƒAUC/MIC. The AUC was determined 
using the linear trapezoidal rule, while ƒ was the unbound fraction of 
each agent. The MIC values were calculated from a prior study 
(Rodjun et al., 2020). The cumulative fraction of response (CFR) was 
calculated as the proportion of %PTA of each MIC according to the 
MIC distribution. The PTA and CFR (Asuphon et al., 2016; Jitaree 
et al., 2019; Leelawattanachai et al., 2020), which we calculated at the 
steady state, were considered optimal at ≥90%. This study was 
approved by the Ethics Committee of the Faculty of Dentistry/Faculty 
of Pharmacy, Mahidol University, Phutthamonthon District, Nakhon 
Pathom, Thailand (COE.No.MU-DT/PY-IRB 2020/001.1501).

Result

Colistin monotherapy

The dosage regimens of colistin that achieved a PTA of ≥90% for 
the MIC50 of MDR-AB and CRAB (2 mg/L) were the maintenance 
doses of 225 mg every 12 h, 150 mg every 24 h, 75 mg every 24 h, and 

50 mg every 24 h for CrCL values of 90, 50, 30, and 10 mL/min, 
respectively. The dosage regimens that achieved a PTA of ≥90% for 
the MIC90 of MDR-AB and CRAB (4 mg/L) were maintenance doses 
of 300 mg every 12 h, 150 mg every 24 h, and 75 mg every 24 h for 
CrCL values of 50, 30, 10 mL/min, respectively. The dosage regimens 
that achieved a PTA of ≥90% for the MIC50/90 of CoR-AB (8 mg/L) 
were maintenance doses of 450 mg every 12 h, 300 mg every 12 h, and 
150 mg every 24 h for CrCL values 50, 30, and 10 mL/min, respectively. 
No dosage regimen was recommended for patients with CrCL 90 mL/
min at MIC of 2 and 4 mg/L.

The dosage regimens of colistin that achieved a CFR of ≥90% for 
MDR-AB and CRAB were maintenance doses of 300 mg every 12 h, 
150 mg every 12 h, 150 mg every 24 h, and 50 mg every 24 h for CrCL 
values of 90, 50, 30, and 10 mL/min, respectively. The maintenance 
doses of 450 mg every 12 h, 300 mg every 12 h, and 150 mg every 24 h 
were recommended for patients with CrCL values 50, 30, and 10 mL/
min, respectively. No dosage regimen was recommended for patients 
with CrCL values of 90 mL/min.

As can be observed from the results, a lower CrCL value (50, 30, 
and 10 mL/min) can achieve the target by the usual dosage regimen 
including the USFDA recommended. Meanwhile, a CrCL value of 
90 mL/min should be used in our regimen, which is higher than the 
usual dose. The results table of colistin monotherapy is shown in the 
Supplementary Table S1.

Sitafloxacin monotherapy

The dosage regimens that achieved a PTA of ≥90% for the MIC50 
of CoR-AB (0.5 mg/L) were doses of 375 mg every 12 h, 225 mg every 
12 h, 250 mg every 24 h, and 175 mg every 48 h for CrCL values of 90, 
50, 30, and 10 mL/min, respectively. The dosage regimen that achieved 
a PTA of ≥90% for the MIC50 of MDR-AB and CRAB, and the MIC90 
of CoR-AB (1 mg/L) were doses of 750 mg every 12 h, 425 mg every 12 h, 
500 mg every 24 h, and 325 mg every 48 h for CrCL values of 90, 50, 30, 
and 10 mL/min, respectively. The dosage regimens that achieved a PTA 
of ≥90% for the MIC90 of MDR-AB and CRAB (2 mg/L) were doses of 
1,500 mg every 12 h, 750 mg every 12 h, 1,000 mg every 24 h, and 675 mg 
every 48 h for CrCL values of 90, 50, 30, and 10 mL/min, respectively.

The dosage regimens of sitafloxacin that achieved a CFR of ≥90% 
of MDR-AB and CRAB were doses of 1,500 mg every 12 h, 750 mg 
every 12 h, and 500 mg every 48 h for CrCL 90, 50, and 10 mL/min, 
respectively. For CrCL 30 mL/min, these doses were 800 mg every 24 h 
and 750 mg every 24 h of MDR-AB and CRAB, respectively. The 
dosage regimens for CoR-AB were 1,000 mg every 12 h, 500 mg every 
12 h, 750 mg every 24 h, and 500 mg every 48 h for CrCL values of 90, 
50, 30, and 10 mL/min, respectively.

As can be observed from the results, the manufacturer’s regimen 
cannot reach the target in any CrCL values. All the recommended 
dosage regimens were generated in this study. The lowest dose to 
achieve the target was 500 mg every 48 h. The results table of 
sitafloxacin monotherapy is shown in the Supplementary Table S2.

Colistin in combinations

The dosage regimens of colistin in combinations that achieved a 
PTA of ≥90% for the MIC50 of MDR-AB and CRAB (0.5 mg/L) were 
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maintenance doses of 100 mg every 24 h for CrCL values of 90 mL/min 
and 50 mg every 48 h for 50, 30, and 10 mL/min. The dosage regimens 
that achieved a PTA of ≥90% for the MIC90 of MDR-AB, CRAB, and 
the MIC50 of CoR-AB (1 mg/L) were maintenance doses of 150 mg 
every 12 h for CrCL 90 mL/min, 75 mg every 24 h for CrCL 50 mL/
min, and 50 mg every 48 h for CrCL 30 and 10 mL/min. The dosage 
regimens for the MIC90 of CoR-AB were the same as those for the 
MIC50 of MDR-AB and CRAB in monotherapy.

The dosage regimens that achieved a CFR of ≥90% for MDR-AB 
and CRAB were maintenance doses of 100 mg every 12 h for CrCL 
90 mL/min and 50 mg every 48 h for CrCL values of 50, 30, and 10 mL/
min. The maintenance doses for CoR-AB were 180 mg every 12 h, 
150 mg every 24 h, 75 mg every 24 h, and 50 mg every 48 h for CrCL 
values of 50, 30, and 10 mL/min, respectively.

Overall, the doses of colistin in combination were lower than in 
monotherapy. The lower CrCL values (50, 30, and 10 mL/min) can 
achieve the target by the usual regimen while the CrCL values of 
90 mL/min should use a higher dose, especially at MIC 2 mg/L.

Sitafloxacin in combinations

The dosage regimens of sitafloxacin in combinations that achieved 
a PTA of ≥90% for the MIC50 of CoR-AB (0.25 mg/L) were doses of 
200 mg every 12 h, 125 mg every 12 h, 125 mg every 24 h, and 50 mg 
every 24 h for CrCL values of 90, 50, 30, and 10 mL/min, respectively. 
The dosage regimens that achieved a PTA of ≥90% for the MIC50 of 
MDR-AB and CRAB (0.5 mg/L) were the same as those for the MIC50 
of CoR-AB in monotherapy. The dosage regimens that achieved a PTA 
of ≥90% for the MIC90 of MDR-AB and CRAB (1 mg/L) were the 
same as those for the MIC50 of MDR-AB and CRAB (1 mg/L) 
in monotherapy.

The optimal doses of sitafloxacin in combinations that achieved a 
CFR of ≥90% for MDR-AB and CRAB were doses of 750 mg every 
12 h, 400 mg every 12 h, 500 mg every 24 h, and 300 mg every 48 h for 
CrCL values of 90, 50, 30, and 10 mL/min, respectively. The dosage 
regimens that achieved a CFR of ≥90% for CoR-AB were doses of 
750 mg every 12 h, 400 mg every 12 h, 300 mg every 24 h, and 200 mg 
every 48 h for CrCL values of 90, 50, 30, and 10 mL/min, respectively.

The dosage regimens in combinations were lower than those in 
monotherapy. However, the manufacturer’s regimen cannot reach the 
target in any CrCL values.

The PTA analyses of various colistin and sitafloxacin regimens 
and CrCL are shown in Figures 1, 2, respectively. The PTA and CFR 
of each dosage regimen are shown in Tables 3–5 and in 
Supplementary material.

Discussion

The infection caused by drug-resistant A. baumannii is a serious 
problem, especially MDR-AB and CRAB. Because of the various types 
of antibiotics that the pathogen resists, the choice of drug is limited. 
This study focuses on the use of colistin, which is known as the last 
resort for gram-negative bacteria, especially the drug-resistant 
pathogen. Moreover, sitafloxacin was chosen based on the good 
activity from the previous study (Rodjun et al., 2020). This is the first 
study to explore colistin dosage regimens based on the new 

pharmacokinetic/pharmacodynamic (PK/PD) index of A. baumannii. 
To date, the recommended colistin dosage regimen aims to achieve 
the desired Css,avg, especially at 2 mg/L (Garonzik et al., 2011; Nation 
et al., 2017), formerly the susceptibility breakpoint of gram-negative 
isolates, including Acinetobacter spp. This study used ƒAUC/MIC ≥7.4 
as the desired index (Cheah et al., 2015). We ran simulations starting 
with a loading dose of 300 mg (the same as in the reference dosage 
regimens) and 450 mg, expecting them to rapidly reach the steady 
state of colistin. The reference dosage regimens recommended by 
FDA, EMA, Siriraj, and Nation et al. for the simulation in patients 
with a CrCL value of ≥90 mL/min cannot achieve the specific index 
at a PTA of ≥90%; however, our study’s dosage regimens can achieve 
it with the maintenance dose of 225 mg every 12 h at breakpoint 
MIC. The results of Jitaree et al., who studied the optimal dosage of 
colistin against carbapenem-resistant Klebsiella pneumonia and 
carbapenem-resistant Escherichia coli (Jitaree et  al., 2019), were 
consistent with ours. In a patient who has a normal renal function 
(≥80 mL/min), one cannot use the reference dosage regimen to 
achieve the specific index (ƒAUC/MIC ≥25) when using the 
breakpoint as a desired MIC. Therefore, the usual colistin dosage 
regimens cannot achieve the specific index of each important gram-
negative isolate in a patient who has normal renal function. However, 
the reference dosage regimen can achieve the specific index in a 
patient who has renal impairment (≤50 mL/min). Interestingly, our 
new dosage regimens (150 mg, 75 mg, and 50 mg every 24 h for CrCL 
value of 50, 30, and 10 mL/min, respectively), which are lower than 
the lowest reference dose (114 mg every 12 h, 150 mg every 24 h, and 
60 mg every 24 h for CrCL value of 50, 30, and 10 mL/min, 
respectively), can achieve the target. To the best of our knowledge, the 
most common adverse event observed with colistin is dose-dependent 
nephrotoxicity (Nation et al., 2014; Eljaaly et al., 2021). A lower dose 
should be considered to reduce the risk of nephrotoxicity in a patient 
who has renal function impairment. However, patients with good 
renal function seem to be using the higher than usual. The other 
adverse reaction is neurotoxicity (Spapen et al., 2011). Though colistin 
is the last resort for the treatment of infection by a drug-resistant 
organism, the rate of colistin resistance is currently a problem (Cai 
et al., 2012). The reference dosage regimen for colistin cannot be used 
against the colistin-resistant A. baumannii in this study (MIC 
≥2 mg/L), especially in a patient who has CrCL ≥50 mL/min. 
Therefore, combination regimens should be considered. However, the 
international consensus guidelines (Tsuji et al., 2019) for the optimal 
use of polymyxins recommended the use of a Css,avg of 2 mg/L instead 
of the new index because of the differences in the protein binding of 
mice and humans. However, our study used a protein binding profile 
from Nation et al. (2017), who ran simulations in a critically ill patient. 
The PK/PD index at a Css,avg of 2 mg/L did not depend on the variation 
in MIC values, which might complicate the choice of optimal doses. 
The new PK/PD index used in this study can be applied to any MIC 
value. Moreover, our PK/PD index is specific for A. baumannii (Cheah 
et al., 2015).

Sitafloxacin, the fluoroquinolone antibiotic, demonstrates the 
concentration-dependent killing effect. The lower concentration 
showed less bacteriological efficacy (Tanigawara et  al., 2013). The 
reference regimen for sitafloxacin monotherapy (50–100 mg every 
12–48 h) cannot achieve the specific index in each CrCL at a PTA of 
≥90%, while our study’s regimens can (≥175 mg every 48 h). We used 
the same PK/PD index as Tanigawara et al., who were the only authors 
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to study the PK/PD index of sitafloxacin, ƒAUC/MIC ≥30 (Huang 
et al., 2015), but there were differences between their MIC values and 
ours. The lowest MIC from the study by Tanigawara et  al. was 
≤0.025 mg/L, which was less than the focus MIC value of this study, 
≥0.5 mg/L, which led them to a lower recommended dose than the 
one in this study. In fact, the approved indications of sitafloxacin are 
likely to be  a mild infection or community-acquired infection 
(Pharmaceuticals and Medical Devices Agency, n.d.), which is why the 
manufacturer-recommended dose seems to be low.

The colistin-sitafloxacin combination led to a greater opportunity 
to explore the optimal dosage regimen to achieve a PTA of 90% based 
on the specific PK/PD index. Because the MIC50/90 of CoR-AB 
(2 mg/L) was reduced to at least the intermediate breakpoint (Clinical 
and Laboratory Standards Institute, 2022) (≤2 mg/L), this study could 
determine the dosage regimen for all CrCL values. Although the MIC 
of sitafloxacin was also reduced, the dosage regimens that achieve a 
PTA of 90% are still higher than the reference dosage regimens. For 
example, 50 mg of sitafloxacin every 24 h was obtained for a patient 
with a CrCL value of 10 mL/min, while the recommended dose is 
50 mg every 48 h. To our knowledge, fluoroquinolones are 
concentration-dependent antibiotics (Lode et  al., 1998) and 
sitafloxacin is a fluoroquinolone antibiotic agent (Sun et al., 2021). 
Therefore, higher doses can have greater efficacy in isolate eradication. 
Saito et al. (2008) showed greater efficacy of sitafloxacin in a higher 
dose, which is consistent with our result that a higher dose achieved a 
higher PTA percentage. The point of concern is the possibility of a 
dose-dependent adverse drug reaction. Feldman et al. used sitafloxacin 
at a high dose (400 mg intravenously once daily) for the treatment of 
hospitalized patients with pneumonia and showed a 5% rate of 

drug-related adverse events but no severe reactions (Feldman et al., 
2001). In a previous report, the dose-dependent prolongation of QTcF 
occurred after the administration of supratherapeutic dosages of 
sitafloxacin of 400, 600, or 800 mg twice daily to healthy volunteers 
(mean change in the QTcF interval of 0, 6, and 10 ms, respectively) 
(Keating, 2011). The highest recommended dose of sitafloxacin from 
this study for combination therapy in a patient with a CrCL value of 
90 mL/min was 200–750 mg every 12 h, which might increase the 
QTcF. However, no reports of serious adverse reactions or adverse 
events based on recent data on sitafloxacin were observed.

This study explored all dosage regimens in a patient with various 
CrCL values, focusing on the one that achieved a PTA of 90% for the 
MIC90 of each agent in combination therapy. A colistin dose lower 
than the usual one seems to have led to less nephrotoxicity, while a 
dose of sitafloxacin appears to be higher than the usual regimen. A 
patient who is administered a high dose requires close monitoring.

An optimal CFR of ≥90% was used in this study. Some dosage 
regimens were different from the dosage regimen for a PTA of ≥90% 
because of the MIC distribution. The dose of sitafloxacin that achieved 
a CFR of ≥90% was lower than that which achieved a PTA of 90% in 
each CrCL value. The major MIC distribution of sitafloxacin in our 
study was lower than 0.5 mg/L (Rodjun et al., 2020), which increases 
the probability of achieving the desired CFR. The doses of colistin 
required to achieve a CFR of ≥90% in MDR-AB and CRAB for each 
CrCL were the same because most of the isolates in these two groups 
overlapped. Thus, the opportunity to achieve the desired CFR was 
dependent on the MIC distribution.

Our study has several limitations. First, this study used the PK/PD 
index from the thigh infection in the mouse model. For the treatment 

FIGURE 1

Probability of target attainment (PTA) achieved with colistin used in groups CrCL 90  mL/min (A), CrCL 50  mL/min (B), CrCL 30  mL/min (C), and CrCL 
10  mL/min (D). LD: loading dose (in mg colistin base activity), MD: maintenance doses (in mg colistin base activity).
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of other types of infections, another specific index should 
be  considered. Drug-resistant A. baumannii, including MDR-AB, 
CRAB, and CoR-AB, could be treated by combination therapy because 
it increases the probability of achieving the specific target. Second, 
most of the recommended doses from this study were different from 
the reference dosage regimens. Therefore, close monitoring of clinical 
efficacy and toxicity is necessary. Third, our dosing recommendation 
used two population pharmacokinetics of two agents (colistin and 
sitafloxacin) to simulate. Therefore, our dosing recommendation for 
colistin and sitafloxacin could be used only in patients with similar 
characteristics to this study. According to the population 
pharmacokinetic model, for instance, there is a difference in the 
APACHE II score, the comorbid condition, the CrCL, the volume of 
distribution, and the drug clearance in critically ill patients compared 
to the healthy population. These parameters affect the plasma colistin 
level, which is important to reach the desired target in critically ill 
patients. Although the population pharmacokinetic analysis of 

sitafloxacin was based on the study on non-critically ill patients, the 
oral form of this drug should be considered for absorption in critically 
ill patients. However, we believe that sitafloxacin might have poor 
absorption as critically ill patients are hemodynamically unstable. The 
low plasma concentration might have occurred and cannot reach the 
target. Fourth, drug interaction should be  considered because 
sitafloxacin (fluoroquinolone group) could reduce absorption when 
concomitant with antacids, ferrous sulfate, and other metallic cation-
containing compounds (Deppermann and Lode, 1993) (this study 
simulates based on the fasted state of patient). Finally, this study used 
the PD index of efficacy. Thus, we  cannot predict the resistant 
situation. However, the high dose of sitafloxacin should not develop 
pathogen resistance. The low dose of colistin in the combination 
therapy was against the lower MIC than usual. They should not 
develop pathogen resistance either. Currently, the problem with using 
colistin and sitafloxacin in combination is that there are no data that 
relate to the clinical outcome in terms of resistant genes. Although this 

FIGURE 2

PTA achieved with sitafloxacin used in groups CrCL 90  mL/min (A), CrCL 50  mL/min (B), CrCL 30  mL/min (C), and CrCL 10  mL/min (D).

TABLE 3 The lowest recommended dose of colistin-sitafloxacin: focus on the MIC90 of each agent in combination.

CrCL (mL/
min)

MIC90 (mg/L)

Colistin: 1 (MDR-AB, CRAB) Sitafloxacin: 1 Colistin: 2 (CoR-AB) Sitafloxacin: 1

90 mL/min Colistin: LD 300 mg, MD 150 mg q 12 h Sitafloxacin: 750 mg q 12 h Colistin: LD 300 mg, MD 225 mg q 12 h Sitafloxacin: 750 mg q 12 h

50 mL/min Colistin: LD 300 mg, MD 75 mg q 24 h Sitafloxacin: 425 mg q 12 h Colistin: LD 300 mg, MD 150 mg q 24 h Sitafloxacin: 425 mg q 12 h

30 mL/min Colistin: LD 300 mg, MD 50 mg q 48 h Sitafloxacin: 500 mg q 24 h Colistin: LD 300 mg, MD 75 mg q 24 h Sitafloxacin: 500 mg q 24 h

10 mL/min Colistin: LD 300 mg, MD 50 mg q 48 h Sitafloxacin: 325 mg q 48 h Colistin: LD 300 mg, MD 50 mg q 24 h Sitafloxacin: 325 mg q 48 h
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TABLE 4 %Probability of target attainment (PTA) and %Cumulative fraction of response (CFR) of the studied colistin regimens for each type of isolate in combinations.

Dosage regimen Daily MD

%PTA of MDR-AB and CRAB
%CFR MDR-

AB
%CFR CRAB

%PTA of CoR-AB
%CFR 

CoR-ABMIC50 
(0.5  mg/L)

MIC90 
(1  mg/L)

MIC50 
(1  mg/L)

MIC90 
(2  mg/L)

CrCL 90 mL/min

LD 300 mg, MD 150 mg q 8 h (Siriraj)

LD 300 mg, MD 225 mg q12h (Our study)

LD 300 mg, MD 180 mg q 12 h (Nation et al.)

LD 300 mg, MD150 mg q 12 h (Siriraj, EMA, and FDA)

LD 300 mg, MD 100 mg q 12 h (Our study)

LD 300 mg, MD 100 mg q 24 h (Our study)

LD 300 mg, MD 75 mg q 24 h (Our study)

450 mg

450 mg

360 mg

300 mg

200 mg

100 mg

75 mg

98.88

99.27

98.89

98.39

96.72

93.26

88.72

95.54

97.23

96.05

94.29

89.24

82.11

73.27

96.99

98.12

97.38

96.37

93.40

89.26

83.85

97.03

98.12

97.41

96.41

93.47

89.37

84.00

95.54

97.23

96.05

94.29

89.24

82.11

73.27

83.31

90.62

87.20

82.22

68.14

58.91

45.32

88.45

92.66

90.37

87.48

80.04

73.35

64.03

CrCL 50 mL/min

LD 300 mg, MD 150 mg q 12 h (Siriraj, EMA, and FDA)

LD 300 mg, MD 122.5 mg q 12 h (Nation et al.)

LD 300 mg, MD 114 mg q 12 h (FDA)

LD 300 mg, MD 150 mg q 24 h (Our study)

LD 300 mg, MD 100 mg q 24 h (Our study)

LD 300 mg, MD 75 mg q 24 h (Our study)

LD 300 mg, MD 50 mg q 24 h (Our study)

LD 300 mg, MD 50 mg q 48 h (Our study)

300 mg

245 mg

228 mg

150 mg

100 mg

75 mg

50 mg

25 mg

99.82

99.8

99.76

99.72

99.00

98.33

96.14

95.97

99.2

98.89

98.62

98.63

95.71

92.91

85.50

85.00

99.25

98.97

98.77

98.91

97.24

95.61

91.55

91.23

99.25

98.98

98.79

98.92

97.27

95.67

91.65

91.33

99.2

98.89

98.62

98.63

95.71

92.91

85.50

85.00

96.17

94.08

92.49

93.48

85.22

76.38

58.13

56.42

95.42

93.90

93.07

94.63

89.60

84.95

75.10

74.24

CrCL 30 mL/min

LD 300 mg, MD 125 mg q 12 h (EMA)

LD 300 mg, MD 100 mg q 12 h (Siriraj)

LD 300 mg, MD 97.5 mg q 12 h (Nation et al.)

LD 300 mg, MD 150 mg q 24 h (FDA)

LD 300 mg, MD 75 mg q 24 h (Our study)

LD 300 mg, MD 50 mg q 24 h (Our study)

LD 300 mg, MD 50 mg q 48 h (Our study)

250 mg

200 mg

195 mg

150 mg

75 mg

50 mg

25 mg

99.98

99.96

99.98

99.96

99.83

99.42

99.40

99.89

99.68

99.71

99.78

98.82

96.17

95.80

99.66

99.45

99.44

99.72

98.88

97.23

97.08

99.66

99.45

99.42

99.72

98.90

97.28

97.13

99.89

99.68

99.71

99.78

98.82

96.17

95.80

98.63

97.36

97.08

98.61

92.20

80.11

79.82

96.76

95.38

95.20

97.88

93.49

87.71

87.29

CrCL 10 mL/min

LD 300 mg, MD 160 mg q 24 h (Nation)

LD 300 mg, MD 150 mg q 24 h (Siriraj and EMA)

LD 300 mg, MD 60 mg q 24 h (FDA)

LD 300 mg, 50 mg q 24 h (Our study)

LD 300 mg, MD 50 mg q 48 h (Our study)

160 mg

150 mg

60 mg

50 mg

25 mg

100

100

99.99

99.99

100

100

99.99

99.85

99.68

99.73

99.97

99.96

99.60

99.43

99.41

99.97

99.96

99.60

99.43

99.41

100

100

99.85

99.68

99.73

99.99

99.91

97.61

96.25

96.04

99.65

99.57

96.42

95.35

94.95

LD, loading dose (in mg colistin base activity), MD, maintenance dose (in mg colistin base activity), EMA, European Medicines Agency, FDA, Food and Drug Administration of United States, Nation et al.: The research from Nation et al. our study: the proposed 
regimens in our study. The bold font shows the PTA achieved for ≥ 90% at the lowest dose.
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TABLE 5 %PTA and %CFR of the studied sitafloxacin regimens for each type of isolate in combinations.

Dosage regimen Daily dose (mg) %PTA of MDR-AB and CRAB %CFR MDR-AB %CFR CRAB %PTA of CoR-AB %CFR CoR-AB

MIC50 (0.5  mg/L) MIC90 (1  mg/L) MIC50 (0.25  mg/L) MIC90 (1  mg/L)

CrCL 90 mL/min

750 mg q 12 h (Our study)

500 mg q 12 h (Our study)

400 mg q 12 h (Our study)

375 mg q 12 h (Our study)

200 mg q 12 h (Our study)

175 mg q 12 h (Our study)

100 mg q 12 h (Manufacturer)

100 mg q 24 h (Manufacturer)

50 mg q 12 h (Manufacturer)

1,500 mg

1,000 mg

800 mg

750 mg

400 mg

350 mg

200 mg

100 mg

100 mg

100

99.15

94.14

91.29

16.79

6.61

0.02

0

0

91.25

43.48

16.4

10.95

0.01

0

0

0

0

93.82

47.60

73.79

71.28

34.85

28.91

12.27

6.66

6.64

93.04

47.03

73.20

70.70

34.28

28.36

11.99

6.44

6.43

100

100

100

99.99

94.47

86.99

16.94

0.0

0.03

91.25

43.48

16.46

10.95

0.01

0

0

0

0

97.12

78.84

88.95

87.97

72.51

67.72

36.54

18.06

18.04

CrCL 50 mL/min

500 mg q 12 h (Our study)

425 mg q 12 h (Our study)

400 mg q12 h (Our study)

225 mg q12 h (Our study)

200 mg q 12 h (Our study)

150 mg q12 h (Our study)

125 mg q 12 h (Our study)

100 mg q 12 h (Manufacturer)

100 mg q 24 h (Manufacturer)

50 mg q 12 h (Manufacturer)

1,000 mg

850 mg

800 mg

450 mg

400 mg

300 mg

250 mg

200 mg

100 mg

100 mg

100

100

99.99

94.83

88.82

55.24

29.35

8.47

0

0

98.2

92.32

88.93

17.78

8.11

0.87

0.09

0.02

0

0

96.06

94.12

93.22

74.40

69.54

53.00

41.08

29.97

10.56

10.49

95.34

93.34

92.43

73.81

68.98

52.43

40.50

29.42

10.31

10.24

100

100

100

100

100

99.6

97.92

88.22

8.94

8.54

98.2

92.32

88.93

17.78

8.11

0.87

0.09

0.02

0

0

98.21

97.26

96.85

89.19

87.31

81.00

76.01

68.54

32.42

32.25

CrCL 30 mL/min

500 mg q 24 h (Our study)

400 mg q 24 h (Our study)

300 mg q 24 h (Our study)

250 mg q 24 h (Our study)

200 mg q 24 h (Our study)

150 mg q 24 h (Our study)

125 mg q 24 h (Our study)

100 mg q 24 h (Our study)

50 mg q 24 h (Manufacturer)

500 mg

400 mg

300 mg

250 mg

200 mg

150 mg

125 mg

100 mg

50 mg

100

99.88

97.82

91.50

70.23

29.79

10.87

1.96

0

91.31

70.16

30.58

11.53

2.27

0.06

0.01

0

0

93.84

88.63

78.64

71.50

59.99

41.27

31.58

23.70

8.72

93.06

87.88

78.01

70.93

59.43

40.69

31.02

23.20

8.49

100

100

100

100

99.88

97.94

91.07

70.7

2.03

91.31

70.16

30.58

11.53

2.27

0.06

0.01

0

0

97.13

94.92

90.86

88.06

83.69

76.09

70.13

60.13

26.91

CrCL 10 mL/min

500 mg q 48 h (Our study)

350 mg q 48 h (Our study)

325 mg q 48 h (Our study)

300 mg q 48 h (Our study)

200 mg q 48 h (Our study)

175 mg q 48 h (Our study)

150 mg q 48 h (Our study)

100 mg q 48 h (Our Study)

50 mg q 24 h (Our study)

75 mg q 48 h (Our study)

50 mg q 48 h (Manufacturer)

250 mg

175 mg

162.5 mg

150 mg

100 mg

87.5 mg

75 mg

50 mg

50 mg

37.5 mg

25 mg

100

99.99

100

99.99

97.79

93.68

83.58

30.01

30.09

6.04

0.13

99.78

94.11

90.01

83.5

29.77

14.52

5.44

0.11

0.07

0

0

97.52

94.61

93.49

91.85

78.44

73.15

66.62

41.37

41.45

27.93

14.84

96.94

93.84

92.70

91.07

77.81

72.57

66.06

40.79

40.87

27.39

14.51

100

100

100

100

100

100

99.98

97.88

98.17

83.22

29.51

99.78

94.11

90.01

83.5

29.77

14.52

5.44

0.11

0.07

0

0

99.10

97.48

96.97

96.26

90.78

88.69

86.20

76.10

76.23

66.05

42.27

Our study: the proposed regimens in our study, manufacturer: the recommended dosage regimens from the manufacturer of sitafloxacin. The bold font shows the PTA achieved for ≥ 90% at the lowest dose.
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study uses data from the most recent publications, further study is 
needed to confirm the results of this simulation study.
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Antimicrobial resistance (AMR) is a silent and rapidly escalating pandemic, 
presenting a critical challenge to global health security. During the pandemic, this 
study was undertaken at a NHS Foundation Trust in the United Kingdom to explore 
antibiotic prescribing trends for respiratory tract infections (RTIs), including 
pneumonia, and the COVID-19 pandemic across the years 2019 and 2020. This 
study, guided by the WHO’s AWaRe classification, sought to understand the 
impact of the pandemic on antibiotic prescribing and antimicrobial stewardship 
(AMS). The research methodology involved a retrospective review of medical 
records from adults aged 25 and older admitted with RTIs, including pneumonia, 
in 2019 and 2020. The application of the AWaRe classification enabled a structured 
description of antibiotic use. The study evaluated antibiotic use in 640 patients 
with RTIs. Notably, it observed a slight increase in the use of amoxicillin/clavulanic 
acid and a substantial rise in azithromycin prescriptions, highlighting shifts in 
prescribing trends. Despite these changes, some antibiotics displayed steady 
consumption rates. These findings highlight the importance of understanding 
antibiotic use patterns during the AMR threat. The increase in the usage of “Watch” 
category antibiotics during the pandemic emphasises the urgency of robust AMS 
measures. The research confirms that incorporating the AWaRe classification in 
prescribing decisions is crucial for patient safety and combating antibiotic misuse. 
This study provides essential insights into the changing landscape of antibiotic 
prescribing during a global health crisis, reinforcing the necessity for ongoing 
AMS vigilance to effectively address AMR challenges.
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Introduction

Antimicrobial resistance (AMR) constitutes a silent and rapidly 
escalating pandemic, presenting a critical challenge to global health 
security (Salam et al., 2023). The introduction of penicillin in the 
1920s was a transformative era in the field of infection management, 
significantly diminishing mortality rates associated with infections 
(Elshenawy et al., 2023). Despite these advances, the emergence and 
escalation of AMR, primarily attributed to the inappropriate 
prescription of antibiotics, casts a long shadow over these 
achievements. It was projected that AMR infection rates could 
escalate to 10 million cases by the year 2050 (O’Neill, 2014). Notably, 
in 2019, AMR was implicated in the deaths of over 1.2 million 
individuals globally. In response to this growing crisis, the 
implementation of antimicrobial stewardship (AMS) has become 
increasingly imperative (Murray, 2022). AMS advocates for the 
judicious use of antibiotics, thereby optimising treatment outcomes 
and minimising the development of resistance (National Institute for 
Health and Care Excellence, 2015). The World Health Organization 
(WHO) has actively contributed to this endeavour by developing the 
AWaRe classification system (www.who.int, 2023). This framework is 
instrumental in guiding the global implementation of AMS and 
promoting responsible antibiotic usage, aligning with the strategic 
objectives outlined in the UK’s Five-Year AMR Strategic Plan 
(Department of Health and Social Care, 2019). This alignment 
emphasised an integrated international commitment to addressing 
and mitigating the challenges posed by AMR (Tejpar et al., 2022).

In the AWaRe tool, antibiotics are divided into three categories: 
access, watch, and reserve. Each category is based on its respective 
effect on AMR. The “Access” antibiotics are characterised by their 
narrow spectrum of activity, typically resulting in fewer side effects, 

a reduced likelihood of antimicrobial resistance selection, and lower 
costs. They are strongly recommended for empiric treatment of 
common infections and should be readily available. Conversely, 
“Watch” antibiotics carry a higher risk of promoting antimicrobial 
resistance and are primarily prescribed for patients with more 
severe conditions, predominantly within hospital settings. Vigilant 
monitoring of these antibiotics is vital to prevent their overuse. 
“Reserve” antibiotics, however, are considered the last resort and 
should be  employed only when dealing with severe infections 
caused by multidrug-resistant pathogens. Their use should 
be  reserved for critical situations. The AWaRe classification 
underscores the importance of restricting the use of “Watch” and 
“Reserve” category antibiotics. By 2023, the WHO aims for at least 
60% of all antibiotic consumption to come from the Access group 
(www.who.int, 2023).

The COVID-19 pandemic has profoundly impacted global 
healthcare systems and various aspects of people’s lives worldwide 
(World Health Organization, 2021). An inevitable consequence of 
the pandemic has been the increase in inappropriate antibiotic use, 
contributing to rising AMR rates (Subramanya et al., 2021). This is 
despite WHO guidelines advising against antibiotics unless there is 
strong evidence of a secondary bacterial infection (World Health 
Organization, 2020). Surprisingly, it was found that 70% of 
COVID-19 patients were administered antimicrobials (Pérez de la 
Lastra et al., 2022). Consequently, the inappropriate use of antibiotics 
during the COVID-19 pandemic may exacerbate the global 
challenge of AMR (Nandi et  al., 2023). This research aimed to 
examine the use of antibiotics in the initial and subsequent treatment 
stages of RTIs, including pneumonia, both prior to pandemic (PP) 
and during the pandemic (DP) at one English National Health 
Service (NHS) Foundation Trust. In order to provide an in-depth 
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understanding of the impact of the pandemic on antibiotic 
prescribing, we analysed data from eight seasonal time points in 
2019 and 2020.

Method

Study design

A retrospective cross-sectional patient records review study was 
conducted to investigate AMS and the AWaRe classification of 
antibiotics in adult patients aged 25 and older. These patients were 
admitted to an English NHS Foundation Trust in the United Kingdom 
during 2019 and 2020. The study comprehensively describes antibiotic 
prescribing patterns utilising a methodological approach based on 
retrospective cross-sectional analysis. For sampling, the systematic 
method was employed to consistently select patient medical record 
data from a larger dataset at the Trust. Initially, data from 4,830 
records (2,755 from 2019 and 2,075 from 2020) were extracted. After 
applying inclusion and exclusion criteria and eliminating duplicate 
records, the numbers were narrowed down to 1,188 for 2019 and 939 
for 2020. Subsequently, a random selection of 80 records for each of 
the four-time points in 2019, as well as 80 records from 2020, was 
conducted using Excel’s Random function. This resulted in a total of 
640 patient records (as shown in Figure 1). The systematic sampling 

method ensured equal representation across the patient population 
and was consistently applied across all eight seasonal time points, 
spanning from Spring 2019 to Winter 2020. This approach streamlined 
the sampling process whilst ensuring a comprehensive representation 
of the patient population.

Sample size

According to estimations by Public Health England, approximately 
20% of antibiotic prescriptions in the UK are potentially inappropriate. 
For this study, the sample size was determined using Minitab statistical 
software, taking into account the total population size, a margin of 
error set at 10%, and a confidence interval of 95%. The data collection 
involved patient records across eight different seasonal time points 
spanning 2019 and 2020. The analysis encompassed a total of 640 
medical records, divided evenly between 2019 (pre-pandemic period) 
and 2020 (during the pandemic period), with each year comprising 
four seasonal time points. To ensure a robust and representative 
sample, a systematic sampling method was employed to select 80 
patients for each of these intervals.

Study population (inclusion/exclusion 
criteria)

A stratified sampling strategy was employed to ensure 
maximum diversity amongst the included medical records. The 
inclusion criteria comprise the following: (i) adult patients aged 
25 years and older; (ii) patients admitted to the Trust; (iii) patients 
admitted in 2019 and 2020; (iv) patients prescribed antibiotics for 
RTIs, including pneumonia; and (v) pregnant women and 
immunocompromised patients. However, patients who spent less 
than 48–72 h in the Accident and Emergency (A&E) department, 
patients who were not prescribed antibiotics, and children were 
excluded from this study.

Data source

The primary author (RAE) was responsible for gathering data 
from the patient’s electronic patient records within the Trust, 
strictly following the inclusion and exclusion criteria established for 
the study.

Data collection

Data were collected from the medical records of 640 patients 
within the Foundation Trust in accordance with the specified inclusion 
and exclusion guidelines. Data were collected from eight-time points, 
with four-time points PP: (i) March (Spring 2019); (ii) June (Summer 
2019); (iii) September (Autumn 2019); and (iv) December (Winter 
2019). Additionally, four-time points occurred DP: (i) March (Spring 
2020) – the first wave of COVID-19; (ii) June (Summer 2020) – the 
first lockdown; (iii) September (Autumn 2020) – the second wave of 
the pandemic; and (iv) December (Winter 2020) – the 
vaccination rollout.

FIGURE 1

Data filtering algorithm for extracting a representative sample of 640 
patient medical records from 2019 and 2020.

115

https://doi.org/10.3389/fmicb.2023.1298858
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Abdelsalam Elshenawy et al. 10.3389/fmicb.2023.1298858

Frontiers in Microbiology 04 frontiersin.org

Data extraction

A data extraction tool was utilised to retrieve essential 
information from 320 medical records of patients diagnosed with 
RTIs, such as pneumonia, in the pre-pandemic year of 2019. 
Additionally, the same tool was used to extract data from another set 
of 320 records of patients diagnosed with RTIs, including pneumonia 
and COVID-19, during the pandemic in 2020. The data extraction 
tool was set up in line with the guidelines of the WHO AWaRe Tool1 
(www.who.int, 2023). This study focussed exclusively on antibiotics 
utilised for treating RTIs. Following the categorisation by the WHO 
AWaRe Tool, 10 antibiotics were classified under the “Access” group, 
11 were identified as “Watch” antibiotics, and 3 were allocated to the 

“Reserve” category, as shown in Figure 2. The data extraction tool 
encompassed comprehensive details, including patient 
demographics, initial diagnosis, and the usage of first- and second-
course antibiotics. Adhering to the guidelines of the WHO AWaRe 
Tool, the primary author dedicated approximately 45 min to each 
patient’s medical record for the successful extraction of the 
required data.

Pilot study

The primary author conducted a pilot study in which data were 
derived from 10 patient medical records at each time point, 

FIGURE 2

Heatmap for antibiotic use in 2019 and 2020 according to AWaRe criteria.
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accumulating 80 patient medical records in 2019 and 2020. The 
primary objectives of this pilot study were to provide an initial 
characterisation of the data and to evaluate the viability of the data 
extraction instrument in addressing the research queries. Descriptive 
statistical analysis was employed to interpret this initial data. The 
findings from this pilot study indicated that the data extraction tool 
was effective in meeting all the objectives of the study. The data 
generated and extracted during the pilot phase were not included in 
the study’s final analysis.

Validity and reliability of the data extraction 
tool

The lead author (RAE) developed the data extraction tool using 
literature sources, the AMS toolkit from Public Health England 
(PHE), and the World Health Organization’s (WHO) AWaRe Tool. 
The tool’s components were finalised through collaborative discussions 
amongst the authors. To validate the tool, RAE and an AMS 
pharmacist at the research NHS Foundation Trust independently 
extracted data from 10 medical records at each sample time point. A 
minimum agreement rate of 80% was set as the standard for tool 
validation. Additionally, to assess the tool’s reliability, RAE and the 
AMS pharmacist separately conducted data extractions from the same 
set of samples. The inter-rater reliability was measured by the 
percentage of agreement in their independently extracted data, with 
any variances resolved through joint discussions.

Patient characteristics

Data were extracted from patient medical records for those 
admitted in 2019 and 2020, specifically focussing on patients 
diagnosed primarily with RTIs, including pneumonia, and COVID-19 
positive cases, as COVID-19 has the potential to cause secondary 
bacterial infections that necessitate antibiotic treatment. For patients 
admitted in 2020, during the pandemic, cases of COVID-19 were also 
included in the data extraction. The selection of primary RTI 
diagnoses was guided by the pertinent categories in the International 
Classification of Diseases, 10th Revision (ICD-10). The extracted data 
focussed on antibiotics given at admission, empirical antibiotic 
treatments, and antibiotics prescribed within 48–72 h or 5–7 days 
following admission.

Patient and public involvement

The study protocol was submitted to the Citizens Senate, an 
organization focussed on patient care with a considerable 
representation of elderly individuals. They provided useful suggestions 
and comments.

Registration

This study has been officially registered with the ISRCTN registry. 
The ISRCTN registry is a primary registry acknowledged by the WHO 

and the International Committee of Medical Journal Editors (ICMJE), 
accepting all clinical research studies (www.isrctn.com, 2022). 
Moreover, it was registered in Octopus, the global primary research 
record (Octopus, 2019).

Data analysis

This study identified the initial antibiotic prescribed for each 
patient according to the main diagnosis of RTIs, PP, and 
DP. Additionally, AMS was evaluated using the AWaRe classification, 
descriptive statistics, and data analysis software, Excel 2019 for 
Windows (www.microsoft.com, 2019).

Results

WHO AWaRe tool: antibiotic usage in RTIs

This research examined the antibiotics prescribed for RTIs in 640 
patients admitted between 2019 and 2020. In the Figure 1 heatmap, 
each row represents a different antibiotic, whilst each column 
corresponds to a specific seasonal month from 2019 to 2020. The 
colour intensity of each cell in the heatmap represents the frequency 
of prescriptions for each antibiotic used in treating RTIs, including 
pneumonia and COVID-19-positive cases, across the 640 patients 
admitted during those years. This visualization is particularly 
informative given that COVID-19 can lead to secondary bacterial 
infections requiring antibiotic intervention. Darker colours indicate 
higher prescription rates, providing a visual representation of 
prescribing trends over time. The heatmap uses a colour-coded system 
to reflect the levels of antibiotic consumption over several months, 
from March 2019 to December 2020. Antibiotics are categorised into 
three groups based on the World Health Organization’s Access, Watch, 
and Reserve (AWaRe) classification, which is designed to promote the 
proper use of antibiotics to combat resistance. In this heatmap figure, 
antibiotic consumption was categorised into four levels based on 
values, with the highest value being 86 and the lowest value being 0. 
These categories were as follows: 0 represented the absence of 
antibiotic usage, 1–9 represented minimal antibiotic consumption, 
10–29 represented a moderate level of antibiotic usage, and 30 and 
above represented the highest level of antibiotic consumption 
(Figure 2). The categorisation of data in Figure 2 is derived from a 
literature review and the clinical relevance of antibiotic 
prescribing trends.

The “Access” category includes essential antibiotics that 
should be widely available. In this category, amoxicillin/clavulanic 
acid showed a substantial increase, starting at 67 in March 2019 
and peaking at 86  in September 2020, indicating high usage. 
Flucloxacillin also demonstrated an increase from 2  in March 
2019 to 5  in June 2020, suggesting moderate use. The “Watch” 
group comprises antibiotics that have the higher potential for 
resistance and should be  used more cautiously. In this study, 
azithromycin usage escalated from zero in March 2019 to 19 in 
June 2020, showing a high level of use. Clarithromycin started at 
21  in June 2019 and increased to 32 by December 2020. 
Ciprofloxacin and levofloxacin also saw increases in their 
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consumption levels over the study period. Piperacillin/tazobactam 
maintained a consistently high consumption level of 29 in March 
2019 and March 2020. Meropenem showed a modest increase 
from 2 in March 2019 to 5 in December 2020. In the “Reserve” 
category, which includes antibiotics that should be reserved for 
treating infections caused by multidrug-resistant organisms, 
linezolid maintained a high consumption level of 3 in March 2019 
without any substantial increase through 2020. Aztreonam and 
ceftazidime/avibactam show minimal increases in usage.

Notably, there was an increase in the total usage of antibiotics in 
the “Access” category, reaching 305 in 2019 and slightly decreasing to 
298 in 2020. In contrast, the “Reserve” category saw a reduction in use, 
declining from 9 to 3. Meanwhile, the “Watch” category experienced 
a significant increase in 2020, with usage escalating to 386, up from 
259 in the previous year.

The top seven prescribed antibiotics before 
and during the COVID-19 pandemic

Figure 3 shows the use of the seven most commonly prescribed 
antibiotics in both PP and DP, further detailed in Supplement 1. In 
2019, amoxicillin/clavulanic acid was the most frequently prescribed 
antibiotic, accounting for 247 instances. This trend persisted in 2020 
with 260 instances, maintaining its top position. In 2020, compared to 
2019, there was an increase in prescriptions for most of the other 
antibiotics. For instance, clarithromycin saw an increase from 94 
prescriptions in 2019 to 100 in 2020. Piperacillin/tazobactam also 
witnessed a slight increase, from 90 instances in 2019 to 97 in 2020. 
Additionally, 2020 showed increased prescriptions of levofloxacin, 
azithromycin, and ciprofloxacin compared to 2019. Levofloxacin 
prescriptions increased from 40 in 2019 to 64 in 2020. Azithromycin 
had a surge, increasing from 12 in 2019 to 46 in 2020. Ciprofloxacin 
also displayed a increasing trend, going from 15 in 2019 to 26 in 2020, 
whilst meropenem’s usage modestly increased in 2020, from 10 to 
18 instances.

Discussion

This study examined the prescribing patterns of antibiotics at an 
English NHS Foundation Trust, employing the AWaRe classification 
system for antibiotics used in treating RTIs, including pneumonia, and 
taking into account cases positive for COVID-19 in the year 2020. 
This AWaRe classification serves as an effective means for tracking 
antibiotic usage, establishing goals, and observing the impact of 
stewardship initiatives aimed at enhancing antibiotic utilisation and 
combating antimicrobial resistance. The WHO’s 13th General 
Programme of Work for the years 2019–2023 sets a target for countries 
to achieve at least 60% of their total antibiotic consumption from 
antibiotics categorised in the access group (www.who.int, 2021). 
COVID-19 highlighted the effectiveness of antimicrobial stewardship 
(AMS) in combating AMR by guiding strategic choices during the 
pandemic and encouraging judicious antibiotic use. Findings from 
this study showed that amoxicillin/clavulanic acid, classified in the 
“Access group,” emerged as the most frequently prescribed antibiotic 
(Elshenawy et al., 2023).

This study observed a significant increase in the use of 
azithromycin, an antibiotic categorised in the “Watch” group. This 
categorisation indicates a need for more cautious use due to a higher 
potential for resistance development. This upward trend in 
azithromycin usage aligns with findings from a variety of international 
research efforts. In India, studies by Mugada et al. (2021) and Sharma 
et al. (2021) reported similar patterns, reflecting a broader shift in 
antibiotic prescription practices. In Malaysia, Mohamad et al. (2022) 
also observed an increase. In Zambia, findings by Mudenda et al. 
(2022, 2023) further corroborate these findings, suggesting both a 
regional and a global increase in reliance on azithromycin. 
Additionally, research conducted in several Eastern Mediterranean 
countries, including studies by Kalungia et al. (2022) and Jirjees et al. 
(2022), and in other regions such as Ghana, as noted by Amponsah 
et al. (2022), has also observed this trend, highlighting a consistent 
global shift towards increased usage of this particular antibiotic. These 
studies collectively emphasise the growing preference for azithromycin 

FIGURE 3

Seven commonly prescribed antibiotics prior to and during the COVID-19 pandemic.
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across diverse geographical and clinical settings (Mugada et al., 2021; 
Sharma et al., 2021; Amponsah et al., 2022; Jirjees et al., 2022; Kalungia 
et al., 2022; Mohamad et al., 2022; Mudenda et al., 2022; Mudenda 
et al., 2023).

Possible reasons for this increase could be the rise in respiratory 
tract infections, including pneumonia, suspected to be COVID-19 
during the pandemic, as well as the early inclusion of antibiotics, such 
as azithromycin, in COVID-19 treatment protocols (Mugada et al., 
2021). A study conducted in Zambia in 2022 analysed antibiotic 
prescriptions (443 instances) and found that ceftriaxone and 
metronidazole were the most commonly prescribed antibiotics. A 
total of 42.1% of antibiotics in the “Watch” category exceeded 
recommended limits, emphasising the urgent need for improved 
antimicrobial stewardship and adherence to guidelines (Mudenda 
et al., 2023). An increasing trend in the use of antibiotics categorised 
in the “Watch group” has been observed in this study. This trend may 
stem from concerns regarding the effectiveness of “Access group” 
antibiotics, their availability, and patient demands. It highlights the 
necessity for enhanced availability of “Access group” antibiotics and a 
reduction in the utilisation of “Watch group” antibiotics, which are 
more prone to resistance.

In the “Watch” category, antibiotic use significantly increased 
during the COVID-19 pandemic in 2020, totalling 386 compared to 
259 in the pre-pandemic year of 2019. This trend illuminates evolving 
prescribing practices and highlights the necessity of enhanced 
antibiotic stewardship. The study also revealed that antibiotics in the 
“Watch” group were the most used, accounting for 45.8% of the total, 
with the “Access” group following at 42.7% and the “Reserve” group 
comprising 12.5% of the usage. In Ghana, a study conducted in 2022 
revealed that there was a notable inclination towards prescribing 
antibiotics from the “Access” group. This trend reflects specific 
regional prescribing patterns and underscores the dominant role of 
“Access” group antibiotics in these countries’ healthcare practices. In 
India, antibiotic use was compared over 2 years using the AWaRe 
index tool. The study, retrospective in nature, analysed data from 
January 2017 to December 2018. Results showed a shift in antibiotic 
consumption: in 2017, 53.31% of antibiotics used were from the 
“Access” category, 40.09% from “Watch”, and 3.40% from “Reserve”. In 
2018, these figures changed to 41.21, 46.94, and 8.15%, respectively, 
indicating a 17% increase in “Watch” and 140% in “Reserve” category 
usage, suggesting evolving resistance (Sharma et al., 2021). The study 
revealed that in 2020, during the COVID-19 pandemic, there was a 
substantial increase in the usage of levofloxacin, azithromycin, and 
ciprofloxacin compared to their consumption levels in 2019, 
highlighting a shift in antibiotic prescribing patterns during the 
health crisis.

Analysing the impact of the COVID-19 pandemic on antibiotic 
prescribing patterns within the UK NHS Trust during 2019 and 2020 
presents a multifaceted challenge. The study indicates an increased 
use of specific antibiotics such as levofloxacin, azithromycin, and 
ciprofloxacin in 2020, which might be  linked to the treatment 
approaches and uncertainties prevalent in the early stages of the 
pandemic. Additionally, the pandemic led to notable shifts in 
healthcare practices, potentially influencing these prescribing 
behaviours. However, the study’s retrospective and cross-sectional 
nature may not fully capture all the confounding factors, such as the 
severity of infections or varied patient health conditions. The data, 
whilst indicative, might not comprehensively represent all cases or 
the complete spectrum of clinical decision-making, making it 

difficult to precisely quantify the direct impact of the pandemic on 
antibiotic prescribing patterns. This study is descriptive, providing a 
visual tool to observe antibiotic prescriptions in 2019 and 2020, as 
well as to visualise how the COVID-19 pandemic impacted antibiotic 
prescribing. It also identifies areas requiring AMS implementation. 
Additionally, identify the areas required for AMS implementation. 
Although estimating patient days was vital, it presented challenges in 
this study, necessitating further research on this aspect.

Limitations

The study has several limitations. It excludes children under 
12 years old and faces challenges in accurately calculating patient days, 
potentially affecting the evaluation of antibiotic use compared to 
patient volume. The study’s focus on a limited number of prescriptions 
may not encompass the entire range of prescribing behaviours. As a 
retrospective and cross-sectional analysis, it has limitations in 
considering the varied health statuses and treatment reactions of 
patients and may not effectively measure compliance with clinical 
prescribing guidelines. These factors indicate that the study might not 
provide a comprehensive assessment of the impact of antibiotic 
prescribing on patient outcomes.

Conclusion

This study provides valuable insights into the dynamics of 
antibiotic prescribing within a UK NHS Foundation Trust during the 
COVID-19 era. Analysing data from 640 patients, it reveals shifts in 
antibiotic use for respiratory infections, including pneumonia and 
COVID-19, across four seasonal phases. Key findings reveal a 
progressive increase in the use of amoxicillin/clavulanic acid in the 
Access category from March 2019 to September 2020. In the Watch 
category, there was a notable increase in the consumption of 
antibiotics such as azithromycin, clarithromycin, ciprofloxacin, and 
levofloxacin within the same timeframe. Piperacillin/tazobactam 
usage remained consistently high, whilst meropenem saw a slight 
uptick. This pivotal study not only traces the evolution of prescribing 
practices during the pandemic but also highlights the critical need for 
vigilant antimicrobial stewardship to combat resistance and safeguard 
patient health.
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HtpG, a bacterial homolog of the eukaryotic 90 kDa heat-shock protein (Hsp90),

represents the simplest member of the heat shock protein family. While the

significance of Hsp90 in fungal and cancer drug resistance has been confirmed,

the role of HtpG in bacterial antibiotic resistance remains largely unexplored. This

research aims to investigate the impact of the htpG gene on antibiotic resistance in

Vibriomimicus. Through the creation of htpG gene deletion and complementation

strains, we have uncovered the essential role of htpG in regulating the structural

integrity of the bacterial cell envelope. Our transcriptomics analysis demonstrates

that the deletion of htpG increases the sensitivity of V. mimicus to antimicrobial

peptides, primarily due to upregulated lipopolysaccharide synthesis, reduced

glycerophospholipid content, and weakened e	ux pumps activity. Conversely,

reduced sensitivity to β-lactam antibiotics in the 1htpG strain results from

decreased peptidoglycan synthesis and dysregulated peptidoglycan recycling and

regulation. Further exploration of specific pathway components is essential for a

comprehensive understanding of htpG-mediated resistance mechanisms, aiding

in the development of antimicrobial agents. To our knowledge, this is the first e�ort

to explore the relationship between htpG and drug resistance in bacteria.

KEYWORDS

HtpG, Vibrio mimicus, transcriptome, drug resistance, cell wall, cell membrane

1 Introduction

The highly conserved Heat shock proteins (HSP) family, found in both prokaryotic

and eukaryotic organisms, rapidly adjusts expression under stress conditions,

playing essential roles in protein processes (folding, structural maintenance, and

disaggregation) and critical cellular pathways (Backe et al., 2020). They are categorized

into six families based on molecular weight, one of which is the 90 kDa heat-

shock protein (Hsp90). The high-temperature protein G (HtpG) is a bacterial

homolog of the eukaryotic Hsp90 and constitutes a significant proportion of the

total protein content (0.36% at 37◦C; Mason et al., 1999). Furthermore, HtpG has

been identified as a virulence factor across multiple bacterial pathogens (Grudniak

et al., 2018; Dong et al., 2021), it plays a crucial role in bacterial resistance to

various environmental stresses (Garcia-Descalzo et al., 2011; Honoré et al., 2017),
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host defense responses, and adaptation to the host environment.

Thus, the function of HtpG is critical for survival and dispersal

in host and environment habitats of bacterial pathogens. Over

the past decades, eukaryotic Hsp90 has emerged as a crucial

target for cancer therapy (Lacey and Lacey, 2021) and the

treatment of fungal infections (Li et al., 2022; Yin et al., 2022),

resulting in numerous ongoing clinical trials evaluating Hsp90

inhibitors (Graner, 2021; Marcyk et al., 2021; Li and Luo, 2022).

Cancer research has demonstrated that Hsp90 promotes malignant

behaviors of cancer cells (Lacey and Lacey, 2021), such as

uncontrolled proliferation, immune evasion, therapy resistance,

and so on. Disruption of the chaperone mechanism of Hsp90

represents a potential method to inhibit tumor, as it can enhance

the drug sensitivity of cancer cells (Li et al., 2019; Mathieu

et al., 2019). Studies in fungi have demonstrated that elevated

Hsp90 levels expedite the emergence of resistance to fungicides

(Iyer et al., 2022), while reducing Hsp90 activity significantly

increases the efficacy of fungicides (Fu et al., 2022; Li et al., 2022).

However, it is surprising that there is little literature addressing

the contribution of Hsp90 (HtpG) to bacterial drug resistance,

particularly in the context of bacterial resistance emerging a global

health challenge.

V. mimicus is an emerging zoonotic gram-negative bacterial

pathogen that can infect a wide range of fish species (Guardiola-

Avila et al., 2021), including Siluriformes, Cypriniformes, and

Perciformes (Elgendy et al., 2022), as well as crustaceans (Jiang

et al., 2022), resulting in severe vibriosis. The disease has rapid

onset, rapid progression, and high mortality that can reach 80–

100% (Geng et al., 2014). Additionally, V. mimicus can endanger

human health by contamination food, water, and wounds (Yang

et al., 2021), leading to life-threatening cholera-like diarrhea and

septicemia. V. mimicus shares a remarkably similar genome and

ecological niche with Vibrio cholerae, displaying adaptability to the

human host (Hernandez-Robles et al., 2021), thereby positioning

itself as a potential pandemic pathogen (Halder et al., 2022).

Antibiotics are currently the most critical method of combating

bacterial diseases. However, it has been observed that V. mimicus

has started exhibiting resistance under the pressure of prolonged

clinical antibiotic usage. A wealth of global evidence suggests

its continuous evolution or acquisition of resistance to various

drugs, notably β-lactam antibiotics such as ampicillin, amoxicillin,

penicillin G, and carbenicillin (Beshiru et al., 2020; Karen Alvarez-

Contreras et al., 2021; Elgendy et al., 2022), alongside polymyxin B,

azithromycin (Gxalo et al., 2021), sulfamethoxazole, trimethoprim

(Adesiyan et al., 2021), and doxycycline (Adesiyan et al., 2021).

Given the potential risk of significant outbreaks, the challenges

associated with treating infections, and the emerging trend

of drug resistance, it becomes imperative to initiate research

into the mechanisms of drug resistance in V. mimicus at an

early stage.

In this study, we assessed changes in drug resistance resulting

from htpG gene deletion in V. mimicus and characterized the

global transcriptome changes pre- and post-gene deletion.

By integrating phenotypic assessments with variations gene

expression variations, we aimed to uncover the underlying

mechanisms through which bacterial htpG contributes to

drug resistance.

2 Materials and methods

2.1 Bacterial strains and culture conditions

The bacterial strains and plasmids used in this study are listed

in Table 1. The strains were cultured in the Luria-Bertani (LB)

medium at 28, 37, or 42◦C. In 1htpG/phtpG Strain, synthesis of

HtpG was induced by addition of final concentrations 100µg/mL

L-arabinose (Solarbio, L8060, Beijing, China) at time of culture.

2.2 Construction of the htpG deletion strain
and complemented strain

Natural transformation of V. mimicus (Yu et al., 2019) was

employed to create the htpG deletion mutant strain. Briefly,

the process involved connecting the upstream and downstream

homologous arms of the target gene with the chloramphenicol-

resistant gene from the plasmid pKD3 by fusion PCR (specific

primers are in Table 2). The fused PCR fragment was introduced

into the WT strain by natural transformation. Colonies containing

the correct gene deletions were subsequently transformed with the

FLP recombinase plasmid pCP20 to remove the chloromycetin

resistancemarker, and the pCP20 was then cured from the resulting

strain by continuous passage at 42◦C. Finally, the mutant strain

was selected for PCR and sequencing to verify the accurate deletion

and genomic location of the target gene (specific primers are in

Table 2). Colony with no htpG gene and pCP20 detected were

used as the htpG deletion strain 1htpG. The wild-type htpG gene

was cloned in a pBAD24 expression vector with the arabinose

promoter, then electro-transformed into 1htpG competent cells as

TABLE 1 Bacterial strains and plasmids used in this study.

Strain or
plasmid

Description Reference or
source

V. mimicus

SCCF01 Pathogenic wild-type (WT)

Yu et al., 2020

1htpG WT with a deletion in htpG

gene

This study

1htpG/phtpG 1htpG with complement

plasmid contain htpG gene

This study

Escherichia coli

DH5α Competent cells for plasmid

cloning

Tsingke Biotech

Co., Ltd

Plasmid

pKD3 Plasmid with FRT-flanked

chloramphenicol-resistance

gene

Miaolingbio Co.,

Ltd

pCP20 Temperature-sensitive

plasmids, introduce FLP

recombinase, Ampr

Miaolingbio Co.,

Ltd

pBAD24 Inducible expression plasmid,

Ampr
Biofeng Biotech

Co., Ltd
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the complemented strain 1htpG/phtpG. Furthermore, expression

levels of htpG gene were analyzed by RT-qPCR (primers see

VM_10215 gene in Supplementary Table 1).

2.3 Growth curves and biochemical
characterization

Bacterial strains were cultured for 18 h before the start of the

experiments and were then diluted to an optical density (OD600)

of one. Subsequently, the cultures were diluted 1:100 into LB

medium and maintained at 28◦C with shaking at 180 r/min.

We recorded OD600 readings at 60-min intervals over a 24-h

period. Biochemical analyses were conducted using the automated

identification system Vitek
R©
2 GN ID cards (bioMerieux, France).

Each experiment included three parallel samples, and statistical

analysis was performed using GraphPad Prism 9.0 (GraphPad

Software, San Diego, CA).

2.4 Antibiotic susceptibility testing

We performed antimicrobial susceptibility testing for 30

antibiotics using the disk diffusion method recommended by

aquatic animal clinical and CLSI guidelines. The antibiotic

disks were obtained from Hangzhou Microbial Reagent Co., Ltd

(Hangzhou, China). The various drugs and their targets used in

this study are summarized in Supplementary Table 2, covers 12

different classes of antibiotics and related compounds, namely:

penicillins, carbapenems, cephalosporins, aminoglycosides,

macrolides, polypeptides, sulfonamides, quinolones, rifamycins,

chloramphenicol, tetracyclines, and nitrofuran. Each strain

underwent triplicate testing with a single drug, and the mean value

was used to determine its diameter of the bacteriostasis circle.

Data analysis and visualization were performed using R software

packages, including ggplot2 (Version 3.4.0), aplot (Version 0.1.9),

and ggtree (Version 3.6.2). Subsequently, the normalized diameter

of the bacteriostasis circle was used to generate the heatmap.

2.5 Measurement of cell envelope
permeability

Cell membrane and cell wall permeability were assessed using

propidium iodide (PI) and alkaline phosphatase (ALP) assay kits.

The bacteria were cultured for 8 h to reach the mid-logarithmic

phase. Subsequently, they were washed in 100mM PBS (pH 7.3),

and the cell density of the bacterial suspensions was adjusted

to an OD600 of 0.4–0.5, ensuring uniform cell counts for each

bacterial strain. Then, PI (Solarbio, C0080) was added to a final

concentration of 10mM and incubated at 28◦C for 30min. The

fluorescence value was measured using a fluorescence plate reader

(Thermo, Varioskan Flash) with excitation wavelength at 535 nm

and an emission wavelength at 615 nm. The bacterial culture

supernatants were collected and centrifuged at 12,000 r/min for

10min. The ALP activity detection assay was performed using

the AKP/ALP detection kit (Solarbio, BC2140) following the

manufacturer’s instructions. The measurements were performed in

triplicate, and the data were presented as mean ± SE. Significance

(p < 0.05) was determined using one-way ANOVA.

2.6 Transmission electron microscopy
(TEM) analysis of the cell envelope

After being grown on LB agar at 28◦C for 18 h, the colony

was fixed overnight in 0.1M sodium phosphate buffer (pH 7.4)

containing 3% glutaraldehyde at 4◦C. Samples were fixed in

0.1M sodium phosphate buffer (pH 7.4) containing 1% OsO4

for 2 h. Subsequently, they were sequentially dehydrated in 50,

70, 80, 90, 95, and 100% ethanol, and finally in 100% acetone,

with each dehydration step lasting for 15min. The samples were

embedded in 812 epoxy resin monomer (SPI) and then sliced

into ultrathin sections measuring 60–80 nm using a Leica UC7

ultrathin microtome. These sections were subsequently stained

with uranyl acetate and lead citrate before being imaged at 80 kV

using a JEOL JEM-1400FLASH transmission electron microscope.

The assessment of cell wall structure integrity involved calculating

the percentage of cells with abnormal structures from images taken

at a 12,000× magnification. Cells with intact and well-defined cell

wall structures were considered normal, while those displaying cell

wall undulating folds or rupture, or expanded periplasmic space

were categorized as having abnormal structures.

2.7 RNA extraction and sequencing

The 18-h cultures of V. mimicus SCCF01 and 1htpG strains

were diluted to an OD600 of 1 before initiating the experiments.

Subsequently, cultures were diluted 1:100 into 5mL LB medium

and incubated at 28◦C with shaking for 12 h. Bacterial cultures

were centrifuged at 12,000 r/min for 5min. Total RNA was

extracted from the bacterial precipitate using RNAprep Pure

Cell/Bacteria Kit (TIANGEN, Beijing, China) following the

manufacturer’s instructions and genomic DNA was removed using

DNase I (TaKaRa). Then RNA quality was determined by 2100

Bioanalyser (Agilent) and was checked by RNase-free agarose gel

electrophoresis, and quantified using the ND-2000 (NanoDrop

Technologies). Only high-quality RNA sample (OD260/280 = 1.8–

2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, >10 µg) was used

to construct sequencing library.

The transcriptome library was prepared using the TruSeqTM

Stranded Total RNA Library Prep Kit (Illumina, San Diego, CA).

Ribosomal RNA (rRNA) depletion was performed using the Ribo-

Zero Magnetic kit from Epicenter, and then fragmented using a

fragmentation buffer. Subsequently, double-stranded cDNA was

synthesized using the SuperScript double-stranded cDNA synthesis

kit (Invitrogen, CA) with random hexamer primers (Illumina,

San Diego, CA). The synthesized cDNA underwent end-repair,

phosphorylation, and “A” base addition following Illumina’s library

construction protocol. Subsequently, the second-strand cDNA was

digested using UNG (Uracil-N-Glycosylase). The cDNA fragments

were then size-selected through agarose gel electrophoresis, PCR

amplified, and sequenced using the Illumina HiSeqTM X Ten
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TABLE 2 Primers used in gene deletion and PCR identification.

Primers name Primers sequence 5′ to 3′ Product length (bp) Primers’ role

UP (F) TCTGGTGGTTGCTGGCCTCT 2,974

Targeting fragments preparation

R: cgaagcagctccagcctacaACTTTTGTCGATTCTACTAA

DN (F) ggaccatggctaattcccatAATCGCTCCGTTTACTTCTG 3,311

R: AAACGGCAGGTGGATGGGCG

CM (F) TTAGTAGAATCGACAAAAGTtgtaggctggagctgcttcg 1,072

R: CAGAAGTAAACGGAGCGATTatgggaattagccatggtcc

UD-TC (F) GATTAAACGTTGTGCTTGAGGT 2,116(Wild-type htpG), 1,180(htpG

replaced by a chloramphenicol

resistance cassette), 250 (htpG deletion)

Strains genetype detection

R: TCCATATCTCACTTGCACATCA

HTPG (F) ACCACCAATAAAGAAACTCG 1,864 The htpG gene

near-full-length sequences

detectionR: CCGCACTCAAGAATTGTGAC

platform with a read length of 2×150 bp. This study included three

biological replicates.

2.8 Transcriptomic analysis

The fastp software1 (Version 0.20.1) was used to clean and

evaluate the qualities of the raw reads from sequencing. The reads

containing the adapter, poly-N, and more than 40% low-quality

bases (Q < 20) were cleaned. The cleaned reads were mapped onto

the genome of the V. mimicus SCCF01 strain (GenBank accession

no. GCA_001767355) as the reference genome using bowtie2

(Version 2.2.9). Gene Ontology (GO) and Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway annotation and enrichment

analyses were based on the GO Database2 and KEGG pathway

database.3 Gene expression levels were calculated and normalized

as TPM approach using by RSEM4 (Version 1.3.1). The differential

gene expression was analyzed using the DESeq2 package5 (Version

1.24.0), in which the p was adjusted by the Benjamini-Hochberg

(BH) method, belonging to the False Discovery Rate (FDR) for

correction. The genes with the adjusted p < 0.05 and the absolute

value of log2 (FC) > 1 were deemed as the DEGs. The GO

enrichment and KEGG enrichment were conducted using the

clusterProfiler package (Guangchuang et al., 2012) to identify the

biological functions and pathways mainly affected by the DEGs.

Analyses not mentioned above were conducted using the online

platform of Majorbio Cloud Platform6 (Ren et al., 2022).

1 https://github.com/OpenGene/fastp

2 http://www.geneontology.org/

3 http://www.genome.jp/kegg/

4 http://deweylab.github.io/RSEM/

5 http://bioconductor.org/packages/stats/bioc/DESeq2/

6 https://www.majorbio.com

2.9 Validation of RNA sequencing

To validate the results obtained from the transcriptome, we

selected 10 upregulated genes and 11 downregulated genes of

interest for two-step RT-qPCR verification with the same RNA-seq

samples. Reverse transcription was performed using the Evo M-

MLV RT Master Mix for qPCR kit (AG11706, Accurate Biology,

China), and real-time qPCR was carried out using the SYBR
R©

Green Pro TaqHS Premix kit (AG11701, Accurate Biology, China).

The Bio-Rad CFX96 qPCR System was used for RT-qPCR, and

using the reaction as follows: initial denaturation at 95◦C for 30 s,

followed by 40 cycles of reaction at 95◦C for 5 s and 60◦C for

30 s. The melting curve was generated at the end of the cycle to

confirm the specificity of the amplification product. Each PCR

reaction was repeated three times. Gene expression was calculated

and compared using the 2−11Ct method, with 16s rRNA serving as

an endogenous reference. The primers used for the experiment are

listed in Supplementary Table 1.

3 Results

3.1 Deletion and complementation of htpG
exhibit no e�ect on bacterial growth and
principal biochemical phenotype

PCR and RT-qPCR were employed to verify the successful

construction of the htpG deletion and complementation strain.

Agarose gel eletrophoresis of PCR products revealed that the

fragments were shorter when using the primer pair UD-TC-F/R

in 1htpG and 1htpG/phtpG, indicating the deletion of htpG

in the bacterial genome. With the primer pair HTPG-F/R,

fragments of the htpG gene size (1,864 bp) were present in

1htpG/phtpG and the WT strain (Figure 1A). All strains were

verified by sequencing, confirming the successful construction

of htpG gene deletion and complementation strains. Expression

of htpG was significantly higher in complemented strains than
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in parent strains (Figure 1B). Furthermore, these three strains

exhibited similar growth curves (Figure 1C), indicating that

the deletion and overexpression complementation of htpG

do not impact the growth of V. mimicus under experimental

conditions. In the biochemical characterization test of these

strains, only six out of 47 indicators showed inconsistencies,

namely Tyrosine arylaminases (TyrA), succinate alkalinization

(SUCT), phosphatase (PHOS), ornithine decarboxylase (ODC),

coumarate (CMT), and Glu-Gly-Arg-arylamidase (GGAA).

However, these differences did not impact the high confidence

of the identification results, as shown in Supplementary Table 3.

This suggests that htpG gene deletion and complementation

do not significantly affect the principal biochemical phenotype

of V. mimicus.

3.2 The deletion of htpG a�ects V. mimicus

antibiotic resistance targeting the cell
envelope

By utilizing a normalized heatmap (Figure 2A), we observed

a generally consistent trend in the resistance changes of htpG

gene deletion and complemented strains to a wide range of

antibiotics targeting the same mechanism. The sensitivity of the

1htpG to cefixime (CFX), spectinomycin (SPEC), cotrimoxazole

(CTRXZ), azithromycin (AZM), rifampicin (RIF), sulfafurazole

(SIX), Polymyxin B (PMB), and carbenicillin (CARB) was

significantly increased (difference value > 2mm; Figure 2B-

a), while the sensitivity to cefradine (CEF), imipenem (IPM),

piperacillin (PIP), and penicillin (PEN) was significantly decreased

(difference value > 2mm; Figure 2B-b). Besides, the resistance of

the 1htpG/phtpG to PMB, CEF, and IPM could be restored to

WT strain level (Figure 2B). The 1htpG/phtpG strain maintained

resistance level to norfloxacin (NRF), levofloxacin (LVFX),

ciprofloxacin (CPFX), enrofloxacin (ENR), RIF, AZM, CTRXZ,

SPEC, and CFX, indicating that the complementation of the htpG

gene could not restore resistance changes to these antibiotics.

In addition, resistance to doxycycline (DOX), neomycin (NEO),

amikacin (AMK), and kanamycin (KAN) in V. mimicus was not

affected by either htpG deletion or complementation, indicating

that htpG does not mediate the regulation of resistance to these

four antibiotics. Due to the presence of the AMP resistance

gene on the pBAD24 plasmid, the diameter of the bacteriostasis

zone for the 1htpG/phtpG strain against certain penicillin drugs,

namely CARB, PEN, amoxicillin (AMX), and ampicillin (AMP)

was 0mm, and there was an increased resistance to augmentine

(AUG) and piperacillin (PIP). Among the 12 drugs with

significantly altered sensitivity, seven of them target the cell wall or

cell membrane.

3.3 The htpG maintains the permeability
and structural integrity of the cell envelope

To confirm the impact of htpG deletion and complementation

on cell envelope, we assessed the permeability and integrity of

the cell membrane and cell wall. Deletion of htpG resulted in a

significant reduction in both alkaline phosphatase (ALP) levels

and propyl iodide (PI; p < 0.01). Meanwhile, the complemented

strain restored this phenotype (Figures 3A, B), indicating a positive

correlation between htpG and cell wall and cell membrane

permeability. On the other hand, TEM images showed intact

and well-defined cell wall and membrane in the majority of the

WT strain cells (Figure 3D). Compared with the WT strain, the

1htpG strain cell wall structure was disordered, the distance

between the cell membrane and the cell wall widened, and the cell

shrank slightly; clearer, rounded, and well-demarcated structures

were observed in the cytoplasm (Figure 3E). Complemented strain

cells’ morphology became closer to WT cells (Figure 3F). The

statistics revealed that the proportion of cells with abnormal

cell wall structures significantly increased from 26.68 ± 3.73%

to 61.27 ± 9.67% (p < 0.0001) following htpG gene deletion.

However, this proportion decreased to 29.60 ± 5.98% after gene

product complementation (Figure 3C). Therefore, htpG plays a

role in maintaining the structural integrity of the cell envelope

in V. mimicus.

3.4 Transcriptome analysis reveals the
global regulatory functions of htpG in
V. mimicus

To further investigate the impact of htpG deletion on

the overall gene expression in V. mimicus and elucidate the

mechanisms governing its effects on cell membrane permeability

and integrity, we conducted transcriptomic analysis. The

transcriptome analysis of the WT strain SCCF01 and the deletion

strain 1htpG detected a total of 4,167 genes, out of which

1,337 were identified as differentially expressed genes (DEGs,

fold changes≥2 or ≤0.5, p ≤ 0.05, detailed information see in

Supplementary Table 4), including 1,221 mRNAs (636 upregulated

and 585 downregulated; Figures 4A, C, Supplementary Figure 1A).

Venn analysis revealed that out of 4,068 genes with TPM >

1, 17 were unique to the WT group, while 16 were unique to

the 1htpG group (Figure 4B). Correlation analysis of samples

demonstrated higher correlations within groups compared to those

between groups, indicating robust repeatability within each group

(Figure 4D, Supplementary Figure 1B). GO enrichment analysis

(Supplementary Table 5) revealed up-regulated mRNAs were

associated with cellular energy metabolism, process regulation,

and bacterial locomotion (Figure 4E), while down-regulated

mRNAs were linked to metabolic regulation, stress adaptation,

and substance transport (Figure 4F). Furthermore, all DEGs

were mapped to 166 KEGG pathways (Supplementary Table 6).

The enriched KEGG pathways included pivotal processes such

as the two-component system, bacterial chemotaxis, flagellar

assembly, and pyruvate metabolism (Figure 4G). A significant

number of DEGs were implicated in energy source and amino

acid biosynthesis and metabolism, exemplified by pathways such

as the citrate cycle (TCA cycle), fatty acid degradation, butanoate

metabolism, tryptophan metabolism, and valine, leucine, and

isoleucine degradation.
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FIGURE 1

Identification of htpG gene deletion and complementation strains. (A) Electrophoretogram displaying the results of strains validation by PCR (the

UD-TC-F/R primers were used to confirm gene knockout from the specified genomic position, while the HTPG-F/R primers were used to identify the

presence of the target gene within the bacterial strain). (B) Relative expression level of the htpG gene among the test strains determined by RT-qPCR.

(C) Growth curves of the tested strains under 28◦C with shaking.

FIGURE 2

Impact of V. mimicus htpG gene deletion and complementation on sensitivity to thirty antibiotics. (A) Heatmap of antibiotic resistance of the tested

bacterial strains based on normalized inhibition zone diameters (susceptibility results are categorized by cellular targets. Dark blue represents the

maximum diameter of the inhibition zone, while light green represents the minimum diameter. The transition from light green to dark blue indicates

a gradual increase in the inhibition zone diameter). (B) Changes in the inhibition zone diameters for twelve antibiotics exhibiting significant sensitivity

alterations. (a) Eight antibiotics with upregulated drug sensitivity. (b) Four antibiotics with downregulated drug sensitivity (blue lines represent restored

resistance phenotypes in the complemented strains. Abbreviations on the right side indicate the corresponding antibiotics, with a red background

denoting antibiotics targeting the cell membrane or cell wall).
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FIGURE 3

Impact of htpG deletion and complementation on cell wall and cell membrane permeability and integrity. (A) Alkaline phosphatase (ALP) activity in

culture supernatant. (B) Relative propyl iodide (PI) fluorescence intensity in collected bacterial cells. (C) Quantification of the proportion of cells

exhibiting abnormal cell wall structures based on transmission electron microscopy (TEM) images captured at a magnification of 12,000×. (D–F) TEM

images of V. mimicus WT (D), 1htpG (E), and 1htpG/phtpG (F) strains [scale bar = 200µm; sharp arrows in (E) point to cell wall undulating folds,

circular solid arrows point to ruptured cell walls, and asterisks denote presumed accumulation of Poly-3-d-hydroxybutyrate (PHB)].

3.5 The deletion of htpG alters cell
membrane components expression,
including lipopolysaccharides,
glycerophospholipids, and membrane
proteins

Further, we conducted a detailed analysis of the significant

gene expression changes affecting various key components of the

cell envelope to elucidate the specific impact of htpG. Initially, we

examined genes related to cellular membrane components, which

are also associated with antimicrobial peptide resistance. In the

intricate biosynthesis and assembly pathway of Lipopolysaccharide

(LPS), notable upregulation was observed in VM_14500 (lpxL),

VM_05370 (lapB), VM_05365 (lapA), and VM_05420 (ictB)

(Figure 5A). These genes are critical for processes such as lipid A

biosynthesis, O-antigen linkage, and LPS assembly. However, no

significant impact was detected on other genes within this pathway.

Including VM_16900 (dgkA), VM_18070 (glpQ), VM_18900

(pgpB), VM_17045 (glpC), VM_17040 (glpB), and VM_17035

(glpA), the key enzymes in the synthesis pathways of the major

intracellular membrane constituents, Phosphatidylethanolamine

(PE) and phosphatidylglycerol (PG), exhibited significant

downregulation, with only VM_03635 (cdsA) showing a significant

upregulation (Figure 5A). These findings suggest that the

deletion of htpG promotes the synthesis of LPS while inhibiting

glycerophospholipid biosynthesis. Regarding drug resistance-

associated porins, VM_05465 (ompA), VM_20310 (ompW), and

VM_18400 (lamB) were upregulated, while VM_06845 (ompA)

and VM_12035 (ompU) were downregulated (Figure 5B). Notably,

the porin genes associated with drug resistance exhibited an overall

upregulation in terms of fold change in expression.

As for the ATP-binding cassette transporter (ABC) family

proteins involved in nutrient uptake, toxin secretion, and antibiotic

efflux for bacterial resistance, 12 DEGs exhibited significant

variation. These DEGs can be classified into three operons

associated with drug resistance (Figure 5D). The completeMacAB-

TolC operon, including VM_07115 (yvrO), VM_07120 (macB),

VM_07125 (macB), VM_07130 (tolC), and VM_07135 (macA),

was significantly downregulated (Figure 5B). The VM_05500

(yejA), VM_05490 (yejB), VM_05495 (yejE), and VM_05505 (yejF)

which belong to the YejABEF operon, were significantly down-

regulated (Figure 5C). Conversely, within the SapABCDF operon,

VM_06550 (sapB), VM_06545 (sapC), and VM_06535 (sapF)

exhibited significant upregulation, whereas VM_06540 (sapD) and

VM_06555 (sapA), also part of this operon, showed elevated

expression (though not significant; Figure 5C).

3.6 The deletion of htpG causes profound
peptidoglycan metabolism disruption

Subsequently, our analysis focused on genes related to the

major component of the cell wall, peptidoglycan, including

biosynthesis, recycling, and regulation. These components are
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FIGURE 4

Overview of the transcriptome profiles of V. mimicus WT and 1htpG strains. (A) The number of genes obtained for analysis after transcriptome data

quality control, quantification, and filtering. (B) The number of genes with expression levels TPM > 1 that are unique or shared between the two

bacterial strains. (C) Heat map overview of the expression levels of 1,221 di�erentially expressed mRNA in the two bacterial strains. Higher expression

is represented in red, while lower expression is represented in blue. (D) Heat map depicting the expression correlation among samples from the two

groups. The numbers indicate the correlation coe�cients between corresponding samples; closer values to 1 are shown in red, and lower values are

displayed in blue. (E, F) GO enrichment analysis results of 636 up-regulated mRNAs (E) and 585 down-regulated mRNAs (F). The top 20 enriched

terms are presented. The vertical axis represents the enrichment ratio, where higher values indicate greater enrichment. The color signifies the

significance of enrichment, with *** denoting FDR < 0.001, ** for FDR < 0.01, and * for FDR < 0.05. (G) KEGG pathway enrichment analysis of the

1,221 di�erentially expressed mRNA. The x-axis represents the Rich Factor, with larger values indicating higher enrichment levels. The size of the

points reflects the number of genes in the pathway, and the color of the points represents the p-adjust value.

pivotal in peptidoglycan metabolism and serve as essential

and well-established targets for β-lactam antibiotics (Kang

and Boll, 2022). In the Peptidoglycan biosynthesis pathway,

two DEGs located at its initiation, VM_12770 (D-alanyl-D-

alanine ligase, DDL), and VM_08260 (alanine racemase, ALR),

exhibited significant upregulation. Conversely, at terminal end

of the pathway, two DEGs belonging to the penicillin-binding

proteins (PBPs), VM_01760 (mrcA/PBP1a) and VM_20665

(dacC/PBP5), responsible for regulating peptidoglycan layer

synthesis and assembly, displayed significant downregulation

(Figure 6B). This downregulation markedly impacts cell wall

peptidoglycan production and structure.

The bacterial oligopeptide permeases (opp) operon belongs to

the ABC superfamilies and is involved in cell wall metabolism

by recycling peptidoglycan and peptide into the cytoplasm (Singh

et al., 2020). In the V. mimicus SCCF01 strain, the entire

oppABCDF operon was annotated (Figure 6D), and following

htpG deletion, the substrate-binding protein OppA (VM_09400)

exhibited significantly upregulation, whereas the ATP-binding

protein OppF (VM_19555) showed significant downregulation

(Figure 6C). This indicates an enhanced oppABCDF complex

affinity for cell wall peptides and peptidoglycan, but the systemic

energy supply is insufficient.Bacteria sense and ensure the

stability of the cell envelope by utilizing the two-component

CpxA/CpxR system and phage shock protein (psp) system. Within

the V. mimicus SCCF01 strain, a complete cpxARP operon

has been annotated. Upon htpG deletion, VM_01505 (cpxA,

pressure receptor) and VM_01510 (cpxR, response regulator)

are significantly upregulated, while VM_01515 (cpxP, stress

adaptor protein) shows significant downregulation (Figure 6A).

This indicates the activation of the cpx system. However, the key

activator NlpE (VM_05160) of this complex, and downstream

effector protein DegP (VM_12340) were downregulated, although

not significantly (Figure 6A). This implies that the optimal

activation of the cpx system might not have been achieved or

that other unexplored response pathways could be involved. In
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FIGURE 5

The impact of htpG deletion on the gene expression of cell membrane components. (A–C) Heat map of gene expression related to cellular

membrane components. (A) Lipopolysaccharide (LPS) biosynthesis and glycerophospholipid metabolism, (B) Porin and Mac-TolC e	ux pumps, (C)

ABC peptide transporter. (D) The operon structure of Mac-TolC e	ux pump and ABC peptide transporter gene cluster of V. mimicus. Scale bar =

1,000 bp.

FIGURE 6

The e�ect of htpG deletion on the expression of peptidoglycan metabolism-related genes. (A–C) Heat map of gene expression related to

peptidoglycan metabolism. (A) Peptidoglycan regulation, (B) peptidoglycan biosynthesis, and (C) peptidoglycan recycling. (D) The operon structure

of the peptidoglycan regulation and recycling gene cluster of V. mimicus. Scale bar = 1,000 bp, double slash marks indicate the presence of

sequence gaps.

addition, a classical psp system was annotated, consisting of

a pspFABC gene cluster and the more distantly located pspG

(VM_13685) and pspE (VM_18255) genes (Figure 6D). Among

them, only VM_06565 (pspA) and VM_13685 (pspG) exhibit

significant upregulation. Simultaneously, VM_02290 (rpoN),

which transcribes the operon along with pspF, also shows
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significant upregulation (Figure 6A). This highlights the activation

of the psp system, which contributes to the stabilization of both the

cell membrane and the peptidoglycan layer.

3.7 Verification by RT-qPCR

The differential log-transformed expression fold change of

selected DEGs obtained by RT-qPCR and RNA-seq is depicted in

the Figure 7A. The gene expression trends observed in RT-qPCR

are similar to those in RNA-seq, with a correlation coefficient

of R2 = 0.9256, indicating a strong correlation between the two

transcriptions (Figure 7B). The inconsistency may result from

variations in sensitivity and procedures between transcriptome

sequencing and RT-qPCR.

4 Discussion

This study demonstrated that the most significant alterations

in antibiotic resistance, primarily targeting the cell envelope, result

from the deletion of htpG, which compromises the permeability

and integrity of the cell envelope. Subsequent transcriptomic

analysis of specific genes revealed that htpG promotes resistance to

antimicrobial peptides by regulating LPS and glycerophospholipid

synthesis on the cell membrane, as well as the functionality of

MacAB-TolC and YejABEF pumps. Furthermore, it was confirmed

that htpG mediates the synthesis, recycling, and regulation of

peptidoglycans on the cell wall, thereby contributing to increased

sensitivity of the strain to β-lactam antibiotics. This highlights

the intricate and widespread engagement of htpG in bacterial

physiological processes, motivating us to further explore a nuanced

comprehension of how htpG precisely facilitates or hinders

resistance to specific categories of drugs. The necessity for further

specific experimental research on the regulation of the htpG

gene in bacterial drug resistance pathways arises from several

factors. Firstly, given the potential pandemic risk associated with

V. mimicus and the escalating trend of antibiotic resistance, it is

paramount to initiate investigations into its resistance mechanisms

promptly. This research not only facilitates early interventions,

including drug guidance, but also contributes to the identification

of crucial biomarkers for monitoring. Additionally, the drug

resistance mechanisms unveiled in this study have a nearly

universal presence in Gram-negative bacteria, and a detailed

exploration of their interplay offers new targets for combating drug-

resistant pathogens. Furthermore, our study highlights the pivotal

role played by the htpG gene in regulating sensitivity to critical

antibiotics, such as polymyxin B, and imipenem, which are of

substantial clinical significance. Imipenem, in particular, serves as

a highly recommended frontline defense against severe infections

caused by multidrug-resistant bacteria, while polymyxin B remains

a global last-resort option. Furthermore, the existence of inhibitors

designed for eukaryotic Hsp90 proteins highlights the potential

for repurposing these agents to develop safe and effective tools

for suppressing bacterial drug resistance. Lastly, previous studies

have highlighted that these inhibitors also possess the potential

to suppress bacterial virulence (Wickner et al., 2021). Thus, an

in-depth exploration of the regulatory networks governing these

specific genes promises for identifying future therapeutic targets

and improve susceptibility to antimicrobial peptides and β-lactam

antibiotics, critical steps in advancing antimicrobial therapy.

Gram-negative bacteria have a multi-layered envelope

consisting of an outer membrane (OM), inner membrane

(IM), and peptidoglycan (PGN) layer. Both the outer and

inner membranes feature a phospholipid bilayer structure

rich in proteins, while the OM is additionally adorned with

lipopolysaccharides (LPS). LPS constitute a pivotal component

of the OM in the majority of Gram-negative bacteria, playing a

crucial role in safeguarding bacteria from environmental stressors

and contributing to antibiotic resistance and pathogenesis (Di

Lorenzo et al., 2022). Polymyxin B disrupts the stability of the OM

by targeting phospholipids and, with higher affinity, the lipid A

domain of LPS (Ledger et al., 2022). In V. mimicus, the deletion of

htpG resulted in a significant upregulation of four genes involved

in LPS biosynthesis and assembly pathways. In particular, LapA

and LapB serve as checkpoints for the proper assembly of LPS,

ensuring that only fully synthesized LPS are delivered to the Lpt

complex, a process crucial for bacterial growth. This may result in

an increased accumulation of LPS on the bacterial surface, thereby

enhancing the binding and lethality of polymyxin B, which aligns

with the observed changes in antibiotic resistance phenotypes. In

the biosynthesis pathway of glycerophospholipids (Figure 8A),

the enzyme complex GlpA/B/C is responsible for converting

dihydroxyacetone phosphate into glycerol-3-phosphate, which

serves as a precursor for phospholipid synthesis. On the other

hand, GlpQ, which functions as a periplasmic glycerophosphoryl

diester phosphodiesterase, has the ability to hydrolyze deacylated

phospholipids into glycerol-3-phosphate and alcohol. This strategy

involves bacteria modifying the surface properties of phospholipids

as a means to evade antimicrobial peptides. In the final step,

PgpB synthesizes phosphatidylglycerol (PG) from its precursor,

phosphatidylglycerol phosphate (PGP). Additionally, because of

its extensive substrate connectivity, PgpB plays a crucial role in

linking the biosynthesis of membrane glycerophospholipids and

cell wall polysaccharides. The significant downregulation of these

five genes may inhibit glycerophospholipid synthesis, disrupt the

balance of its production, and consequently affect membrane

fluidity, permeability, and stability. In Staphylococcus aureus,

reduced phosphatidylglycerol content results in a more a more

negative net charge, thereby enhancing the binding of cationic

antimicrobial peptides and increasing sensitivity (Nishi et al.,

2004), which is consistent with the phenotypic changes observed in

this study.

In the drug-resistant membrane proteins, porins exhibited an

overall upregulation (Figure 8B-a). The contribution of ompU,

ompA, ompW, and lamB genes to the susceptibility of several

β-lactams has been confirmed in pathogenic bacteria such as

V. cholerae, Acinetobacter baumannii, Salmonella enterica, and

Klebsiella pneumoniae, respectively (Nguyen et al., 2009; Garcia-

Sureda et al., 2011; Smani et al., 2014; Ko and Choi, 2022).

Surprisingly, despite the upregulation of porin expression due to

htpG deletion in V. mimicus, its sensitivity to β-lactams decreased,

suggesting that porins may not be the primary targets for β-

lactams resistance. Besides drug resistance, porins also serve

as essential nutrient uptake channels in bacteria, regulated by

responsive regulatory elements coordinating with stress pathways

Frontiers inMicrobiology 10 frontiersin.org130

https://doi.org/10.3389/fmicb.2023.1295065
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Qin et al. 10.3389/fmicb.2023.1295065

FIGURE 7

Validation of transcriptome data through RT-qPCR. (A) Log-transformed expression fold change achieved via RT-qPCR and RNA-seq for the selected

genes. (B) Correlation between the di�erential expression ratio (log2) determined by RT-qPCR and RNA-seq for the selected di�erentially expressed

genes.

FIGURE 8

Schematic diagram of the mechanism of htpG-mediated antimicrobial peptide and β-lactam antibiotics resistance in V. mimicus. The blue lines and

color patches represent down-regulated processes or genes corresponding to proteins, while the red ones represent up-regulated ones. (A) Key

pathways in glycerophospholipid biosynthesis. (B) Drug-resistant membrane proteins (a–d) and metabolic mechanism peptidoglycan (e–g). LPS,

lipopolysaccharide; OM, outer membrane; PGN, peptidoglycan; IM, inner membrane. (C) Key reactions in peptidoglycan synthesis for bacterial cell

wall.

(Fernández and Hancock, 2013). Therefore, the increased porin

expression might represent an adaptive response to unfavorable

conditions caused by the absence of the vital molecular chaperone

protein HtpG. All five genes within the MacAB-TolC efflux pump

displayed significant downregulation. MacAB, in conjunction with

the OM protein TolC, creates a tripartite channel that facilitates

the efflux of a diverse range of antimicrobial compounds, as

well as endogenous molecules and toxins (Figure 8B-b). Studies

conducted on E. coli and clinical isolates of several other bacteria

have substantiated that overexpression of MacA andMacB proteins

imparts resistance to macrolide antibiotics and antimicrobial

peptides like polymyxin B (Greene et al., 2018). This study also
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observed a significant decrease in resistance to azithromycin

(AZM) and polymyxin B (PMB) in the 1htpG strain (Figure 2B-

a), which is consistent with the findings of these two studies,

indicating the significant role of the MacAB-TolC efflux pump

in the htpG-mediated regulation of antimicrobial resistance in

V. mimicus. Two high-affinity peptide ABC transport systems,

YejABEF and SapABCDF, have been confirmed to confer resistance

to antimicrobial peptides in bacteria. The potential mechanism

involves transferring antimicrobial peptides into the cytoplasm,

thereby keeping them away from their targets and exposing them

to intracellular degradation (Figure 8B-c, d; Garai et al., 2017).

Studies in Salmonella enterica and S. typhimurium have also shown

that enhancing the function of YejABEF and SapABCDF systems

increases resistance to antimicrobial peptides (Groisman et al.,

1992; Eswarappa et al., 2008). However, upon deleting the htpG,

these two functionally similar systems exhibit completely opposite

gene expression patterns. Considering the decreased resistance of

the 1htpG strain to polymyxin B, we speculate that the overall

downregulation of the YejABEF pump plays a predominant role,

while the compensatory upregulation of the SapABCDF pump

counterbalances its physiological impact. Further investigation

into the regulatory interactions and the order of significance

of these systems will contribute to a clearer understanding

of specific targets for the development of strategies to reduce

polymyxin resistance.

In addition to the cell membrane, the cell wall, mainly

composed of peptidoglycan, is also an crucial component of

the bacterial envelope. Alanine racemase (Alr) and d-Alanine-

d-alanine ligase (Ddl) are the key enzymes in the D-Ala-D-Ala

branch of peptidoglycan biosynthesis (Qin et al., 2021; Figure 8C)

and are an important drug discovery target. Alr is responsible

for supplying d-alanine, while Ddl facilitates the condensation of

two alanine molecules utilizing ATP, which serves as the terminal

peptide in peptidoglycan monomer formation. On the other hand,

PBPs regulates the assembly of bacterial cell wall peptidoglycan

layers, and are targets of β-lactams. The MrcA (PBP1A) and dacC

(PBP5) are major peptidoglycan synthases (Kang and Boll, 2022)

and D-alanyl-D-alanine carboxypeptidases, respectively, located

at the end of the peptidoglycan biosynthetic pathway. In the

1htpG strain, enzymes responsible for synthesizing peptidoglycan

precursors were upregulated, while those involved in synthesizing

the final product were downregulated. Consequently, it can be

inferred that the reduction in the final product, peptidoglycan,

severely impacts cell wall synthesis and structure. Simultaneously,

the decrease in PBPs would lead to a reduction in β-lactam

targets, thereby enhancing resistance correspondingly. This is

consistent with the observed phenotypic changes in this study.

The upregulation of ddl and alr may be attributed to the

presence of negative feedback regulation within the peptidoglycan

synthesis pathway. Furthermore, peptidoglycan is a sugar-amino

acid polymer, possesses high immunogenicity. To conserve energy

and evade host detection, bacteria recycle peptidoglycan by

transporting it into the cytoplasm for new synthesis (Singh

et al., 2020). The bacterial oligopeptide permeases (opp) system, a

membrane-associated complex comprising five proteins of the ABC

transport family (Figure 8B-e), plays a crucial role in peptidoglycan

and cell wall peptide recycling in Gram-negative bacteria. Upon

deleting the htpG, the substrate-binding protein VM_09400 (oppA)

exhibited significant upregulation, indicating that the bacterium

reinforces the recycling of cell wall peptides and peptidoglycan

by increasing oppA production. However, the ATP-binding

protein VM_19555 (oppF), responsible for energy supply, showed

significant downregulation, indicating insufficient energy for the

system and a potential failure in the recycling of cell wall peptides

and peptidoglycan.

Owing to the vital role of the cell envelope, prokaryotes

have developed diverse mechanisms to meticulously oversee and

preserve the integrity of their cell envelope. Two such systems

are the CpxA/CpxR two-component system and the phage shock

protein (psp) system. The Cpx system can regulate the function

of some peptidoglycan amidases or AcrAB-TolC efflux pumps,

thereby modifying bacterial resistance to some β-lactam and

cationic antimicrobial peptide antibiotics. This system includes

the pressure-sensing kinase CpxA located in the IM, the response

regulator CpxR in the cytoplasm, and the auxiliary periplasmic

protein CpxP, which inhibits CpxA through a direct dynamic

interaction (Figure 8B-f). Normal activation of The Cpx system

boosts chaperone and protease expression, along with enhancing

peptidoglycan modifications by proteins, all contributing to the

response of cell to envelope stress (Mitchell and Silhavy, 2019).

In the process of activation and response, two of the famous

proteins are NlpE, an OM lipoprotein that acts as a signaling

module activator (Cho et al., 2023), and DegP, a periplasmic

protease triggered to break down misfolded proteins upon

CpxA/CpxR system activation. However, this study observed

that the gene expression levels of nlpE (VM_05160) and degP

(VM_12340) were downregulated, although not significantly. It

suggests that response of the Cpx system to envelope stress

may be attenuated. Further investigation could be needed to

understand the specific factors or mechanisms responsible for

this observation and its implications for bacterial stress responses

and antibiotic resistance. In another psp system (Figure 8B-g),

under non-stress conditions, pspA inhibits the activity of the

transcription factor pspF. However, in response to envelope stress,

pspA dissociates from pspF, allowing pspF to activate RNA

polymerase factor sigma-54 (RpoN) dependent transcription of

the psp operon. Furthermore, pspA not only associates with

the membrane-bound pspBC to maintain membrane stability

but also directly interfaces with the cell membrane, ensuring

its stability. Consequently, pspA serves as a regulatory element,

sensor module, and effector protein, highlighting its central

role within the psp network (Popp et al., 2022). In 1htpG

strain, only the core genes pspA, functionally uncharacterized

pspG, and the transcriptional regulator rpoN were significantly

upregulated, while other gene changes were not significant. This

suggests that the bacteria are responding to the envelope stress

triggered by htpG deletion to adapt to external pressures, but

downstream genes are not transcriptionally regulated in response,

indicating the presence of other regulatory mechanisms or

unobserved responses.

5 Conclusions

In conclusion, the increased sensitivity of 1htpG strain to

antimicrobial peptides can be attributed to multiple factors: (1)

Frontiers inMicrobiology 12 frontiersin.org132

https://doi.org/10.3389/fmicb.2023.1295065
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Qin et al. 10.3389/fmicb.2023.1295065

upregulation of LPS synthesis, providing more binding targets;

(2) reduction in glycerophospholipid content, promoting charge

interactions between drugs and bacterial cells; (3) reduced

efflux activity of the MacAB-TolC pump, leading to increased

drug retention within cells; (4) weakened inward transport and

digestion of the YejABEF pump, allowing more drugs to remain

in their active forms. Meanwhile, the decreased sensitivity of

the 1htpG strain to β-lactam antibiotics can be attributed to:

(1) reduced peptidoglycan synthesis, resulting in fewer PBPs

and targets; (2) dysregulation of peptidoglycan recycling and

envelope stress response. Further exploration of specific pathway

components is essential for a comprehensive understanding of

htpG-mediated resistance mechanisms, aiding in antimicrobial

agent development.
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Acinetobacter baumannii is one of the most common multidrug-resistant 
pathogens causing nosocomial infections. The prevalence of multidrug-
resistant A. baumannii infections is increasing because of several factors, 
including unregulated antibiotic use. A. baumannii drug resistance rate is high; 
in particular, its resistance rates for tigecycline and polymyxin—the drugs of last 
resort for extensively drug-resistant A. baumannii—has been increasing annually. 
Patients with a severe infection of extensively antibiotic-resistant A. baumannii 
demonstrate a high mortality rate along with a poor prognosis, which makes 
treating them challenging. Through carbapenem enzyme production and other 
relevant mechanisms, A. baumannii has rapidly acquired a strong resistance 
to carbapenem antibiotics—once considered a class of strong antibacterials 
for A. baumannii infection treatment. Therefore, understanding the resistance 
mechanism of A. baumannii is particularly crucial. This review summarizes 
mechanisms underlying common antimicrobial resistance in A. baumannii, 
particularly those underlying tigecycline and polymyxin resistance. This review 
will serve as a reference for reasonable antibiotic use at clinics, as well as new 
antibiotic development.

KEYWORDS

Acinetobacter baumannii, resistance mechanisms, tigecycline, polymyxin, 
antimicrobial resistance

1 Introduction

Acinetobacter baumannii, an aerobic, nonfermenting, gram-negative, rod-shaped 
bacterium, is commonly found in water, soil, air, and other natural environments; it can also 
colonize the skin, conjunctiva, oral cavity, respiratory tract, gastrointestinal tract, and 
genitourinary tract of healthy individuals (Dexter et  al., 2015; Carvalheira et  al., 2021). 
A. baumannii demonstrates strong adhesion and ability to colonize various surfaces; moreover, 
it is resistant to not only dry and moist conditions but also general disinfectants and ultraviolet 
radiation. These characteristics render A. baumannii a major pathogen, frequently causing 
opportunistic nosocomial infections, including wound infections, central nervous system 
infections, abdomen infections, urinary tract infections, and bacteremia, in 
immunocompromised patients (Munoz-Price and Weinstein, 2008). According to the 
CHINET’s bacterial drug resistance surveillance data, A. baumannii was one of the top five 
predominantly distributed surveilled strains, as well as the second leading nonfermenting, 
gram-negative bacterium in China. Moreover, 71.5 and 72.3% of the A. baumannii strains were 
resistant to imipenem and meropenem, respectively, and ≥50% of the A. baumannii strains 
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were resistant to other antimicrobials. In other words, A. baumannii 
has strong drug resistance and the ability to transmit clonally (Hu 
et al., 2022). Uncontrolled antibiotic use has led to global epidemics 
caused by multidrug-resistant, extensively drug-resistant, and 
pandrug-resistant A. baumannii (Bassetti et al., 2018; Assimakopoulos 
et al., 2023). Because it can elude the effects of antimicrobials, the 
World Health Organization has designated A. baumannii as one of the 
most dangerous ESKAPE pathogens; other ESKAPE pathogens 
include Enterococcus faecalis, Staphylococcus aureus, Klebsiella 
pneumoniae, Pseudomonas aeruginosa, and Enterobacter spp. 
(Denissen et al., 2022). Plasmid splicing, integrons, transposons, and 
other mechanisms are involved in the clonal transfer of drug resistance 
genes between different strains (Chen et al., 2017; Ambrose et al., 
2023). The increase in antimicrobial resistance has resulted in a global 
public health emergency (Amann et  al., 2019). In particular, the 
increase in A. baumannii antibiotic resistance has led to major 
obstacles in clinical treatment. Moreover, bacterial drug resistance has 
become a focus of clinical medicine and public health security. 
A. baumannii demonstrates considerable resistance to many 
antibiotics, which makes combination therapy the mainstay of current 
clinical treatment. However, no combination therapy has been noted 
to significantly lower mortality or enhance clinical response in 
patients with A. baumannii infections. To develop novel antibiotics 
and manage the spread of illness effectively, thoroughly 
comprehending the mechanisms underlying A. baumannii antibiotic 
resistance is crucial.

2 Acinetobacter baumannii drug 
resistance mechanisms

Compared with other bacteria, A. baumannii has a highly 
sophisticated resistance mechanism. For instance, it includes various 
antimicrobial-inactivating enzymes (particularly β-lactamases) and 
efflux pump overexpression, as well as alterations in antibiotic target 
location and outer membrane protein permeability (Table 1, Figure 1).

2.1 Mechanisms underlying β-lactamase 
production

β-Lactamases destroy the β-lactam rings of penicillins, 
cephalosporins, monocyclics, and carbapenems, rendering them 
inactive and without their antibacterial properties. Most A. baumannii 
strains produce β-lactamases as their primary method of defense 
against β-lactam antibiotics. β-Lactamases can be divided into classes 
A, B, C, and D according to Ambler’s molecular structure 
categorization (i.e., sequence characterization of β-lactamase’s amino-
terminal end) (Lee et al., 2017).

Serine proteases such as penicillinase, cephalosporinase, 
carbenicillin hydrolase, and extended-spectrum β-lactamases (ESBLs) 
are class A β-lactamases. Most ESBLs are class A enzymes, whereas a 
few of them are class D enzymes. The several types of class A ESBLs 
include TEM, SHV, CTX-M, and others (e.g., PER, KPC, VEB, GES, 
BES, and SFO). Černiauskienė et al. (2023) detected TEM, SHV, PER, 
VEB, KPC, and other ESBLs in A. baumannii. TEM-type ESBLs, 
detected most frequently in A. baumannii, are the main mechanisms 
underlying β-lactam antibiotic resistance in A. baumannii. 

A. baumannii may hydrolyze carbapenems, first discovered in the 
United States and now found in many other countries (Robledo et al., 
2010). Furthermore, GES-22 ESBL-producing A. baumannii has 
developed resistance to even typical ESBL inhibitors, such as 
sulbactam, clavulanate, and tazobactam; in particular, it exhibits high 
potassium clavulanate and sulbactam hydrolysis efficiency (Saral et al., 
2016). Chromosomes and plasmids are the primary carriers of class A 
β-lactamase genes; moreover, these genes may be acquired through 
conjugation, transformation, or transduction.

Class B β-lactamases are also called metallo-β-lactamases (MBLs) 
because they have catalytically active centers that require the 
involvement of metal ions such as Zn2+. MBLs extensively hydrolyze 
most anti-β-lactamase medications, which also decreases their 
bactericidal activity. Imipenem has a particularly large hydrolysis 
capacity. Monocyclic antibiotics, including aztreonam (ATM), are an 
exception to this. MBLs are also resistant to conventional enzyme 
inhibitors such as sulbactam, tazobactam, and clavulanate; they can 
be inhibited by metal chelating compounds, which bind to metal ions 
and ethylene diamine tetraacetic acid (López et  al., 2019). 
A. baumannii MBLs can be mainly divided into IMP, VIM, SIM, and 
NDM types. New Delhi MBL (NDM-1) is a highly effective enzyme, 
recently discovered to have a large capacity to hydrolyze carbapenem 
medicines, and bacteria bearing the NDM-1 gene exhibit pandrug 
resistance. Therefore, NDM-1-carrying bacteria are also called 
superbugs. The NDM-1 gene is mainly located on the bacterial 
plasmid, with a small portion located on their chromosome (Ayibieke 
et al., 2018). Chen et al. (2017) demonstrated that the NDM-1 gene 
can be transmitted from one strain to another through plasmids and 
that plasmids play a key role in the outbreak of pandrug-resistant 
A. baumannii. Therefore, particular attention must be  toward the 
spread of NDM-1-carrying A. baumannii.

The occurrence of newer MBLs has been reported in recent years. 
Currently, cefiderocol or the combination of CZA and ATM (CZA/
ATM) is the preferred first-line treatment for infections of bacteria 
with MBL-mediated resistance. However, bacteria have developed 
resistance to cefiderocol, CZA/ATM, or both; the currently available 
data indicate that the effectiveness of cefiderocol and CZA/ATM 
against MBL-producing bacteria is inadequate, and treatment is linked 
to a high (albeit decreasing) mortality rate. Consequently, the 
therapeutic requirement for MBL inhibitors, particularly related to 
primary clinically significant MBLs, remains unfulfilled. Nevertheless, 
researchers are currently focused on creating clinically effective MBL 
inhibitors, such as those with metal-binding pharmacophores, which 
serve as coordination or a bridge between Zn1 and Zn2 (Yang W. et al., 
2023; Yang Y. et al., 2023).

Class C β-lactamases, also known as AmpC enzymes or 
cephalosporinases, target cephalosporins and are not inhibited by 
clavulanate. AmpC enzymes are the primary reason that A. baumannii 
develop resistance to third-generation cephalosporins; they are 
encoded by the A. baumannii chromosome at a high carrier rate. 
AmpC enzymes are expressed more abundantly when the insertion 
sequence ISAba1 is present upstream of their genes. AmpC enzymes 
are divided into chromotype (ADC) and plasmid-type (DHA). 
Acinetobacter’s chromosomal ampC may have descended from a 
common β-lactamase gene progenitor, and it shares a closer 
relationship with Acinetobacter than other bacteria (Liu and Liu, 
2015). Infections of A. baumannii that produces AmpC enzymes are 
currently treated using carbapenems and fourth-generation 
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TABLE 1 Mechanism of drug resistance in Acinetobacter baumannii.

Resistant mechanism Class or subgroup Gene References

β-Lactamases Ambler class A TEM, SHV, PER, VEB, KPC Černiauskienė et al. (2023)

Ambler class B IMP, VIM, SIM, NDM Chen et al. (2017), López et al. (2019), 

Ayibieke et al. (2018)

Ambler class C AmpC Liu and Liu (2015)

Ambler class D OXA23 family

OXA24 family

OXA51 family

OXA58 family

OXA143 family

OXA235 family

Lin and Lan (2014), June et al. (2016), 

Huang et al. (2015), Donald et al. (2000), 

Avci et al. (2023), Zhao et al. (2019), 

Oliveira et al. (2019), Liao et al. (2015)

Aminoglycoside modifying enzymes Aminoglycoside acetyltransferases (AACs) AAC(3)-I

AAC(3)-II

AAC(6′)-I

ANT(2″)-I

ANT(2″)-II

APH(3′)-I

APH(3″)-II

Lin and Lan (2014), Lin et al. (2015), 

Sheikhalizadeh et al. (2017)Aminoglycoside nucleotidyltranferases (ANTs)

Aminoglycoside phosphotransferases (APHs)

16S rRNA methylase armA Gholami et al. (2017)

Changing the target locations DNA gyrase and topoisomerase gyrA, parC Gu et al. (2015)

Penicillin-binding protein (PBPs) PBP2, PBP1 Cochrane and Lohans (2020), Toth et al. 

(2022)

Formation of biofilms Biofilms BfmRS, abaI, epsA, pglC, ompA Geisinger et al. (2018), Yang et al. (2019), 

Romero et al. (2008)

Overexpression of the external 

discharge pumping system

RND superfamily AdeABC

AdeIJK

AdeDE

AdeFGH

Yoon et al. (2013), Modarresi et al. (2015), 

Chang et al. (2016), Lin et al. (2014), Meyer 

et al. (2022), Darby et al. (2023), 

AlQumaizi et al. (2022), Hou et al. (2012)

MFS superfamily TetA, TetB Lomovskaya et al. (2018), Sumyk et al. 

(2021)

CraA Foong et al. (2019)

AmvA Rostami et al. (2021)

MATE family AbeM Srinivasan et al. (2015)

SMR family AbeS Lytvynenko et al. (2016)

ABC superfamily MsbA Hammerstrom et al. (2015)

Changes in outer membrane pore 

proteins

Omp CarO, HMP, OprD Wu et al. (2016), Smani et al. (2014), 

Fonseca et al. (2013)

Mechanisms of resistance to tigecycline

Efflux pump RND superfamily AdeABC

AdeIJK

AdeFGH

Jo and Ko (2021), Salehi et al. (2021), 

Hornsey et al. (2010), Lin et al. (2014), 

Gerson et al. (2018), Deng et al. (2014), Li 

et al. (2017)

ABC superfamily MsbA Chen et al. (2014)

MacAB-TolC Lin et al. (2017b)

MFS superfamily tetA, tet(Y) Wang et al. (2021)

Liu et al. (2023)AcrAB-TolC hns

Modified enzyme mediated Tet(X) Tet(X), Tet(X3), Tet(X5), Tet 

(X6)

Cui et al. (2021), He et al. (2019), Chen 

et al. (2021)

(Continued)
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cephalosporins; nevertheless, attention should be  made to the 
prevalence of AmpC enzyme–producing A. baumannii.

Class D β-lactamases are also called oxacillin (OXA) enzymes 
because of their ability to hydrolyze semisynthetic penicillins, such as 
oxacillin. They also have hydrolytic activity against cephalosporins 
and carbapenems. These β-lactamases feature has carboxylated lysine 
at its center, which leads to its distinct catalytic mechanism. The 
presence of MBLs and OXA enzymes is a main mechanism underlying 
carbapenem resistance in A. baumannii (Lin and Lan, 2014).

OXA enzymes prevalent in A. baumannii mainly include OXA23 
and OXA24 family enzymes, as well as OXA51, OXA58, OXA143, and 
OXA235. Of them, OXA51 occurs naturally in A. baumannii but with 
weak carbapenem-hydrolyzing ability (June et al., 2016). In a UK 
study, the OXA51 gene was found in all A. baumannii isolates, and the 
presence of an ISAba1 insertion sequence in the OXA51 gene 
enhanced carbapenem hydrolysis (Huang et al., 2015). OXA23, the 
first class D β-lactamase that can hydrolyze carbapenems through 
plasmid delivery, was originally known as Acinetobacter resistant to 
imipenem (ARI) 1 (Paton et al., 1993; Scaife et al., 1995; Donald et al., 
2000). In reality, OXA23 can be put into chromosomes or plasmids by 
using various genetic elements as vectors, including transposons and 
insertion sequences (Avci et  al., 2023). The rate of drug-resistant 
organisms increases with the number of mobile elements found 
simultaneously in OXA23-positive A. baumannii, which is enhanced 

by the presence of ISAba1 (Oliveira et al., 2019; Zhao et al., 2019). The 
presence of OXA23 is the main reason that A. baumannii develops 
carbapenem resistance. A. baumannii may transfer the OXA24 gene 
to other strains by secreting vesicles from its outer membrane (Rumbo 
et  al., 2011). In addition, A. baumannii outer membrane vesicles 
facilitate OXA58 gene transfer and OXA58 release. The presence of 
carbapenems enhances OXA58 vesicle release, and the vesicles can 
protect carbapenem-sensitive A. baumannii (Liao et al., 2014, 2015).

2.2 Aminoglycoside-modifying enzymes 
and 16S rRNA methylase

The major mechanism underlying A. baumannii’s resistance to 
aminoglycosides is aminoglycoside-modifying enzyme (AME) and 
16 s rRNA methylase production. AMEs can be divided into three 
categories: aminoglycoside acetyltransferases (AACs), aminoglycoside 
nucleotidyltranferases (ANTs), and aminoglycoside 
phosphotransferases (APHs), encoded by aac, ant, and aph, 
respectively. These enzymes are typically found in transposons, 
integrons, and plasmids and are responsible for the spread of drug-
resistant genes (Lin and Lan, 2014). APHs phosphorylate the free 
hydroxyl groups, whereas both AACs and ANTs acetylate them. 
AMEs detected in A. baumannii include AAC(3)-I, AAC(3)-II, 

TABLE 1 (Continued)

Resistant mechanism Class or subgroup Gene References

Change in outer membrane 

permeability

plsC

abrP

gnaA

Li et al. (2015), Li et al. (2016), Xu et al. 

(2019)

Changes in drug targets rpsJ

trm

rrf

Hammerstrom et al. (2015), Beabout et al. 

(2015), Chen et al. (2014), Ghalavand et al. 

(2022), Zheng et al. (2023), Hua et al. 

(2021)

DNA damage-induced reactions recA, recBCD Ajiboye et al. (2018)

Mechanisms of resistance to colistin

Modification of LPS structures PEtN PmrA, PmeB, PmrC

EptA

Olaitan et al. (2014), Potron et al. (2019), 

Sun et al. (2020), Kabic et al. (2023), 

Nurtop et al. (2019), Gerson et al. (2020)

Trebosc et al. (2019), Ye et al. (2023)

mcr-4.3, mcr-1, mcr-2, mcr-3 Martins-Sorenson et al. (2020), Snyman 

et al. (2021), Ma et al. (2019), Al-Kadmy 

et al. (2020)

Galactosamine NaxD Chin et al. (2015)

Loss of LPS lpxA, lpxC, lpxD Moffatt et al. (2011), Nurtop et al. (2019), 

Jovcic et al. (2021), Thi Khanh Nhu et al. 

(2016), Carretero-Ledesma et al. (2018), 

Wand et al. (2015)

Overexpression of efflux pumps EmrAB effector pump system emrB Lin et al. (2017a), Ni et al. (2016)

Mutations in outer membrane 

constituent proteins

Non-LPX proteins

lipoprotein

lpsB

LptD

VacJ, PldA

Hood et al. (2013), Dafopoulou et al. 

(2015), Lean et al. (2014), Yang W. et al. 

(2023); Yang Y. et al. (2023)

Bojkovic et al. (2015)

Thi Khanh Nhu et al. (2016)
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AAC(6′)-I, ANT(2″)-I, ANT(2″)-II, APH(3′)-I, and APH(3″)-II. Drug 
resistance results from AMEs’ ability to modify particular 
aminoglycoside groups, change covalent bonding, block medications 
from attaching to the target ribosome, and prevent bacterial 
protein production.

Many multidrug-resistant A. baumannii isolates have 
demonstrated various combinations of AMEs. Lin et  al. (2015) 
reported that five aminoglycoside resistance genes coexisted in 37.5% 
of aminoglycoside-resistant A. baumannii. Drugs and resistance genes 
are correlated in varied ways: AAC(3′)-Ia is associated with 
tobramycin and amikacin resistance; AAC(3′)-IIa is associated with 
kanamycin resistance; ANT(2′)-Ia is associated with tobramycin, 
gentamicin, kanamycin, and amikacin resistance; and APH(3′)-Via is 
associated with amikacin and kanamycin resistance (Sheikhalizadeh 
et al., 2017).

Another major aminoglycoside resistance mechanism in 
A. baumannii is 16S rRNA methylation; it reduces the affinity of 
medications for aminoglycosides (Gholami et al., 2017). Examples of 
common 16S rRNA methylase genes include armA, rmtA, rmtB, rmC, 
rmtD, rmtE, rmtF, rmtG, rmtH, and npmA. A. baumannii possesses 
many armA genes, possibly contributing to the organism’s resistance 
to aminoglycosides.

2.3 DNA gyrase and topoisomerase gene 
mutations and plasmid quinolone 
resistance genes

Quinolones are synthetic antimicrobial drugs with the basic 
structure of 4-quinolones. They demonstrate antimicrobial effects by 
inhibiting bacterial DNA replication, specifically targeting 
topoisomerase IV and DNA gyrase. The tetramer DNA gyrase is 

composed of two A subunits (GraA) and two B subunits (GraB), 
encoded by gyrA and gyrB, respectively. DNA breaks and rejoins when 
a DNA gyrase subunit is present; in particular, ATP hydrolysis is 
catalyzed by a B subunit. Topoisomerase IV has two C subunits, 
encoded by parC, and two E subunits, encoded by parE. In 
A. baumannii, quinolone resistance is primarily caused by mutations 
in gyrA and parC. Quinolones cannot bind to DNA gyrase and 
topoisomerase IV with structural changes in complexes, preventing 
DNA replication and leading to drug resistance (Gu et  al., 2015). 
Mutations in gyrA single genes lead to moderate resistance, whereas 
those in gyrA and parC result in high resistance.

A novel mechanism underlying drug resistance, revealed in recent 
years, includes the presence of plasmid quinolone resistance (PMQR) 
genes. The PMQR genes can be  divided into three classes: the 
quinolone-specific effectors (QepA and OqxAB), the aminoglycoside 
acetyltransferase [AAC(6′)-Ib-cr], and the Pnr family. In 
A. baumannii, DNA gyrase and topoisomerase IV are shielded from 
ciprofloxacin inhibition by Qnr, which is encoded by qnr. Point 
mutations in the target location render bacteria with qnr prone to drug 
resistance (Higuchi et  al., 2014). AAC(6′)-Ib-cr is a mutant of 
AAC(6′)-Ib, which acetylates free amino-containing quinolones.

2.4 Changes in outer membrane pore 
proteins

When their envelope’s permeability is altered, bacteria can become 
resistant to antibiotics, hampering their effectiveness frequently. Outer 
membrane protein (Omp) is a specialized channel protein located in 
the lipid bilayer structure either embedded in the cell membrane or 
on the cell membrane surface of gram-negative bacteria. Cell 
membrane permeability becomes altered when Omp is damaged, 

FIGURE 1

Mechanisms underlying drug resistance in A. baumannii: β-lactamase production, AMEs, and 16S rRNA methylase, efflux pump overexpression, 
antibiotic target location alterations, Omp permeability alterations, and biofilm formation. Created with BioRender.com.
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absent, or expressed at low levels. Consequently, drugs cannot bind to 
PBPs on the bacterial membrane, preventing them from inhibiting 
bacterial cell wall synthesis; this ultimately leads to drug 
resistance development.

Membrane pore proteins associated with A. baumannii drug 
resistance mainly include carbapenem-resistant associated out 
membrane protein (CarO), heat-modifiable protein (HMP), and 
OprD. In A. baumannii, resistance to β-lactamases is caused by high 
similarity among A. baumannii HMP, P. aeruginosa OmpF, and 
Escherichia coli OmpA. OXA23 carbapenemase interacts with OmpA 
and CarO, and this interaction may contribute to drug resistance (Wu 
et al., 2016). Resistance to amtronam, chloramphenicol, and nalidixic 
acid is also associated with OmpA (Smani et  al., 2014). When 
A. baumannii generating OXA23 or OXA51 carbapenenase loses 
Omp29, its resistance to imipenem increases (Fonseca et al., 2013).

2.5 Alterations in PBPs

Bacterial cell walls are composed of PBPs. Carbapenems and other 
β-lactamases target D,D-transpeptidase (TP) in PBPs; this leads to the 
prevention of bacterial cell wall formation, followed by bacterial death 
(Cochrane and Lohans, 2020). In target bacteria, alterations in PBP 
structure or expression can lead to the loss of or reduction in β-lactam 
antibiotics’ binding affinity to PBPs; this makes the target bacteria 
resistant to β-lactam antibiotics. A decline in PBP2 expression is 
associated with bacterial carbapenem resistance. Toth et al. (2022) 
reported that PBP3 is necessary for A. baumannii survival, PBP1a 
inactivation results in partial cell lysis and bacterial growth 
retardation, and PBP2 inactivation amplifies these effects. The authors 
noted that the triple PBP1a/PBP1b/PBP2 mutant A. baumannii 
displayed a fourfold to eightfold increase in sensitivity to β-lactam 
antibiotics, whereas all other mutants demonstrated an increase in 
twofold to fourfold increase in sensitivity to β-lactam antibiotics. The 
simultaneous inhibition of PBP1a and PBP2 or the use of PBPs in 
combination with LdtJ, in addition to the critical PBP3, may 
be possible approaches for the development of novel therapeutics 
against A. baumannii.

2.6 Biofilm formation

A biofilm is a collection of bacteria and extracellular matrix, 
which adheres to the surfaces of biological tissues or nonbiological 
objects. It is a type of bacterial growth, similar to planktonic bacteria; 
it forms when bacteria secrete extracellular lipoproteins, 
polysaccharide matrix, fibrous proteins, and other substances wrapped 
around the bacteria themselves to create a microcolony structure. 
A. baumannii is a bacterium that often forms biofilms. The biofilm 
formation process is rapid, requiring approximately 24 h of cultivation 
in vitro, and involves five stages: reversible adhesion, irreversible 
attachment, microcolony formation, colonization or maturation, and 
dispersal (Pakharukova et  al., 2018; Biswas and Mettlach, 2019). 
Biofilm resistance mechanisms include changes in permeability, 
inactivation of drugs via antimicrobial-inactivating enzymes 
immobilized on biofilm surface, nutrient and oxygen limitations, 
biofilm phenotype uniqueness, and immune evasion. The biofilm gene 
bfmRS has a hyperactive allele, which promotes resistance to serum 

complement killing, as well as tolerance to various antimicrobial 
medications via mechanisms including defense against attack by anti-
β-amidase medicines (Geisinger et al., 2018). In extensively drug-
resistant A. baumannii, drug resistance is strongly associated with its 
biofilm-associated genes abaI, epsA, pglC, ompA, and the class 
I  integron gene. Moreover, biofilms may have the capacity to 
horizontally transfer genes, facilitating quick expression and migration 
of drug-resistant genes (Romero et al., 2008; Yang et al., 2019).

2.7 External discharge pump system 
overexpression

Efflux pumps constitute a unique efflux system found on bacterial 
outer membranes. The development of multidrug and extensive drug 
resistance development is facilitated by the presence of efflux pumps, 
which can remove pharmaceuticals from bacterial cells, lower 
antibiotic concentrations in bacterial cells, and diminish the 
medications’ bactericidal effects (Pagdepanichkit et  al., 2016). 
Currently, five main types of efflux pump families are known to 
be  associated with bacterial resistance: the ATP-binding cassette 
(ABC) superfamily, the small multidrug-resistant protein (SMR) 
family, the resistance nodulation division (RND) superfamily, the 
multidrug and toxic compound extrusion (MATE) superfamily, and 
the major facilitator (MFS) superfamily (Opazo et al., 2009; Coyne 
et al., 2011). Of these, the RND superfamily is the earliest discovered 
and most well-studied efflux pump family in A. baumannii. The RND 
superfamily, primarily consisting of AdeABC, AdeIJK, AdeDE, 
AdeXYZ, and AdeFGH efferent pump systems, can supply energy via 
the proton transmembrane concentration gradient (Nowak 
et al., 2015).

The AdeABC efflux pump system is the most crucial efflux system 
in A. baumannii. Some researchers have also suggested that adeABC 
is a marker for A. baumannii resistance. adeABC, encoding AdeA 
(membrane fusion protein), AdeB (intima efflux protein), and AdeC 
(outer membrane channel protein), is found in the chromosomal 
genome of A. baumannii. The AdeRS two-component regulatory 
system controls the AdeABC efflux pump system (Yoon et al., 2013). 
The upstream region of adeABC comprises adeRS, encoding the 
response regulator protein (AdeR) and the receptor protein (AdeS). 
AdeA, AdeB, and AdeC all demonstrate different expression levels. 
Although some studies have reported that AdeA has the highest 
detection rate among clinical isolates, PCR amplification data have 
revealed that AdeB has the highest detection rate (Modarresi et al., 
2015). In general, AdeB is considered the most significant component 
of the AdeABC effusion pump system. Compared with adeA, adeB has 
a larger impact on carbapenem antibiotic resistance (Lee et al., 2010). 
The expression of the efflux pump gene adeABC is significantly higher 
in multidrug-resistant strains of A. baumannii than in drug-sensitive 
strains; moreover, adeR mutation alters the corresponding amino 
acids, indicating that the importance of adeR in multidrug resistance 
development (Chang et al., 2016). Lin et al. (2014) reported that adeS 
is the primary gene controlling the AdeABC system and that some 
point mutations in adeS can result in increased efflux pump 
production. In Germany, Meyer et  al. (2022) reported that 
A. baumannii can resist the effects of disinfectants such as 
benzalkonium chloride, ethanol, and chlorhexidine in vivo by 
overexpressing the AdeABC efflux pump system.
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Baumann–Acinetobacter RND superfamily proteins have been 
identified in two efflux pump systems, one of which is AdeIJK. The 
AdeIJK efflux pump system, a key mechanism underlying RND action 
in Acinetobacter, exhibits traits unique to each species. The AdeIJK 
efflux pump system can pump numerous antibiotics, including 
carbapenems, fluoroquinolones, tetracycline, lincomycin, neomycin, 
and tigecycline. All Acinetobacter spp. depend on AdeIJK to survive 
and maintain homeostasis; this is because AdeIJK plays essential roles 
in cells, such as regulating the lipid composition of cell membranes. 
AdeABC and AdeFGH have only been discovered in the Acinetobacter 
subgroup linked to infection (Darby et  al., 2023). AdeJ becomes 
strongly expressed when adeN, the regulator gene upstream of adeIJK, 
becomes inactivated; this prevents antibacterials from 
entering bacteria.

AdeFGH, which can mediate the efflux of quinolones, macrolides, 
and tetracycline medicines but not aminoglycosides and β-lactamases, 
was initially described by French researchers in 2010. AlQumaizi et al. 
(2022) reported that AdeG may influence the sensitivity of 
A. baumannii to carbapenem. AdeFGH shares only 40% homology 
with AdeABC and AdeIJK. The 337 amino-acid–long region upstream 
of adeFGH is transcribed in a direction opposite to the direction in 
which AdeL, the transcription regulator of AdeFGH, is transcribed. 
Overexpression of the efflux pump gene adeFGH may be a result of 
changes in the adeL mutation locus (Coyne et al., 2010).

When AdeDE is overexpressed, the AdeDE efflux pump system—
including the membrane fusion protein AdeD and the inner 
membrane efflux protein AdeE—can reduce the concentration of 
medications such as ceftazidime and rifampicin and thus increase 
drug resistance. Hou et al. (2012) reported the coexistence of AdeE 
and AdeB in a few A. baumannii isolates.

The MFS superfamily includes AmvA, CraA, TetA, and TetB. In 
A. baumannii, TetA mediates tetracycline resistance, whereas TetB 
mediates resistance to both tetracyclines and minocyclines 
(Lomovskaya et al., 2018). However, whether TetA and TetB induce 
drug resistance to tigecycline remains unknown. However, TetA and 
TetB do not cooccur in the same strain of A. baumannii. The TetA 
regulatory gene tetR encodes TetA repressor (Sumyk et al., 2021). In 
A. baumannii, a homolog of E. coli effector MdfA is linked to 
chloramphenicol resistance development in relation to CraA (Foong 
et al., 2019). Finally, in A. baumannii, disinfectant efflux is associated 
with the AmvA efflux pump (Rostami et al., 2021).

AbeM, a MATE family member, is an H+-linked multidrug efflux 
pump present in A. baumannii. The minimum inhibitory 
concentration (MIC) of drugs such as aminoglycosides, 
fluoroquinolones, sulfonamides, and chloramphenicol can 
be increased through the overexpression of the efflux pump gene abeD 
(Srinivasan et al., 2015). The SMR family member AbeS is clonally 
highly expressed in E. coli, and it is identical to EmrE in E. coli. AbeS 
can reduce cellular concentrations of neomycin, macrolides, 
mycotoxins, and fluoroquinolones in E. coli (Lytvynenko et al., 2016).

3 Mechanisms underlying tigecycline 
resistance

Tigecycline, a third-generation tetracycline derivative, was the 
first glycylcycline antibiotic authorized for clinical use. Tigecycline—
by attaching to the A position of 16S rRNA of the 30S subunit of the 

bacterial ribosome—mainly inhibits aminoacyl tRNA entry, peptide 
chain extension, bacterial protein synthesis, and bacterial growth. 
Tigecycline’s affinity for bacterial ribosomes is four times that of 
minocycline and more than 100 times that of tetracyclines. Therefore, 
tigecycline demonstrated a greater antibacterial activity and a wider 
antibacterial range—aiding it in overcoming TetM-mediated 
tetracycline resistance (Jenner et  al., 2013). Although tigecycline 
demonstrates considerable antibacterial effects against A. baumannii 
despite the bacterium’s strong resistance potential and high viability, 
cases of tigecycline-resistant A. baumannii infections have been 
reported as early as 2007 (Peleg et  al., 2007). Furthermore, the 
prevalence of A. baumannii resistance to tigecycline is increasing 
clinically. The emergence of the strains with direct or indirect 
resistance to tigecycline may have been due to the long-term selection 
pressure of various antibacterial drugs. The main mechanisms 
underlying tigecycline resistance in A. baumannii are classified into 
five categories: efflux pump overexpression, outer membrane 
permeability alterations, drug target alterations, modified enzyme–
mediated resistance, and DNA damage induction (Table 1, Figure 2).

3.1 Influence of efflux pumps

The AdeABC efflux pump system was the first reported tigecycline 
resistance mechanism in A. baumannii. AdeABC overexpression 
results in reduced tigecycline susceptibility in A. baumannii. Currently, 
most studies agree that in A. baumannii, AdeB is crucial for the efflux 
of tigecycline via the AdeABC efflux pump. AdeB expression and the 
lowest inhibitory concentration of tigecycline are linearly associated 
in A. baumannii (Yuhan et al., 2016). Efflux pump inhibitors such as 
reserpine, PH-arg-β-naphthylamide dihydrochloride, and carbonyl 
cyanide 3-chlorophenylhydrazone (CCCP) have inhibitory effects and 
a tendency to increase tigecycline sensitivity by two to eight times in 
A. baumannii (Coyne et al., 2011).

During AdeABC exocycling, the two-component regulatory 
system AdeRS upstream of AdeABC plays a major role. In a South 
Korean study, the overexpression of AdeABC efflux pumps due to the 
ISAba1 insertion in adeS may have caused tigecycline resistance. 
However, the tigecycline-resistant subpopulation was unstable with 
continuous passage in antibiotic-free conditions. The addition of 
ISAba10 to AdeR and nucleotide modification of AdeS in some 
mutants may be responsible for the reversal of tigecycline sensitivity 
via an antibiotic-free passage (Jo and Ko, 2021). Some AdeS mutations, 
such as G186V and A1a94val, are associated with AdeABC 
overexpression (Hornsey et al., 2010; Salehi et al., 2021). The strong 
expression of AdeABC is regulated by another two-component 
regulatory system called BaeSR (Lin et al., 2014). However, additional 
relevant research determining the relationship between BaeSR and 
AdeRS is needed.

All strains of A. baumannii possess the AdeIJK efflux pump 
system, which may be  involved in the bacterium’s endogenous 
resistance process. In A. baumannii, when AdeIJK is inhibited, the 
MIC of tigecycline decreases by three to eight times. Similarly, when 
AdeABC is inhibited, tigecycline’s MIC decreases by 85 times. These 
observations indicate that AdeABC and AdeIJK function 
concurrently to reduce tigecycline resistance. Notably, growth 
inhibition increases with an increase in the amount of inducer in 
A. baumannii when the adeIJK operon is cloned and overexpressed. 
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In particular, adeIJK overexpression leads to growth suppression and 
deleterious reactions in A. baumannii (Damier-Piolle et al., 2008). 
The AdeIJK regulator gene, adeN, has been noted to have three amino 
acid mutations in a whole genome sequence of tigecycline-resistant 
A. baumannii; moreover, one-third of A. baumannii isolates have 
been noted to demonstrate an ISAba1 insertion, resulting in the 
aforementioned adeN mutations. Furthermore, adeJ expression is 
upregulated by two to six times (Gerson et al., 2018). In general, 
AdeN may inhibit the adeIJK operon in tigecycline-sensitive 
A. baumannii.

AdeL is the transcription factor regulating the AdeFGH efflux 
pump upstream, and point mutations in adeL can increase adeG 
expression up to 100-fold (Coyne et al., 2010). However, Deng et al. 
(2014) noted that drug-resistant and -sensitive A. baumannii 
demonstrate similar levels of adeG expression. Certain strains 
exhibiting elevated adeFGH expression do not exhibit an adeL 
mutation. Therefore, transcription factors other than AdeL may 
regulate adeFGH expression in A. baumannii. Moreover, adeFGH 
expression is negatively regulated by SoxR in A. baumannii; therefore, 
soxR overexpression may lead to increased tigecycline sensitivity in 
the bacterium (Li et al., 2017).

In contrast to other efflux pump systems, ABC uses energy 
through ATP-bound hydrolysis to perform pumping tasks. 
Hammerstrom et  al. (2015) noted that MsbA in a tigecycline-
resistant A. baumannii group was substantially different from that 
in other groups; the authors concluded that the differences were 
due to functional changes that facilitated tigecycline efflux. 

However, Chen et  al. (2014) did not observe any discernible 
variations in the effects of MsbA on tigecycline resistance. Studies 
confirming MsbA’s effects on tigecycline are therefore required. 
Tigecycline-resistant A. baumannii has been noted to have 
considerably elevated expression of MacB, which is part of the 
MacAB-TolC efflux pump system (Lin et  al., 2017a). Further 
research determining the effects of the MacAB-TolC efflux pump 
system on tigecycline resistance, as well as the underlying 
mechanisms, in A. baumannii is warranted. Wang et al. (2021) 
discovered tet(Y), the first tigecycline resistance-related gene 
associated with plasmids, in China. The introduction of plasmid 
p2016GDAB1 containing tet(Y) through electroporation resulted 
in a 16-fold increase in the MIC of tigecycline, whereas tet(Y) 
overexpression on a 72,156-base pair (bp) plasmid increased it by 
twofold to fourfold. Furthermore, the authors noted that 
p2016GDAB1 contained the regulatory gene tetR, which increased 
the MIC of tigecycline by 128 times after regulating tet(Y) and 
tetA(39) transcription. Strong tigecycline resistance may be  a 
result of combined mediation by Tet(Y) and TetA(39). Liu et al. 
(2023) indicated that their screened tigecycline-resistant 
A. baumannii 17978R became resistant to tigecycline, possibly 
after the loss of plasmids containing hns or after the insertion of 
hns through an insertion sequence. This possibly increased TonB 
expression, which then increased the efflux pump expression. 
Furthermore, insertion sequence insertion may have resulted in 
the deletion of acrR, encoding AcrR, which inhibits the efflux 
pump AcrAB and thus increases efflux pump expression.

FIGURE 2

Mechanisms underlying tigecycline resistance in A. baumannii. (A) Influence of efflux pumps. (B) Outer membrane permeability alterations. (C) Drug 
target alterations. (D) Enzyme-mediated drug resistance modifications. (E) DNA damage–induced reactions. Created with BioRender.com.
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3.2 Modification of enzyme-mediated drug 
resistance

Tet(X) is a riboflavin-dependent monooxygenase, initially 
identified in Bacteroides tenuis transposons Tn4351 and Tn4400. 
NADPH and Mg2+ cause tigecycline hydroxylation and inactivation. 
The Tet(X) family, encoded by eight genes, is associated with 
considerable levels of tigecycline resistance. Tet(X), Tet(X3), Tet (X5), 
and Tet(X6) can increase tigecycline resistance in A. baumannii (Cui 
et al., 2021). Tet(X3) renders all tetracyclines—including tigecycline, 
as well as the recently FDA-approved elacycline and omacycline—are 
inactive; this increases the MIC of tigecycline by 64–128 times. 
Through hydroxylation of Tet(X5) and Tet(X6), resistance to many 
antimicrobials, including tigecycline, can be induced in A. baumannii. 
Finally, translocation and recombination mediated by IScr2, a recently 
discovered insertion sequence, IScr2, accelerate the spread of Tet(X5) 
(He et al., 2019; Chen et al., 2021).

3.3 Outer membrane permeability 
alterations

1-Acyl3-glycerol phosphate acyltransferase, encoded by plsC, is 
involved in bacterial outer membrane formation. Li et  al. (2015) 
induced drug resistance in clinical isolates of tigecycline-sensitive 
A. baumannii, yielding a drug-resistant strain called 19,606-M24, and 
noted that omp38, hp, and plsC are the possible resistance genes based 
on their whole genome sequencing results. In their follow-up studies, 
the authors concluded that only frameshift mutation in plsC is linked 
to tigecycline resistance and, through flow cytometry, that the plsC 
mutation leads to changes in the strain’s cell membrane. Li et al. (2016) 
also discovered abrP, a gene linked to resistance to drug, including 
tigecycline. The mutant’s phenotype could be recovered by introducing 
wildtype abrP. The authors also discovered that the abrP-deficient 
mutant had enhanced cell membrane permeability, which reduced its 
cell growth rate. Taken together, these results confirmed that abrP is 
crucial for A. baumannii resistance and adaptation.

Tigecycline resistance is also associated with gnaA. In particular, 
Xu et al. (2019) discovered gnaA inserted by ISAba16 transposons in 
MDR-ZJ06M, a multidrug-resistant and virulent A. baumannii strain. 
The isolates had significantly increased tigecycline resistance. 
However, the supplementary experiment revealed no change in MICs 
of tigecycline. Therefore, further experimental evidence demonstrating 
the role of gnaA in tigecycline resistance development is required.

3.4 Drug target alterations

rpsJ encodes the ribosome S10 protein. Mutation in rpsJ causes 
the S10 protein ring to shift structurally, in turn altering the shape of 
16S rRNA and reducing the affinity between tigecycline and ribosome 
(Beabout et  al., 2015). trm encodes S-adenosyl-L-methionine-
dependent methyltransferase (AdoMet). Through whole genome 
sequencing, Chen et  al. (2014) identified mutant trm in the 
A. baumannii strain 19606-T8 (MIC = 8 mg/L), experimentally 
engineered to develop tigecycline resistance. Although AdoMet has 
been hypothesized to be crucial for moderate tigecycline resistance 

induction, how it mediates the loss of sensitivity to tigecycline remains 
unknown. In A. baumannii, tigecycline resistance is strongly 
influenced by mutations in trm, and tigecycline-resistant strains with 
trm mutations exhibit various amino acid alterations, including 
M378K, K291R, H312P, and S94A (Ghalavand et al., 2022). However, 
in both tigecycline-resistant and -sensitive A. baumannii, Zheng et al. 
(2023) noted mutations in trm and plsC but not in rpsJ. As such, 
additional studies confirming the influence of mutations in trm, plsC, 
and rpsJ on the emergence of tigecycline resistance in A. baumannii 
are warranted.

rrf encodes ribosome recycling factor (RRF). Hammerstrom et al. 
(2015) discovered a mutation in rrf in tigecycline-resistant 
A. baumannii; the authors hypothesized that this mutation reduces 
mRNA translation, affects tigecycline and ribosome binding, and 
eventually, results in tigecycline resistance. Hua et al. (2021) confirmed 
this hypothesis through Western blotting and multiribosome 
spectrum analysis: mutations in rrf reduced RRF expression, affecting 
the ribosome cycle process. Through an in situ complementarity 
experiment, the authors also demonstrated that mutations in rrf were 
associated with tigecycline resistance in A. baumannii.

3.5 DNA damage–induced reactions

Antimicrobials can cause bacterial death via DNA damage. 
However, RecA and RecBCD together can repair this damage. 
RecBCD is crucial for DNA double-stranded break repair, whereas 
RecA is the primary enzyme involved in homologous recombination 
and recombination repair. RecA also contributes to stress and 
virulence responses in A. baumannii. Ajiboye et al. (2018) performed 
deletion experiments with recA and recBCD in A. baumannii and 
noted considerable reductions in the bacterium’s tigecycline, 
gentamicin, and polymyxin MICs. These results indicated that the 
recA- and recBCD-mediated repair pathways may protect 
A. baumannii from the effects of antimicrobials, eventually resulting 
in the development of drug resistance.

4 Mechanisms underlying polymyxin 
resistance

Bacillus polymyxa produces polymyxins, which are polypeptides 
with antibacterial properties and can be divided into classes A, B, C, 
D, and E. Polymyxin B and colistin are the most frequently prescribed 
medications in clinical practice (Cassir et al., 2014). In the 1950s, 
polymyxins were used for the first time in clinical settings. Because 
their low toxicity and comparable bactericidal and antibacterial 
spectra, polymyxins B and E are frequently used. Some multidrug-
resistant gram-negative organisms, such as K. pneumoniae and 
P. aeruginosa, can cause pulmonary infections (Lenhard et al., 2019). 
However, the use of polymyxins has been since restricted because they 
may cause neurotoxicity and nephrotoxicity.

The recent rise of multidrug-resistant, extensively drug-resistant, 
and pandrug-resistant bacteria has led to a renaissance of 
antimicrobials for the discovery of drugs of last resort. Moreover, 
additional clinical studies have focused their attention on polymyxin 
use (Carrasco et  al., 2021). Polymyxins primarily function as a 

146

https://doi.org/10.3389/fmicb.2024.1332108
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Shi et al. 10.3389/fmicb.2024.1332108

Frontiers in Microbiology 10 frontiersin.org

bactericide by disrupting the lipopolysaccharide (LPS) structure in the 
outer membranes of gram-negative bacteria. Negatively charged lipid 
A in LPS interacts with positively charged polymyxin residues such as 
4-amino-L-arabinose (l-Ara4N) and phosphoethanolamine (PEtN). 
Colistin can bind with these negatively charged phosphate groups in 
place of Ca2+ and Mg2+. Because LPS has a higher affinity than bivalent 
cations, its stability is compromised. This leads to the destruction of 
the bacterial outer membrane, a decrease in the serous membrane’s 
surface tension, an increase in its permeability, the loss of the serous 
membrane’s barrier function, and the leakage of bacterial contents, 
eventually resulting in bacterial death (Jeannot et al., 2017).

For multidrug-resistant A. baumannii, polymyxin use is one of the 
few remaining treatments; in particular, it is used as a drug of last 
resort for life-threatening infections. Polymyxin-resistant 
A. baumannii has emerged with the increase in the clinical use of 
polymyxins. A recent meta-analysis revealed that the polymyxin 
resistance rate of A. baumannii was higher in Southeast Asian and 
eastern Mediterranean countries than in other countries (totaling 
11.2%); it was the highest in Lebanon (17.5%) and China (11.8%) but 
the lowest in Germany (0.2%) (Pormohammad et  al., 2020). The 
prevalence of polymyxin-resistant strains has increased due to 
increased polymyxin use as a rescue treatment for multidrug-resistant 
A. baumannii infections. However, a comprehensive set of 
standardized practices or conventional treatment recommendations 
for polymyxin use is unavailable in different countries or regions. In 
an epidemiological investigation of polymyxin-resistant A. baumannii, 
the multilocus sequence typing subtypes ST92 and ST208 were noted 
to be identical. Therefore, polymyxin-resistant A. baumannii strains 
may have spread significantly throughout Europe, Asia, and North 
America (Novović and Jovčić, 2023).

The mechanisms underlying polymyxin resistance in A. baumannii 
are categorized as follows: LPS and lipid A loss, LPS structure 
modification, plasmid-mediated polymyxin resistance, efflux pump 
resistance mechanism, and outer membrane component protein 
mutations (Table 1, Figure 3).

4.1 LPS loss

Gram-negative bacteria have long been thought to require LPS 
production to survive (Zhang et  al., 2013). Only a few bacteria, 
including A. baumannii, Moraxella kataxa, and Neisseria meningitida 
(Steeghs et al., 1998; Peng et al., 2005; Moffatt et al., 2010), have been 
found to thrive without LPS thus far. Mutation in lpxA, lpxC, or 
lpxD—involved in lipid A production—leads to the complete 
disappearance of LPS in A. baumannii. Through the addition of an 
insertion sequence element from the IS4 family (which is comparable 
to the ISX03 element), Moffatt et al. (2011) discovered that lpxD is 
deleted in resistant strains of A. baumannii, which resulted in LPS loss 
and resistance development. Moreover, the authors discovered that 
ISAba11 inactivated lpxA and lpxC of in vitro polymyxin resistance 
variants in A. baumannii ATCC19606. Lipid A biosynthesis is caused 
by the deletion, substitution, and insertion of different lpxA, lpxC, and 
lpxD nucleotides, and the combination of mutations in lpxC, lpxD, and 
the pmrAB operon may result in a synergistic effect of polymyxin 
resistance. However, some drug-resistant bacteria demonstrated lpxA, 
lpxC, and lpxD downregulation, reducing LPS production (Thi Khanh 
Nhu et al., 2016; Nurtop et al., 2019; Jovcic et al., 2021). In vitro, the 

LPS-deficient mutant strain developed slower and was less pathogenic 
than the wildtype strain (Wand et  al., 2015; Carretero-Ledesma 
et al., 2018).

lpx mutant strains are more vulnerable to lysozyme released by 
neutrophils and are more susceptible to neutrophil cell-mediated 
killing. LPS loss may expand the pathways through which lysozyme 
can enter periplasmic peptidoglycans, facilitating lysozyme targeting 
and increasing antimicrobial activity against LPS-deficient collisin-
resistant bacterial strains (Kamoshida et  al., 2020). LPS-deficient 
A. baumannii demonstrates greater vulnerability to other 
antimicrobials such as carbapenems, quinolones, tigecycline, and 
rifampicin despite appearing to have strong polymyxin resistance. It 
also demonstrated greater susceptibility to certain disinfectants, 
including ethanol, chlorhexidine, and phenol-based cleaners.

Moderate fitness loss is linked to the absence of LPS. LPS loss 
reduces A. baumannii’s pathogenicity and fitness and leads to 
variations in biofilm development and viability under iron restriction. 
LPS-deficient A. baumannii demonstrates alterations in signaling 
through toll-like receptors and enhances susceptibility to host 
antimicrobial peptides, suggesting that host factors contribute to 
decreased fitness (Moffatt et al., 2013). Reduced biofilm development 
after LPS deletion increases the possibility of the affected strains 
lacking the necessary biofilm-forming mechanism component. The 
biochemical mechanism underlying the considerable abnormalities 
resulting from LPS deficiency under iron restriction. A mechanism 
underlying this outcome may involve LPS deficiency leading to 
changes in the membrane composition of A. baumannii, limiting its 
ability to import extracellular iron (Carretero-Ledesma et al., 2018; 
Kamoshida et al., 2020, 2022).

4.2 LPS structure modifications

The addition of PEtN to lipid A in A. baumannii is crucial for 
polymyxin resistance development. Phosphate groups added to 
PEtN at both the 4′ and 1′ locations cause the LPS component to 
have a negative charge and reduce PEtN’s propensity for binding 
polymyxin (Olaitan et al., 2014). Alterations in the two-component 
regulatory system PmrAB causes overexpression of the PEtN 
transferase PmrC, resulting in polymyxin resistance (Potron et al., 
2019). Polymyxin-sensitive strains can alter into polymyxin-
resistant phenotypes as a result of partial deletion mutations in 
PmrB. PmrCAB expression may be  increased as a result of a 
mutation in PmrB through PmrA activation (Adams et al., 2009). 
Mutations in PmrA alone also increase A. baumannii’s resistance to 
polymyxin (Sun et al., 2020). However, in some instances, little to 
no link has been noted between PmrAB and high PmrC expression 
(Kabic et al., 2023). Therefore, PmrC may be regulated by regulatory 
mechanisms other than those of PmrAB. Few studies have examined 
the connection between mutations in PmrC and polymyxin 
resistance thus far. I42V and L150F, two prevalent pmrC variants, 
may be  linked to polymyxin resistance (Nurtop et  al., 2019). 
A. baumannii is more resistant to polymyxin when PmrC R125P 
mutations and PmrB alterations are combined (Gerson et al., 2020). 
Gerson et  al. (2019) revealed that three polymyxin resistance-
related mutations in PmrB cause PmrC expression to increase or 
decrease, demonstrating that PmrB is not the only protein 
regulating pmrC expression in A. baumannii.
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Clinical A. baumannii strains exhibit significant levels of 
polymyxin resistance as a result of ISAba125 insertion into the gene 
encoding the global regulator H-NS. The expression of the distal gene 
is triggered by the insertion of the insertion sequence element in this 
gene, which is another PmrC homolog called phosphoethanolamine 
transferase (EptA), the product of which shares 93% homology with 
PmrC. Although eptA alone in the bacterial genome cannot impart 
resistance to polymyxin, the integration of ISAba1 upstream of eptA 
might result in an increase in the enzyme’s production (Trebosc 
et al., 2019).

In a Chinese study, ISAba1 insertion was noted to occur between 
13 and 18 bp upstream of eptA. The authors hypothesized that eptA 
expression is not dependent on the distance between ISAba1 and eptA 
transcription initiation. In A. baumannii, EptA is activated more 
directly when ISAba1 is inserted upstream of eptA, leading to 
polymyxin resistance. Moreover, under the strain of continuous 
polymyxin therapy, random insertion events may lead to an increase 
in the frequency of polymyxin resistance in the future (Ye et al., 2023). 
Despite the absence of L-Ara4N, the sensor kinase PmrB regulates 
NaxD deacetylase, a major mediator of lipid A alteration resulting in 
polymyxin resistance, in A. baumannii (Chin et al., 2015).

4.3 Plasmid-mediated polymyxin resistance

The plasmid-mediated gene mcr, encoding a PEtN transferase, 
was first discovered in a Chinese strain of polymyxin-resistant E. coli 
SHP45, isolated from a pig with Mcr1. In E. coli, Mcr added 
phosphoethanolamine to lipid A, producing mutagenic polymyxin 
resistance (Liu et al., 2016). Thus far, 10 mcr genes, ranging from mcr-1 
to mcr-10, have been reported in the environment, animals, food, and 

humans (Hussein et  al., 2021). In Brazil, a meningitis patient’s 
cerebrospinal fluid was noted to include A. baumannii contained with 
mcr-4.3 in 2008. This gene can maintain polymyxin-resistant 
resistance through LPS modification. The pET-26b-mcr-4.3-
transformed E. coli was noted to develop polymyxin resistance 
(Martins-Sorenson et  al., 2020). However, in South  Africa, 
recombinant expression of mcr-4.3 in A. baumannii did not confer 
polymyxin resistance in E. coli (Snyman et al., 2021). pAB18PR065, 
harboring mcr-4.3, could not be  transferred in the splicing, 
transformation, and electroporation assays (Ma et  al., 2019). An 
mcr-4.3-carrying A. baumannii strain has also been isolated from pig 
feces; however, further related research is required. A. baumannii 
harboring mcr-1, mcr-2, and mcr-3 was also discovered in Iraq (Al-
Kadmy et al., 2020).

4.4 Drug resistance due to efflux pumps

Laboratory-induced polymyxin-resistant A. baumannii 
demonstrated a 1.6 times increase in expression of EmrB from the 
EmrAB efflux pump system. A. baumannii becomes more sensitive to 
polymyxin after emrB deletion. These results indicate that the EmrAB 
efflux pump system reduces A. baumannii’s susceptibility to 
polymyxin. EmrAB efflux pump system has been postulated to be a 
crucial mechanism underlying polymyxin resistance through 
pumping and cytoplasmic acidification; this result requires further 
confirmation. The aforementioned mechanisms are similar to those of 
the efflux pump/potassium antiporter system, which mediates 
polymyxin resistance in Yersinia when induced at higher temperatures 
(≥37°C) (Lin et al., 2017a). Wiradiputra et al. (2023) reported that 
A. baumannii with low polymyxin resistance demonstrates at least two 

FIGURE 3

Mechanism underlying polymyxin resistance in A. baumannii. (A) LPS loss. (B) PEtN modification. (C) Galactosamine modification. (D) Efflux pump 
overexpression. (E) Outer membrane component protein mutations. Created with BioRender.com.
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times increase in emrB and ompW expression. Ni et al. (2016) noted 
that using the efflux pump inhibitor CCCP considerably reduces the 
MIC of polymyxin in A. baumannii. These results further confirm that 
efflux pump systems contribute to polymyxin resistance.

4.5 Outer membrane component protein 
mutations

Mutations in some non-LPX proteins that make up the outer 
membrane of A. baumannii also contribute to increased polymyxin 
resistance. lpsB encodes a glycosyltransferase, involved in LPS 
synthesis. Mutations in lpsB lead to a reduction in polymyxin 
permeability (Hood et al., 2013). Mutations in lpsB identified thus far 
include H181Y, 241 K, D146G, G218H, E219S, and T331I (Lean et al., 
2014; Dafopoulou et al., 2015; Yang W. et al., 2023; Yang Y. et al., 2023). 
Mutations in lptD also interfere with LPS translocation to the outer 
membrane, resulting in moderate polymyxin resistance in 
A. baumannii (Bojkovic et al., 2015). A Vietnamese study concluded 
that mutations in the lipoprotein VacJ and the phospholipase PldA—
believed to maintain the lipid asymmetry of the outer membrane—
lead to polymyxin resistance in A. baumannii (Thi Khanh Nhu et al., 
2016). Lipid metabolism is a major pathway. Polymyxin acts by 
disrupting the membrane, and lpsB mutant strains are defective in the 
production of main outer membrane components; therefore, the 
effects of polymyxin and lpsB mutation on lipid metabolism overlap 
significantly (Hood et al., 2013).

5 Conclusions and future prospects

Nonstandardized use of antibiotics has led to the development 
of antibiotic resistance among pathogenic microorganisms. By 
2050, diseases due to antibiotic-resistant bacteria may lead to 10 
million deaths annually (Carr et  al., 2019). In most hospitals 
worldwide, A. baumannii causes nosocomial infections, including 
bloodstream infections, wound infections, urinary tract infections, 
meningitis, and pneumonia associated with ventilator use. 
A. baumannii bloodstream infections are associated with a high 
mortality rate. Drug-resistant A. baumannii can possess nearly all 
bacterial resistance pathways along with a considerably unlimited 
capacity for antibiotic resistance development. A. baumannii can 
produce all forms of β-lactamases. Moreover, carbapenem-resistant 
A. baumannii (CRAB) detection rate remains high. Almost all 
A. baumannii strains discovered thus far express aminoglycoside-
altering enzymes. Numerous clinical isolates have exhibited a high 
level of different efflux pumps. The related resistance genes have 
been noted to inhibit the bactericidal activity of aminoglycosides, 
carbapenems, quinolones, and broad-spectrum cephalosporins. 
Because of their comparatively low rates of resistance, tigecycline 
and polymyxin are considered drugs of last resort for A. baumannii 
infection treatment. However, with the annual increase in 
tigecycline and polymyxin use, the number of cases of infection due 
to A. baumannii resistant to these antibiotics is increasing globally. 
Furthermore, polymyxins have some nephrotoxicity and 

neurotoxicity, and tigecycline can result in notably low plasma 
concentrations when following the tigecycline instructions 
recommended dosing regimen. In general, given the availability of 
additional efficient treatment options, tigecycline and polymyxin 
should not be administered alone.

Because of the dearth of solid clinical evidence justifying the use 
of any one medication therapy, antibiotics are frequently used in 
combination for the treatment of illnesses with high mortality rates. 
Medicines with antibacterial activity at first may cause resistance, and 
patients with a CRAB infection are typically extremely sick with more 
consequences. Therefore, two or more active medications should 
be used in all applicable situations (Tamma et al., 2022). Combination 
regimens based on polymyxin, tigecycline, and sulbactam have often 
been reported. For instance, sulbactam-based combinations 
(polymyxin + sulbactam or tigecycline + sulbactam) had better 
synergistic effects than polymyxin + tigecycline (Qu et  al., 2020). 
However, no combination regimen can reduce mortality significantly 
or improve clinical response considerably. Therefore, more clinical 
and in vivo study data are needed to explore effective 
combination regimens.

Few novel medications specifically targeting CRAB are currently 
available. For instance, cefiderocol, a novel ferriferous cephalosporin 
that penetrates the cell membrane of gram-negative bacteria via a 
unique route, is highly effective at eliminating all gram-negative 
bacteria. To reach the cytoplasm at a large concentration, cefiderocol 
forms complexes with trivalent iron ions and, via the bacterial 
ferritransporter, becomes transported through the outer cell 
membrane into the inner wall of the cell. There, by binding to the 
receptor, cefiderocol prevents cell wall synthesis (Domingues et al., 
2023). Eravacycline, a synthetic tetracycline that, similar to other 
tetracyclines, binds to the 30S ribosome subunit of bacteria and 
suppresses protein synthesis. Similar to that of tigecycline, 
eravacycline’s activity is not influenced by ribosome-protective 
proteins (Hetzler et  al., 2022). Durlobactam, a novel 
diazadicycloctanone β-lactamase inhibitor, effectively inhibits class A, 
C, and D β-lactamases (Papp-Wallace et al., 2023). Dulobactam + 
sulbactam have been noted to effectively restore the sulbactam 
sensitivity of CRAB clinical isolates (August et  al., 2023). 
New-generation polymyxin-type antibacterial adjuvants, including 
SPR206, MRX-8, and QPX9003, are also being assessed in the clinical 
trial stage (Aslan et  al., 2022). However, certain drug-resistant 
A. baumannii have been discovered during the development of new 
drugs, including cefiderocol. In other words, cautious prescription and 
consistently monitored use of these novel antibiotics, along with 
regular assessment of bacterial drug resistance, are highly warranted.

Since the beginning of the postantibiotic era, the focus of 
contemporary research on novel therapeutics for A. baumannii 
infections has moved from antibiotic production to that of 
nonantibiotic compounds. Medications targeting virulence factors can 
reduce pathogenicity or improve sensitivity by inhibiting A. baumannii 
or its virulence factors. Medications that do not produce an excessive 
load on bacterial metabolism are less likely to induce resistance in the 
target bacteria (Saipriya et  al., 2020). Therapies for A. baumannii 
infections currently under development include immunotherapeutics 
(Buchhorn de Freitas and Hartwig, 2022), photodynamic therapy 
(Bustamante and Palavecino, 2023), subunit vaccine therapy (Yang 
et  al., 2022), phage therapy (Tan et  al., 2022), and antimicrobial 
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peptide therapy (Rangel et al., 2023). Research in other fields may also 
indirectly influence future A. baumannii treatments.
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Background: Streptococcus pneumoniae is a common pathogen that 
colonizes the human upper respiratory tract, causing high morbidity and 
mortality worldwide. This study aimed to investigate the prevalence status of 
S. pneumoniae isolated from patients of all ages in Southwest China, including 
serotype, antibiotic susceptibility and other molecular characteristics, to provide 
a basis for clinical antibiotic usage and vaccine development.

Methods: This study was conducted from January 2018 to March 2022 at West 
China Hospital, West China Second University Hospital, First People’s Hospital 
of Longquanyi District (West China Longquan Hospital), Meishan Women and 
Children’s Hospital (Alliance Hospital of West China Second University Hospital) 
and Chengdu Jinjiang Hospital for Women and Children Health. Demographic 
and clinical characteristics of 263 pneumococcal disease (PD) all-age patients 
were collected and analyzed. The serotypes, sequence types (STs), and antibiotic 
resistance of the strains were determined by next-generation sequencing, 
sequence analysis and the microdilution broth method.

Results: The most common pneumococcal serotypes were 19F (17.87%), 19A 
(11.41%), 3 (8.75%), 23F (6.46%) and 6A (5.70%). Coverage rates for PCV10, 
PCV13, PCV15, PCV20 and PCV24 were 36.12, 61.98, 61.98, 63.12 and 64.26%, 
respectively. Prevalent STs were ST271 (12.55%), ST320 (11.79%), ST90 (4.18%), 
ST876 (4.18%) and ST11972 (3.42%). Penicillin-resistant S. pneumoniae (PRSP) 
accounted for 82.35 and 1.22% of meningitis and nonmeningitis PD cases, 

OPEN ACCESS

EDITED BY

Vijay Soni,  
NewYork-Presbyterian, United States

REVIEWED BY

Prabhat Ranjan Singh,  
Weill Cornell Medicine, United States
Arka Banerjee,  
NewYork-Presbyterian, United States
Jojy John,  
Sathyabama Institute of Science and 
Technology, India

*CORRESPONDENCE

Yali Cui  
 serain33@163.com  

Yongmei Jiang  
 jiangyongmeiwst@163.com  

Yi Xie  
 xie_yi_77@163.com

†These authors have contributed equally to 
this work and share first authorship

RECEIVED 22 November 2023
ACCEPTED 08 January 2024
PUBLISHED 01 February 2024

CITATION

Miao C, Yan Z, Chen C, Kuang L, Ao K, Li Y, 
Li J, Huang X, Zhu X, Zhao Y, Cui Y, 
Jiang Y and Xie Y (2024) Serotype, antibiotic 
susceptibility and whole-genome 
characterization of Streptococcus 
pneumoniae in all age groups living in 
Southwest China during 2018–2022.
Front. Microbiol. 15:1342839.
doi: 10.3389/fmicb.2024.1342839

COPYRIGHT

© 2024 Miao, Yan, Chen, Kuang, Ao, Li, Li, 
Huang, Zhu, Zhao, Cui, Jiang and Xie. This is 
an open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 01 February 2024
DOI 10.3389/fmicb.2024.1342839

154

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1342839﻿&domain=pdf&date_stamp=2024-02-01
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1342839/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1342839/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1342839/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1342839/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1342839/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1342839/full
mailto:serain33@163.com
mailto:jiangyongmeiwst@163.com
mailto:xie_yi_77@163.com
https://doi.org/10.3389/fmicb.2024.1342839
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1342839


Miao et al. 10.3389/fmicb.2024.1342839

Frontiers in Microbiology 02 frontiersin.org

respectively. Resistance genes msrD (32.7%), mefA (32.7%), ermB (95.8%), tetM 
(97.3%) and catTC (7.6%) were found among 263 isolates. Most isolates showed 
high resistance to erythromycin (96.96%) and tetracycline (79.85%), with more 
than half being resistant to SXT (58.94%). A few isolates were resistant to AMX 
(9.89%), CTX (11.03%), MEN (9.13%), OFX (1.14%), LVX (1.14%) and MXF (0.38%). All 
isolates were susceptible to vancomycin and linezolid.

Conclusion: Our study provides reliable information, including the prevalence, 
molecular characterization and antimicrobial resistance of S. pneumoniae 
isolates causing pneumococcal diseases in Southwest China. The findings 
contribute to informed and clinical policy decisions for prevention and treatment.

KEYWORDS

Streptococcus pneumoniae, serotype, molecular characterization, antibiotic 
resistance, whole-genome sequencing, China

1 Introduction

Streptococcus pneumoniae is a common gram-positive, 
opportunistic pathogen in humans that colonizes the nasopharynx. It 
can cause not only noninvasive pneumococcal diseases (NIPDs), such 
as pneumonia, otitis media, conjunctivitis, nasosinusitis and 
bronchitis, but also severe invasive pneumococcal diseases (IPDs), 
including pleurisy, meningitis and septicemia (Zeng et  al., 2023), 
especially in children and elderly individuals. According to the World 
Health Organization (WHO), S. pneumoniae is the most common 
pathogen causing pneumonia. More than approximately 800,000 
children die due to pneumococcal diseases annually, and the vast 
majority are in developing and underdeveloped countries (O'Brien 
et  al., 2009; Johnson et  al., 2010). Furthermore, IPDs are age 
influenced, with incidence increasing with age and mortality higher 
in those over 65 years of age (Marrie et al., 2018).

There are currently more than 100 known S. pneumoniae 
serotypes circulating worldwide (Ganaie et al., 2020). However, only 
some of these serotypes cause pneumococcal disease (Namkoong 
et al., 2016). Currently, several countries have already incorporated 
pneumococcal conjugate vaccines (PCVs) and polysaccharide-based 
vaccines (PPVs) into national immunization programs, and use of 
vaccines targeting specific serotypes has significantly reduced IPDs 
caused by the vaccine serotypes (VTs) (Richter et al., 2014; Chan et al., 
2019). Vaccines such as PCV7 (covering serotypes 4, 6B, 9 V, 14, 18C, 
19F and 23F), PCV13 (additionally covering 1, 3, 5, 6A, 7F and 19A), 
and PPV23 (covering serotypes 1–5, 6B, 7F, 8, 9 N, 9 V, 10A, 11A, 12F, 
14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F) are currently 
available in China. However, none of the above vaccines is a part of 
China National Vaccination Programs, and the cost is high. These 
reasons result in low coverage rates (Men et al., 2020; Wang et al., 
2021). In general, use of vaccines has led to changes in the distribution 
of S. pneumoniae serotypes. Although these vaccines have provided 
protection against VTs, they have also contributed to a rise in 
noncovered serotypes (NVTs; Lo et al., 2022). The increase in NVTs 
is concerning, especially as these serotypes display resistance to 
antibiotics commonly used in PD treatment (Zhao et al., 2020).

Antibiotic resistance varies by region, and a better understanding 
of resistance will ultimately help in clinical anti-infective treatment 
and preventing the spread of antibiotic-resistant strains (Li et  al., 

2023). Meanwhile, the distribution of S. pneumoniae serotypes in a 
specific region can provide valuable evidence for local health 
authorities to introduce appropriate vaccines. Analysis of whole-
genome sequencing technology based on next-generation sequencing 
(NGS) can obtain information about molecular serotype, sequence 
type (ST), and antibiotic resistance, providing an important basis for 
pathogenic surveillance.

Furthermore, research shows that the coronavirus disease 2019 
(COVID-19) pandemic and subsequent lockdowns to interrupt the 
spread of the virus had an impact on the pathogenicity of 
S. pneumoniae (Amin-Chowdhury et al., 2021). Despite PD cases have 
declined significantly during the COVID-19 pandemic. However, the 
mortality rate of IPD/COVID-19 co-infection is very high (Mitsi et al., 
2022). Therefore, molecular characterization of prevalent 
S. pneumoniae strains during the COVID-19 outbreak will provide 
important support and reference for investigating the current status 
of PDs and potential changes in subsequent isolates.

The aim of this study based on whole-genome NGS technology 
was to investigate the prevalence and molecular characteristics of 
clinical S. pneumoniae isolates obtained from patients of all ages in 
Southwest China from 2018 to 2022 by analyzing the distribution of 
serotypes, STs, antimicrobial susceptibility and their 
respective relationships.

2 Materials and methods

2.1 Patients enrolled

This study was conducted from January 2018 to March 2022 at 
West China Hospital, West China Second University Hospital, First 
People’s Hospital of Longquanyi District (West China Longquan 
Hospital), Meishan Women and Children’s Hospital (Alliance Hospital 
of West China Second University Hospital) and Chengdu Jinjiang 
Hospital for Women and Children Health, including one of China’s 
largest general hospitals, one of China’s largest specialty hospitals for 
children and women, and typical secondary and tertiary general or 
specialty hospitals. The hospitals’ clinical laboratories have been 
accredited by the College of American Pathologists (CAP) or the 
China National Accreditation Service for Conformity Assessment 
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(CNAS) under the ISO15189 accreditation standard or are under the 
supervision of the abovementioned external quality 
assessment laboratory.

The enrolled subjects were patients from Southwest China 
presenting with an S. pneumoniae infection who were admitted to 
these hospitals. The participant eligibility criteria included the 
following: (1) clinical specimens from which S. pneumoniae was 
isolated and positively cultured (including blood, cerebrospinal fluid, 
drainage fluid, alveolar lavage fluid, sputum, and secretions); and (2) 
respiratory, neural, circulatory or local infectious manifestations 
(including fever, headache, cough, and sputum).

2.2 Isolation and identification of strains

Strains of S. pneumoniae were collected, isolated and identified in 
line with requirements for clinical procedures as previously reported 
(Yan et al., 2019). In brief, specimens were collected by specialized 
sample collection personnel or physicians, following the Standard 
Operating Procedure (SOP) of ISO/TS 20658:2017-Medical 
Laboratories-Requirements1 for collection, transport, receipt, and 
handling of samples (blood, sputum, cerebrospinal fluid, chest 
drainage and secretions). The alveolar lavage fluid was collected by 
flexible bronchoscopy via the protocol of Chinese expert consensus 
on pathogen detection in bronchoalveolar lavage for pulmonary 
infectious diseases (2017 edition) (Qu et  al., 2017). Blood, 
cerebrospinal fluid and chest drainage were cultured in vials using the 
BD BACTECTM FX system and then subcultured onto Columbia 
Agar +5% sheep blood plates (Autobio, Zhengzhou, China). Other 
samples were isolated on Columbia agar +5% sheep blood plates 
(Autobio, Zhengzhou, China) incubated at 35°C for 24–48 h in a 5% 
carbon dioxide (CO2) environment. All isolates were identified by 
matrix-assisted laser desorption ionization time-of-flight mass 
spectrometry (MALDI-TOF MS; Vitek MS system; BioMerieux, 
Rhône, France), and the results were confirmed by PubMLST whole-
genome signature sequence alignment.2 The pneumococcal isolates 
were stored in 25% sterile glycerol broth at −70°C for 
subsequent analysis.

2.3 Genome sequencing, assembly and 
annotation

Genomic DNA was extracted by using QIAamp DNA Minikit 
(Qiagen, Hilden, Germany), and sequencing libraries were generated 
using NEBNext® Ultra™ DNA Library Prep Kit for Illumina (New 
England Biolabs, NEB, USA) following the manufacturer’s 
recommendations. The whole genomes of S. pneumoniae were 
sequenced using the Illumina NovaSeq PE150 platform (Illumina, San 
Diego, CA, USA) with approximately 200× coverage at Beijing 
Novogene Bioinformatics Technology Co., Ltd.

Genome data were assembled and annotated as previously 
reported (Cui et al., 2022) with SPAdes software (v3.14.1) (Prjibelski 

1 https://www.iso.org/standard/68763.html

2 https://pubmlst.org/

et al., 2020) and Prokka software (v1.14.5) (Seemann, 2014). All of 
the assembled genomes were submitted to GenBank and approved 
(PRJNA914101, PRJNA915833 and PRJNA915821).3

2.4 Molecular serotyping and multilocus 
sequence typing

MLSTs were identified by pneumococcal capsule typing 
(PneumoCaT v1.2.1) based on genome data (*.fastq files) as previously 
reported (Kapatai et  al., 2016). STs were identified through the 
multilocus sequence typing (MLST) database4 and mlst software 
(v2.19.0) (Seemann T, mlst, GitHub5) (Jolley and Maiden, 2010), and 
all novel alleles and profiles were submitted to the pneumococcal 
MLST database to assign new numbers. Minimum spanning tree-like 
structures were illustrated by PHYLOVIZ software (version 2.1)6 via 
goeBURST Full MST (goeBURST distance) at level 1 (SLVs) and level 
6 (Feil et al., 2004; Francisco et al., 2012).

2.5 Phylogenetic analysis

The annotated pneumococcal genome data were analyzed using 
Roary (v3.13.0)7 to create a multiFASTA alignment of core genes 
(>99%) (Page et al., 2015), and Snp-sites (v2.3.3)8 were used to delete 
duplicate sites. Maximum-likelihood trees were constructed from the 
alignment produced by RAxML (v8.2.10)9 using the GTRGAMMA 
method (Stamatakis, 2014), and the RAxML trees were visualized and 
annotated in iTOL (v6).10

2.6 Antibiotic susceptibility tests and 
resistance gene screening

Antibiotic susceptibility tests (ASTs) were performed based on 
the broth turbidimetry method using AST dishes (TDR STR-AST, 
Mindray, China). The antimicrobial agents used included penicillin 
(PEN), amoxicillin (AMX), cefotaxime (CTX), meropenem (MEM), 
vancomycin (VAN), erythromycin (ERY), ofloxacin (OFX), 
levofloxacin (LVX), moxifloxacin (MXF), tetracycline (TET) and 
trimethoprim-sulfamethoxazole (SXT). Quality control analysis was 
performed using S. pneumoniae ATCC49619. The operational 
processes and interpretation of the results were performed 
according to the manufacturer’s instructions and the Clinical and 
Laboratory Standards Institute (CLSI) 2021 standard (Humphries 
et al., 2021).

3 https://submit.ncbi.nlm.nih.gov/

4 https://pubmlst.org/organisms/streptococcus-pneumoniae

5 https://github.com/tseemann/mlst

6 http://www.phyloviz.net

7 https://github.com/sanger-pathogens/Roary

8 https://github.com/andrewjpage/snp-sites

9 https://github.com/stamatak/standard-RAxML

10 https://itol.embl.de

156

https://doi.org/10.3389/fmicb.2024.1342839
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.iso.org/standard/68763.html
https://pubmlst.org/
https://submit.ncbi.nlm.nih.gov/
https://pubmlst.org/organisms/streptococcus-pneumoniae
https://github.com/tseemann/mlst
http://www.phyloviz.net
https://github.com/sanger-pathogens/Roary
https://github.com/andrewjpage/snp-sites
https://github.com/stamatak/standard-RAxML
https://itol.embl.de


Miao et al. 10.3389/fmicb.2024.1342839

Frontiers in Microbiology 04 frontiersin.org

Antimicrobial resistance genes were screened with ABRicate 
software (v1.0.1; Seemann T, Abricate, GitHub)11 via NCBI 
AMRFinderPlus (Feldgarden et al., 2019).

2.7 Statistical analysis

Statistical Package for Social Science (SPSS) software for 
Windows was used to assess the statistical significance of the data 
(version 22.0; Chicago, IL, USA), as previously reported (Yan et al., 
2019). In brief, the chi-square test, Fisher’s exact test and T-test were 
used. Based on the chi-square test, the Bonferroni method was 
employed to determine whether differences among multiple groups 
were statistically significant, and p values <0.05 were considered 
statistically significant.

2.8 Ethics statement

The clinical experimental plan was approved by the Clinical Trial 
Ethics Committee of West China Second University Hospital, Sichuan 
University (No. 2020041). The work was carried out in accordance 
with the Declaration of Helsinki.

3 Results

3.1 Demographic and clinical 
characteristics

A total of 263 patients were enrolled from January 2018 to March 
2022, including 93 patients under 3 years old (35.36%) and 101 
patients above 50 years old (38.40%), with ages ranging from 0.08 to 
95 years and a median age (P25-P75) of 8.00 (2.34–63.00) years. These 
patients were diagnosed with meningitis, bacteremia, pleurisy, otitis 
media, pneumonia, bronchitis and upper respiratory tract infection, 
including 88 IPD patients and 175 NIPD patients. The detailed data 
are shown in Table 1.

3.2 Molecular serotyping and vaccine 
coverage rates

Among 263 isolates, 35 serotypes were successfully identified. 
The prevalent serotypes were 19F (n = 47, 17.87%), 19A (n = 30, 
11.41%), 3 (n = 23, 8.75%), 23F (n = 17, 6.46%), 6A (n = 15, 5.70%), 
23A (n = 15, 5.70%), 14 (n = 14, 5.32%), 34 (n = 13, 4.94%), 15A 
(n = 13, 4.94%) and 6E (n = 13, 4.94%). Detailed information can 
be found in Supplementary Table 1. The coverage rates for PCV10, 
PCV13, PCV15, PCV20 and PCV24 were 36.12% (n = 95), 61.98% 
(n = 163), 61.98% (n = 163), 63.12% (n = 166) and 64.26% (n = 169), 
respectively (Figure 1). The differences of the prevalent serotypes in 
this study and our previous report (Yan et al., 2019) was shown in 
Supplementary Figure 1 and Supplementary Table 2.

11 https://github.com/tseemann/abricate

As classified by disease, 24 serotypes were identified in 88 IPD 
cases, and the prevalent serotypes in IPD were 19F (n = 19, 21.59%), 
19A (n = 8, 9.09%), 14 (n = 7, 7.95%), 23F (n = 7, 7.95%), 34 (n = 6, 
6.82%) and 6E (n = 6, 6.82%) (Supplementary Table 3), with coverage 
rates for PCV10, PCV13, PCV15, PCV20 and PCV24 of 44.32% 
(n = 39), 61.36% (n = 54), 61.36% (n = 54), 63.64% (n = 56) and 63.64% 
(n = 56), respectively (Figure 2). Thirty serotypes were identified in 
175 NIPD cases, and the prevalent serotypes in NIPD were 19F 
(n = 28, 16.00%), 19A (n = 22, 12.57%), 3 (n = 18, 10.29%), 6A (n = 13, 
7.43%), 23F (n = 10, 5.71%) and 23A (n = 10, 5.71%) 
(Supplementary Table 4), with coverage rates for PCV10, PCV13, 
PCV15, PCV20 and PCV24 of 32.00% (n = 56), 62.92% (n = 109), 
62.92% (n = 109), 62.86% (n = 110) and 64.57% (n = 113), respectively 
(Figure 2).

As classified by age, 23 serotypes were identified in 141 pediatric 
cases (age < 18 years); the prevalent serotypes were 19F (n = 30, 
21.28%), 19A (n = 16, 11.35%), 6A (n = 10, 7.09%), 6E (n = 10, 7.09%), 
14 (n = 10, 7.09%), 15A (n = 9, 6.38%), 23A (n = 9, 6.38%) 

TABLE 1 Demographic and clinical characteristics of 263 patients.

Characteristics No. of patients (%)

Sex

Male 166 63.12

Female 97 36.88

Age (years)

≤3 93 35.36

3–18 48 18.25

18–50 21 7.98

50–95 101 38.40

Median age (P25-P75) 8.00 (2.34–63.00)

Isolation time of year

Quarter 1 60 22.81

Quarter 2 34 12.93

Quarter 3 49 18.63

Quarter 4 120 45.63

Sample type

Blood 48 18.25

Cerebrospinal fluid 17 6.47

Chest drainage 12 4.56

Alveolar lavage fluid 11 4.18

Sputum 155 58.94

Nasopharyngeal swab 5 1.90

Tracheal secretions 9 3.42

Ear canal secretions 3 1.14

Others 3 1.14

Diagnosis

Invasive pneumococcal disease 

(IPD)

88 33.46

Noninvasive pneumococcal 

disease (NIPD)

175 66.54

Total 263 100.00
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(Supplementary Table 5), with coverage rates for PCV10 and PCV13/
PCV15/PCV20/PCV24 of 41.84% (n = 59) and 64.54% (n = 91), 
respectively (Figure 3). In addition, 28 serotypes were identified in 101 
elderly patients (age > 50 years); the prevalent serotypes were 3 (n = 16, 
15.84%), 19F (n = 13, 12.87%), 19A (n = 12, 11.88%), 34 (n = 6, 5.94%), 
23F (n = 6, 5.94%), 6A (n = 5, 4.95%), 23A (n = 5, 4.95%), 35B (n = 5, 
4.95%) (Supplementary Table  6), with coverage rates for PCV10, 
PCV13, PCV15, PCV20 and PCV24 of 24.75% (n = 25), 57.43% 
(n = 58), 57.43% (n = 58), 58.42% (n = 59) and 61.39% (n = 62), 
respectively (Figure  3). The prevalent serotypes in patients aged 
18–50 years old were shown in Supplementary Table 7.

3.3 Multilocus sequence typing

Among the 263 isolates, 107 different STs were successfully 
identified by MLST analysis, including 38 novel STs (n = 43/263, 
35.51%): ST17945-ST17947, ST17949-ST17952, ST17954, 
ST17956-ST17957, ST17959-ST17967, ST17969, ST17970, and 
ST18037-ST18053 (Figure 4A). Additionally, 19 novel alleles were 
identified by sequencing: aroE (617), ddl (1163–1,165), gdh (798–800), 
gki (825–830), recP (563–565), spi (777, 778) and xpt (1087). The 
numbers of novel STs and alleles were assigned by the MLST database 
after the sequences were identified (see text footnote 2). Prevalent STs 
included ST271 (n = 33, 12.55%), ST320 (n = 31, 11.79%), ST90 (n = 11, 
4.18%), ST876 (n = 11, 4.18%), ST11972 (n = 9, 3.42%), ST902 (n = 8, 
3.04%), ST81 (n = 6, 2.28%) and ST5242 (n = 6, 2.28%); detailed 
information can be found in Supplementary Table 8.

Nine global clones were found in this study by comparing strains 
with the pneumococcal molecular epidemiology network (PMEN), 
including Spain6B-2 (ST90, n = 11, 4.2%), Spain23F-1 (ST81, n = 6, 
2.3%), Netherlands3-31 (ST180, n = 4, 1.5%), Colombia23F-26 (ST338, 
n = 4, 1.5%), Taiwan19F-14 (ST236, n = 2, 0.8%), Taiwan23F-15 (ST242, 
n = 2, 0.8%), Sweden15A-25 (ST63, n = 1, 0.4%), USA1-29 (ST615, n = 1, 
0.4%), and Denmark14-32 (ST230, n = 1, 0.4%).

Among the 263 isolates, 21 clonal complexes (CCs) and 48 
singletons were obtained according to single-locus variants (SLVs) via 
goeBURST distance analysis (SLV, level 1, Figure 5). CC271 (n = 75, 
28.5%), CC876 (n = 14, 5.3%), CC90 (n = 12, 4.6%), CC6011 (n = 12, 
4.6%), CC2754 (n = 11, 4.2%) and CC338 (n = 10, 3.8%) were 
prevalent CCs.

By comparing STs with serotypes, a minimum spanning tree-like 
structure was illustrated via the goeBURST Full MST algorithm, and 
the serotype distribution showed ST/CC aggregation (Figure 4B and 
Supplementary Table  9). Serotype 19F was dominated by ST271, 
accounting for 70.21% (n = 33/47); serotype 19A was dominated by 
ST320, accounting for 96.67% (n = 29/30); serotype 23F was 
dominated by ST81, accounting for 35.29% (n = 6/17); serotype 14 was 
dominated by ST876, accounting for 71.43% (n = 10/14); serotype 34 
was dominated by ST11945, accounting for 38.46% (n = 5/13); 
serotype 15A was dominated by ST11972, accounting for 69.23% 
(n = 9/13); serotype 6E was dominated by ST90, accounting for 92.31% 
(n = 12/13); and serotype 6B was dominated by ST902, accounting for 
75.00% (n = 6/8) (Figure 6). The serotypes of isolates among novel STs 
were distributed in 3, 5, 13, 14, 20, 31, 34, 39, 10B, 11A, 15A, 15 BC, 
16F, 17A, 19A, 19F, 23A, 23F, 33B, 35B, 35F, 6A, 6C and 9 N.

Regarding classification by disease, prevalent STs in IPD 
(88/263) were ST271 (n = 11, 12.50%), ST320 (n = 9, 10.23%), ST90 
(n = 6, 6.82%), ST876 (n = 5, 5.68%), ST11972 (n = 4, 4.55%) and 
ST1937 (n = 3, 3.41%). Prevalent STs in NIPD (175/263) were ST271 
(n = 22, 12.57%), ST320 (n = 22, 12.57%), ST902 (n = 7, 4.00%), 
ST876 (n = 6, 3.43%), ST90 (n = 5, 2.86%), ST5242 (n = 5, 2.86%), 
ST11972 (n = 5, 2.86%), ST81 (n = 4, 2.29%) and ST2754 (n = 4, 
2.29%) (Figure 7A).

When classified by age, prevalent STs in pediatric cases 
(age < 18 years, n = 141/263) were ST271 (n = 20, 14.18%), ST320 (n = 9, 
6.38%), ST90 (n = 8, 5.67%), ST876 (n = 8, 5.67%), ST902 (n = 6, 
4.26%), ST1937 (n = 5, 3.55%), ST5242 (n = 5, 3.55%) and ST11972 
(n = 5, 3.55%). Prevalent STs in elderly patients (age > 50 years) were 
ST271 (n = 10, 9.9%), ST320 (n = 13, 12.87%), ST11945 (n = 4, 3.96%), 

FIGURE 1

Serotype distribution and coverage of PCVs among 263 S. pneumoniae isolates. The prevalent serotypes were 19F (n  =  47, 17.87%), 19A (n  =  30, 11.41%), 
3 (n  =  23, 8.75%) and 23F (n  =  17, 6.46%). NT, nontypable.
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ST11972 (n = 4, 3.96%), ST81 (n = 3, 2.97%), ST180 (n = 3, 2.97%), 
ST338 (n = 3, 2.97%), ST505 (n = 3, 2.97%) and ST11967 (n = 3, 2.97%) 
(Figure 7B).

3.4 Phylogenetic analysis

The RAxML tree based on 263 isolate core gene sequences was 
visualized and annotated with strain, ST, serotype, age, specimen 
source and disease. Detailed information is shown in Figure 8.

3.5 Antibiotic susceptibility

The overall prevalence of PEN-nonsusceptible S. pneumoniae 
(PNSP) was 6.1% in nonmeningitis cases, including PEN-intermediate 
S. pneumoniae (PISP, 4.88%) and PEN-resistant S. pneumoniae (PRSP, 
1.22%), and PRSP in meningitis cases was 82.35%. Most isolates 
showed high resistance to ERY (96.96%) and TET (79.85%), and more 
than half of the isolates were resistant to SXT (58.94%). A few isolates 
were resistant to AMX (9.89%), CTX (11.03%), MEN (9.13%), OFX 
(1.14%), LVX (1.14%) and MXF (0.38%). However, no isolate was 
found to have VAN- and LNZ-resistant phenotypes. The detailed 

FIGURE 2

Serotype distribution in different diseases. (A) Proportions of each serotype in 88 IPD cases. (B) Proportions of each serotype in 175 NIPD cases. (C) The 
difference in the proportion of each serotype in IPD/NIPD cases. Red bar: the length indicates the value with a higher proportion of IPD than NIPD; 
green bar: the length indicates the value with a higher proportion of NIPD than IPD. NT, nontypable.
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information is provided in Supplementary Figure  2 and 
Supplementary Table 10.

The relationship between antibiotic susceptibility and serotype 
is shown in Supplementary Figure 3A and Supplementary Table 11. 
In brief, serotypes 19A and 19F tended to be  more resistant to 
AMX, CTX, MEM and SXT, whereas serotype 3 was more sensitive 
to these antibiotics. In addition, serotypes covered by PCV13 and 

PCV23 showed more resistance to PEN, AMX, CTX and SXT 
(Table 2). The differences of the antibiotic resistance in this study 
and our previous report (Yan et  al., 2019) was shown in 
Supplementary Table 12.

The relationship between antibiotic susceptibility and STs is 
indicated in Supplementary Figure 3B and Supplementary Table 13. 
In brief, ST271 tended to be more resistant to AMX and CTX, whereas 

FIGURE 3

Serotype distribution in different ages. (A) Proportions of each serotype in 141 pediatric cases (ages <18  years). (B) Proportions of each serotype in 101 
elderly cases (ages >50  years). (C) The difference in the proportion of each serotype in pediatric/elderly cases. Red bar: the length indicates the value 
with a higher proportion of pediatric cases than elderly cases; green bar: the length indicates the value with a higher proportion of elderly cases than 
pediatric cases. NT, nontypable. Proportions of each serotype in patients aged 18–50  years old were shown in Supplementary Table 7.
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ST90 was more sensitive to AMX, CTX and MEN. ST876 and ST11972 
were more sensitive to AMX and ST902 to AMX, CTX, MEN and SXT.

Among 263 isolates, 53.61% (n = 141) were defined as multidrug 
resistant (MDR), leading to serotypes 19F (n = 36, 25.35%), 19A 

(n = 26, 18.31%), ST271 (n = 28, 19.72%) and ST320 (n = 27, 19.01%). 
In addition, isolates with serotypes covered by PCV13 accounted for 
70.21% (n = 99) of MDR isolates. Among MDR isolates, the most 
common phenotype was ERY/TET/SXT (n = 78/142, 54.9%), 

FIGURE 4

Minimum spanning tree-like structure via the goeBURST full MST algorithm (level 6). (A) Thirty-eight novel STs among 263 S. pneumoniae isolates 
(n  =  43). Pink: novel STs. (B) The relationship between ST and serotype. Each disk represents an ST, and each color represents a serotype.
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including 22 IPD cases and 56 NIPD cases, with the leading serotypes 
of 19A (n = 12, 15.38%), 19F (n = 9, 11.54%), 23F (n = 8, 10.26%), and 
6E (n = 8, 10.26%) and leading STs of ST320 (n = 12, 15.38%), ST90 
(n = 7, 8.94%), ST271 (n = 5, 6.41%), and ST870 (n = 4, 5.13%). Other 
MDR phenotypes included CTX/ERY/TET/SXT (n = 20/142, 14.1%), 
with the leading serotype being 19F (n = 16, 80.00%) and leading ST 
being ST271 (n = 13, 65.00%), and MEM/ERY/TET/SXT (n = 17/142, 
12.0%), with leading serotypes 19F (n = 7, 41.18%) and 19A (n = 6, 
35.29%) and leading STs ST271 (n = 6, 35.29%) and ST320 (n = 6, 
35.29%).

3.6 Resistance gene analysis

The resistance genes msrD (n = 86, 32.7%), mefA (n = 86, 32.7%), 
ermB (n = 252, 95.8%), tetM (n = 256, 97.3%) and catTC (n = 20, 7.6%) 
were found among the 263 isolates, which are associated with 
erythromycin, tetracycline and chloramphenicol. The erythromycin 
resistance genes msrD, mefA and ermB manifested as ST aggregation 
phenomena, and 28.9% (n = 76) of the isolates carried these three 
resistance genes, including ST271 (n = 33/76, 43.4%) and ST320 
(n = 29/76, 38.2%) (Figures 9, 10). However, the ST aggregation of the 
tetracycline resistance gene tetM and chloramphenicol resistance gene 
catTC was not significant (Figure 10).

4 Discussion

In this study, we collected S. pneumoniae isolates from 263 PD 
patients in 5 hospitals and performed whole-genome sequencing. To 
our knowledge, this is the first all-age multicenter S. pneumoniae study 
conducted in Southwest China. Comprehensive identification of the 
molecular characteristics of pneumococcal isolates revealed 
prevalence characteristics, including serotype, ST, and the relationship 
among antibiotic susceptibility and the carrying antibiotic resistance 
genes in Southwest China from 2018 to 2022, covering the period 
before and during the COVID-19 outbreak. The results showed that 
19F, 19A, 3, 23F, 6A, 23A, 14, 34, 15A and 6E were the top 10 prevalent 
serotypes. ST271, ST320, ST90, ST876, ST11972, ST902, ST81 and 
ST5242 were the most prevalent STs, and CC271, CC876, CC90, 
CC6011, CC2754 and CC338 were the most common CCs. Most 
isolates were resistant to ERY (96.96%) and TET (79.85%), and more 
than half of the isolates were resistant to SXT (58.94%).

The clinical isolates of S. pneumoniae were highly serotype 
heterogeneous. We identified 35 different serotypes, and 3 isolates 
were untypable. The top 5 serotypes in prevalence (19F, 19A, 3, 23F, 
and 6A) accounted for 50.19%, which was slightly different from the 
results reported previously in this region among pediatric patients 
(19F, 19A, 6B, 6A, and 14) (Yan et  al., 2021), as well as those 
reported in Shanghai (19F, 6A, 19A, 23F and 14) (Zhao et al., 2019), 

FIGURE 5

Minimum spanning tree-like structure via goeBURST distance analysis among 263 S. pneumoniae isolates (SLVs, level 1). SLV analysis showed that the 
107 STs were divided into 21 CCs (linked) and 48 singletons.
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Chongqing (19F, 6A/B, 19A) (Yu et al., 2019) and Beijing (19F, 19A, 
23F, 14 and 6A) (Wang Q. et  al., 2020). In this study, the most 
common serotypes among 88 IPD strains were 19F, 19A, 14, 23F, 34 
and 6E. These findings are similar to the results of a multicenter 

study conducted in China (Zhao et al., 2013). Among 175 NIPD 
strains, the most common serotypes were 19F, 19A, 3, 6A, 23F and 
23A. The prevalence of serotypes 3 and 23F in elderly patients was 
significantly higher than that in children. This finding, primarily the 

FIGURE 6

ST distribution in each serotype among 263 S. pneumoniae isolates. Serotype 19F was dominated by ST271, accounting for 70.21% (n  =  33/47); 
serotype 19A was dominated by ST320, accounting for 96.67% (n  =  29/30).

TABLE 2 Relationship between antibiotic resistance and vaccine coverage.

Antibiotic R% R%

PCV13 Non-PCV13 p PPV23 Non-PPV23 p

(n  =  163) (n  =  100) (n  =  155) (n  =  108)

PEN (meningitis) 91.67 60.00 0.450 84.62 75.00 0.154

(nonmeningitis) 0.61 2.00 0.034 0.65 1.85 0.031

AMX 14.11 3.00 0.007 14.84 2.78 0.000

CTX 14.72 5.00 0.015 16.13 3.70 0.002

MEM 12.27 4.00 0.051 12.90 3.70 0.016

VAN 0.00 0.00 NA 0.00 0.00 NA

ERY 96.93 97.00 1.000 96.77 97.22 1.000

OFX 0.00 3.00 0.000 0.00 2.78 0.001

LVX 0.00 3.00 0.053 0.00 2.78 0.062

MFX 0.00 1.00 0.617 0.00 0.93 0.636

TET 80.37 79.00 0.894 81.29 77.78 0.639

SXT 65.03 49.00 0.009 65.16 50.00 0.008

LNZ 0.00 0.00 NA 0.00 0.00 NA
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result of serotype 3, is significantly higher than our previous 
findings (8.75% vs. 3.13%) (Yan et al., 2021). The increase in the 
prevalence of serotype 3 is similar to the prevalence of S. pneumoniae 
in some developed countries (Goettler et  al., 2020; Suaya et al., 
2020; Hyams et al., 2023). Compared with our previous study (Yan 
et al., 2021), the PCV-covered serotypes decreased slightly (PCV10: 
50.8% vs. 36.12%; PCV13: 77.3% vs. 61.98%). The difference in 
serotype distribution of S. pneumoniae may be  due to serotype 
replacement after widespread use of PCVs (Hanquet et al., 2022; Lo 
et al., 2022).

We analyzed 263 isolates by MLST, and the results showed that 
ST271, ST320, ST90 and ST876 were the most prevalent STs in 
Southwest China, similar to other parts in China (Wang X. et al., 2020; 
Zhou et al., 2022) but different from those in other countries, such as 
northern Russia (Vorobieva S Jensen et al., 2020) and Latin America 
(Moreno et al., 2020). The present study further revealed 38 novel STs, 
which accounted for 35.51% of all isolates (43/263), strongly indicating 
the global diversity of S. pneumoniae. In addition, the study identified 
19 novel alleles through sequencing. Phylogenetic tree analysis showed 
CC271, CC876, CC90, CC6011, and CC2754 to be common CCs, 
among which CC271 is prevalent globally and the most common CC 
in China (Zeng et al., 2023).

Penicillin has been the first-line treatment for S. pneumoniae, 
especially before the 1980s (Swartz, 2002). The current work shows 
that the resistance rate of isolates to PEN was 1.22% in nonmeningitis 
patients, consistent with results reported from other parts of East Asia, 
such as China (0.7–2.2%), Korea (1.0%) and Japan (1.7–2.2%) (Wang 
et al., 2019; Kim et al., 2020; Tsuzuki et al., 2020). These results suggest 
that PEN can continue to be used in treatment against nonmeningitis 
S. pneumoniae at higher concentrations but not against 
meningitis strains.

Macrolides and fluoroquinolones are the main alternatives to 
beta-lactam antibiotics in cases of reduced susceptibility to 
S. pneumoniae infections (Berbel et  al., 2022). However, with 
widespread clinical use of macrolide antibacterial agents, the number 
of ERY-resistant S. pneumoniae (ERSP) strains has increased. This 
phenomenon is a cause for concern, and macrolides have been 
included in the list of Critically Important Antimicrobials for Human 
Medicine by the WHO. According to data from the China 
Antimicrobial Resistance Surveillance System in 2021, the resistance 
rate of S. pneumoniae to ERY average as high as 96.4% nationwide. In 
this study, rates of macrolide resistance (MR) were significantly high, 
with a rate of resistance to ERY of 96.96%, indicating that these agents 
had little clinical utility for treatment of S. pneumoniae infections, 

FIGURE 7

ST distribution in each group. (A) Proportions of each ST in different diseases. Blue line: IPD cases (n  =  88); red line: NIPD cases (n  =  175); red bar: the 
length indicates the value with a higher proportion of IPD than NIPD; blue bar: the length indicates the value with a higher proportion of NIPD than 
IPD. (B) Proportions of each ST in different ages. Blue line: pediatric cases (n  =  141, ages <18  years); pink line: elderly cases (n  =  101, ages >50  years); 
orange bar: the length indicates the value with a higher proportion of pediatric cases than elderly cases; green bar: the length indicates the value with a 
higher proportion of elderly cases than pediatric cases. Proportions of each ST in patients aged 18–50  years old were shown in Supplementary Table 7.
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which is consistent with the results in Northeast China (98.57%) 
(Zhou et al., 2022) and Beijing (96.4%) (Zhou et al., 2012).

In China, MR increased from 15 to 95% over 16 years (2000–
2016), mainly associated with the spread of ermB (Ip et al., 2002; Lu 
et al., 2017). Determinants of MR include modification by ribosomal 
methylases (ermB) and active antibiotic efflux pumps (mefA/E). 
ermB is the most common mechanism of ERY resistance in Asia, 
including mainland China, Taiwan, Sri  Lanka, South Korea and 
Japan, whereas mefA is more common in Hong Kong, Singapore, 
Malaysia, India and the Philippines (Song et al., 2004; Kim et al., 
2012). This is consistent with the results for ermB (252/263) and 
mefA (86/263) in this study, which may be responsible for the high 
degree of ERY resistance in this region. In Europe, ermB was found 
to be  more common in Italy (55.8%), Poland (80.8%), Serbia 
(82.4%), Spain (88.3%), France (90%) and Belgium (91.5%) 
(Felmingham et  al., 2007); furthermore, mefA is common in 
Germany (53.2%), Finland (55.4%), Australia (59.5%), Greece 
(66.2%) and the United Kingdom (70.8%) (Farrell et al., 2008).

Beta-lactam antibiotics and macrolides are commonly used to 
treat community-acquired infections in children because they are 
relatively safe and inexpensive. This chronic antibiotic pressure also 
contributes to resistance. In contrast, tetracyclines, quinolones and 
sulfonamides are prohibited or restricted in children of different ages 
due to their toxicity and adverse effects.

The resistance of S. pneumoniae to TET is also notably high in 
China, which may be related to misuse of TET in agriculture and 
livestock (Zhou et al., 2012). tetM, encoding ribosome protection 
proteins, is one of the causes of TET resistance (Widdowson et al., 
1996; Widdowson and Klugman, 1998). In this study, the rate of TET 
resistance was 79.85%, whereas tetM was detected in almost all 
TET-resistant strains.

Development of resistance to any three or more antimicrobial 
agents of different classes is described as MDR. More than 30% of 
S. pneumoniae strains globally are reported to exhibit MDR (Jung 
et al., 2013). In a 2012–2017 study conducted in 6 Asian countries, 
50.8% of S. pneumoniae strains exhibited MDR, with the highest rates 

FIGURE 8

Maximum likelihood tree of 263 S. pneumoniae isolates. The RAxML tree was constructed from a multiFASTA alignment of core genes (>99%) using the 
GTRGAMMA method. (A) Serotypes with a proportion greater than 3%. (B) The top 5 proportion STs and novel STs. (C) Specimen sources (colored with 
IPD and NIPD). (D) Patients ages.
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observed in China (76.0%) and Korea (64.0%) (Kim et al., 2020), 
much higher than that in other regions of the world, such as 40.8% in 
France and 42.9% in Greece (Niedzielski et  al., 2013). Singapore 
(17.9%) and the Philippines (3.1%) have the lowest rates in 6 Asian 
countries (Kim et al., 2020). In this study, the rate of MDR was 53.99% 
(141/263). MDR S. pneumoniae is a growing concern because the 
infecting strains are resistant to standard treatments with beta-lactams 
and macrolides.

In this study, several associations were found between serotype, 
ST, and antibiotic susceptibility. The dominant STs of serotype 19F, 
19A, 23F and 14 isolates were ST271, ST320, ST81, and ST876, 
respectively, which was similar to previously reported results (Li et al., 
2018). Isolates 19F/ST271 and 19A/ST320, as the predominant 
prevalent strains in this region, were more resistant to AMX, CTX, 
MEM and SXT. In terms of the distribution of antibiotic resistance 

among serotypes, serotypes 19F, 19A and 14 exhibited higher 
resistance rates, while serotype 3 showed a relatively low rate. The high 
level of resistance among serotypes may be  related to widespread 
international spread of their STs. In this study, serotype 3 had a high 
clonal diversity, as dominated by ST180 (17.39%), ST505 (17.39%), 
ST15069 (17.39%) and ST180 (17.39%). A study that performed 
whole-genome sequencing of 616 strains of serotype 3 from England 
and Wales found that the composition of their clade changed with 
antibiotic resistance (Groves et al., 2019). These findings confirm the 
importance and utility of routine whole-genome sequencing and its 
ability to identify novel variants, which provides a basis for surveillance 
and will influence future vaccine development.

Children and the elderly are most vulnerable to S. pneumoniae 
infection. A global study of disease burden showed that infectious 
syndromes caused by bacterial pathogens pose an enormous threat to 

FIGURE 9

The relationship among erythromycin resistance phenotypes, erythromycin resistance genes, STs and serotypes. The RAxML tree was annotated with 
strain number, serotypes, erythromycin resistance phenotypes, erythromycin resistance genes (msrD, MefA and ermB) and STs. Erythromycin 
resistance genes manifested as an aggregation phenomenon. (A) Serotypes with a proportion greater than 3%. (B) Erythromycin resistance phenotypes. 
(C) Erythromycin resistance genes. (D) Novel STs were colored.
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FIGURE 10

The relationship between antibiotic resistance genes and ST. 
(A) Minimum spanning tree-like structure showing the ST 
aggregation phenomenon of the erythromycin resistance genes 
msrD, MefA and ermB. (B) The relationship between the tetracycline 
resistance gene tetM and ST. (C) The relationship between the 
chloramphenicol resistance gene catTC and ST.

public health, with S. pneumoniae ranking among the top (Ikuta et al., 
2022). Our study is the first to perform whole-genome sequencing of 
S. pneumoniae from PD patients of all ages in multiple centers in 
Southwest China. The total area of the southwestern region reaches 
2.3406 million square kilometers, accounting for 24.5% of China’s land 
area. Its population and area are approximately half of those of the 
European Union.12 Thus, these research results are representative of 
the prevalence of S. pneumoniae in China. We discovered many novel 
ST types, and the whole-genome data can provide a basis for future 

12 https://ec.europa.eu/eurostat/web/main/home

research. In addition, the study incorporated data during the 
COVID-19 pandemic. As COVID-19 containment policies likely 
affected the spread of respiratory pathogens such as S. pneumoniae 
(Brueggemann et al., 2021), the molecular characterization in this 
study provides important support for the current status of PD and 
potential changes in subsequent isolates. However, it also has two 
limitations. First, this is a study in Southwest China and lacks research 
data from other regions. Second, our analysis of whole-genome data 
was not absolutely sufficient, prompting us to conduct more in-depth 
and correlation analyses in the future.

Overall, our study provides valuable insight into the prevalence and 
antibiotic susceptibility of PD-causing S. pneumoniae strains in 
Southwest China. The most prevalent strains in this study were 19F, 19A, 
3, 23F, 6A and 23A; the prevalent STs were ST271, ST320, ST90, ST876 
and ST11972. All strains were susceptible to VAN and LNZ but highly 
resistant to macrolides (96.96%), and the high prevalence of MR and 
MDR is alarming. These data highlight the importance of appropriate 
use of antimicrobial agents and underscore the need to monitor 
pneumococcal epidemiology in China. Considering the relatively high 
coverage rate of PCV13 and the worrisome rates of antibiotic 
nonsusceptibility, PCV13 vaccination may be beneficial in this region.
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We investigated antibiotic resistance pattern in clinical bacterial pathogens 
isolated from in-patients and out-patients, and compared it with non-clinical 
bacterial isolates. 475 bacterial strains isolated from patients were examined for 
antibiotic resistance. Staphylococcus spp. (148; 31.1%) were found to be the most 
prevalent, followed by Klebsiella pneumoniae (135; 28.4%), Escherichia coli (74; 
15.5%), Pseudomonas aeruginosa (65; 13.6%), Enterobacter spp. (28; 5.8%), and 
Acinetobacter spp. (25; 5.2%). Drug-resistant bacteria isolated were extended 
spectrum-β-lactamase K. pneumoniae (8.8%), E. coli (20%), metallo-β-lactamase 
P. aeruginosa (14; 2.9%), erythromycin-inducing clindamycin resistant (7.4%), and 
methicillin-resistant Staphylococcus species (21.6%). Pathogens belonging to 
the Enterobacteriaceae family were observed to undergo directional selection 
developing resistance against antibiotics ciprofloxacin, piperacillin-tazobactam, 
cefepime, and cefuroxime. Pathogens in the surgical ward exhibited higher levels 
of antibiotic resistance, while non-clinical P. aeruginosa and K. pneumoniae 
strains were more antibiotic-susceptible. Our research assisted in identifying the 
drugs that can be used to control infections caused by antimicrobial resistant 
bacteria in the population and in monitoring the prevalence of drug-resistant 
bacterial pathogens.

KEYWORDS

antimicrobial resistance, extended spectrum-β-lactamase, methicillin-resistant 
Staphylococcus aureus, metallo-β-lactamase, erythromycin-induced clindamycin 
resistance

1 Introduction

Development and spread of antimicrobial resistance (AMR) in pathogenic bacteria is a 
global problem. According to GBD, 33 bacterial diseases were responsible for 7.7 million 
deaths worldwide (Ikuta et al., 2022). The proportion of animals infected with drug-resistant 
bacteria increased by 50% during 2000–2018, limiting the number of available treatments 
(Van Boeckel et al., 2019). Antibiotics used for treating lower respiratory tract infections in 
children grew by 46% globally during 2000–2018 (Browne et  al., 2021). The top six 
antibiotic-resistant bacteria causing human deaths in the United States of America are 
Escherichia coli, Streptococcus pneumoniae, Staphylococcus aureus, Acinetobacter baumannii, 
Klebsiella pneumoniae, and Pseudomonas aeruginosa (CDC, 2019). According to the 
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United States Center for Disease Control and Prevention, there are 
2.8 million cases of infections and 35,000 deaths caused by antibiotic 
resistant bacteria yearly, in the country. The extended spectrum-β-
lactamase (ESBL) Enterobacteriaceae, methicillin-resistant 
Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus, 
and drug-resistant Mycobacterium tuberculosis are considered severe 
threats to human lives (CDC, 2019). MRSA-related death rate of 
39.1% in middle-income and 32.1% in high-income countries, was 
reported by Bai et  al. (2022). Natural selection facilitates the 
evolution of antibiotic resistance in bacteria especially in antibiotic-
contaminated aquatic environments, which serve as routes for the 
spread of resistant bacteria to livestock, poultry, humans, and other 
animals (Baquero et  al., 2021; Larsson and Flach, 2022). High 
antibiotic use, fixed-dose combinations, self-medication, access to 
antibiotics without a prescription from a doctor, poor management 
of industrial effluent treatment plants, lack of hygenic condition, and 
inefficient infection control procedures in healthcare, are some of 
the factors contributing to India’s high AMR proportions (Gandra 
et al., 2017). Carbapenem and colistin-resistant K. pneumoniae was 
responsible for 69% death rate in India during 2011–2015 (Kaur 
et  al., 2017). Bacteria isolated from soil and water samples near 
pharmaceutical industrial areas in Hyderabad revealed up to 70% 
resistance against cephalosporin antibiotics (Britto et al., 2019). In 
2015, the cephalosporins were most frequently used in India, 
followed by penicillins and fluoroquinolones; majority of pathogenic 
bacteria isolated were resistant to cephalosporins, followed by 
fluoroquinolones and penicillins (Klein et al., 2019). Escherichia coli 
isolated from domestic (25%) and hospital wastes (95%) were 
observed to be resistant to third-generation cephalosporins (Akiba 
et al., 2015).

In this study, we aimed to provide descriptive data on infections 
and patterns of antibiotic resistance of the top six bacterial pathogens 
in Pandit Deendayal Upadhyay (PDU) Medical College and Hospital 
Rajkot, Gujarat. We looked for an answer to the crucial medical query 
“Does the pattern of antibiotic resistance of bacterial infections vary 
with isolation sources?” We also intended to compare the prevailing 
patterns of antibiotic resistance in clinical and non-clinical strains of 
P. aeruginosa and K. pneumoniae. We also focused on erythromycin-
induced clindamycin resistance (EICR) and MRSA in Staphylococcus 
species and ESBL and metallo-β-lactamase (MBL) in Gram-
negative bacteria.

2 Materials and methods

2.1 Location and context of the study

The PDU Medical College/Hospital is a tertiary care and 
teaching hospital that provides a full range of health care services, 
including medical, surgical, and superspecialty services, to patients 
in and around Rajkot district. In a 100-km radius of Rajkot, there is 
only one multispeciality government hospital. Every day, more than 
400 patients load from Rajkot city as well as rural areas of Rajkot 
district. Also, people from Amreli, Jamnagar, Junagadh, Kachchh, 
Morbi, Porbandar, Surendranagar, and Veraval visit PDU Medical 
College/Hospital Rajkot for treatments. PDU Medical College/
Hospital is located in the center of the Saurashtra region in Rajkot, 
Gujarat.

2.2 Sample collection and isolation of 
pathogens

Based on the data of the past 6 months, we selected the six most 
commonly reported pathogens from hospitalized and outpatient 
specimens, including Pseudomonas aeruginosa, Escherichia coli, 
Enterobacter spp., Klebsiella pneumoniae, Staphylococcus spp., and 
Acinetobacter spp. The top six most frequently observed bacterial 
strains were selected for the present study. Samples were collected 
during March to June 2022 from the in-patients and out-patients at 
PDU Medical College/Hospital in Rajkot, Gujarat. Samples were 
collected in sterile containers according to Cheesbrough (2005) in 
various wards by the assigned clinicians, and they were processed 
further at the bacteriology lab immediately. Preservation and storage 
of specimens varied from place to place and time to time; for example, 
blood, urine, and sputum were stored until the analysis and discussion 
with the assigned doctor. While for precious specimens like 
postoperative samples, body fluids were stored for 7–10 days, etc. 
Gender, age, ward, collection date, specimens, and other information 
were noted along with the sample collection. Ten samples were 
randomly selected daily for this survey, conducted for 3 months. 
PEEKSA (Pseudomonas aeruginosa, Escherichia coli, Enterobacter spp., 
Klebsiella pneumoniae, Staphylococcus spp. and Acinetobacter spp) 
were isolated from the collected samples (CLSI, 2018). Blood samples 
collected from adult patients (10–20 mL) and pediatric patients 
(5–10 mL) were mixed in brain heart infusion broth bottles and 
analyzed for bacterial growth up to 7 days using automated blood 
culture system BD-BACTEC FX40 (United States) (Procop et  al., 
2020). Absence of turbidity after 7 days was considered negative. 
Positive samples were subcultured on blood agar, nutrient agar, and 
MacConkey agar plates. Urine samples (20–30 mL) were collected in 
a sterile plastic container (50 mL capacity) and streaked on 
MacConkey agar, blood agar, cysteine lactose electrolyte deficient agar, 
and nutrient agar plates. Pus/swab samples were streaked on nutrient 
agar, blood agar, and MacConkey agar plates. Sputum samples 
(2–5 mL) were collected in a sterile plastic container (50 mL capacity) 
and streaked on chocolate agar, blood agar, nutrient agar, and 
MacConkey agar plates. The samples except blood were processed the 
same day; streaked plates were incubated at 35°C for 24–72 h and 
subcultured on nutrient agar plates. Bacterial identification was done 
based on colony morphology, biochemical tests, and the Gram 
reaction (Collee et al., 1996; Procop et al., 2020).

2.3 Antibiotic susceptibility test of bacterial 
isolates

Gram-positive and-negative bacterial isolates were evaluated for 
antibiotic susceptibility employing Kirby-Bauer disk-diffusion 
method (CLSI, 2018). A single colony was picked and suspended in 
sterile normal saline (0.85% NaCl) to generate the equivalent of 0.5 
McFarland standard solution. 1 mL of bacterial suspension was 
mixed with 19 mL of sterile Muller-Hinton soft agar (45°C) and 
poured in Petri plates, incubated at 35°C for 24 h after the transfer of 
antibiotics disks by disk dispenser. PEEKSA isolates were classified as 
resistant, intermediate, and sensitive to antibiotics on the basis of the 
size of the zone of inhibition according to the Clinical Laboratory 
Standard Institute (CLSI) guidelines. Antibiotics used for antibiotic 
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susceptibility test of Enterobacter spp., Klebsiella pneumoniae, and 
Escherichia coli isolated from pus, swabs, sputum, and blood samples 
were ciprofloxacin (CIP), levofloxacin (LVX), gentamicin (GM), 
amikacin (AN), meropenem (MEM), cefuroxime (CXM), cefotaxime 
(CTX), ceftazidime (CAZ), ceftazidime-clavulanate (CAC), cefepime 
(FEP), piperacillin-tazobactam (TZP), trimethoprim-
sulfamethoxazole (SXT), tetracycline (TE), and ampicillin-sulbactam 
(SAM). Strains isolated from urine samples were also evaluated for 
sensitivity against the antibiotics TR, NX, and NIT along with the 
above-mentioned antibiotics. Imipenem-EDTA (IE), imipenem 
(IPM), aztreonam (ATM), CIP, GM, LVX, AN, and FEP were 
employed for the evaluation of the antibiotic sensitivity of 
Pseudomonas aeruginosa. Staphylococcus spp. were against 
erythromycin (E), linezolid (LZD), CIP, rifamycin (RIF), clindamycin 
(CM), TE, vancomycin (VA), SXT, GM, chloramphenicol (C), 
meropenem (MEM), cefoxitin (FOX), and penicillin (P). Antibiotics 
class, abbreviation, and concentration in Supplementary Table S1.

2.4 Data processing and analysis

According to the CLSI recommendations, bacterial pathogens 
were classified as sensitive, intermediate, and resistant based on 
antibiotic susceptibility values (CLSI, 2022). Descriptive statistics such 
as relative abundance, percentage of categorical variation, and 
frequency were calculated. The chi-square test was used to compare 
the abundance of bacterial isolates with patient specimens. A Tukey 
post-hoc test was conducted for multiple comparisons between the 
mean values of the number of resistant antibiotics. p values less than 
0.05 were considered statistically significant. Antibiotic resistance 
index (RI) was derived by n/N where, “n” is number of resisrant 
isolates and “N” is the total number of isolates tested. Pearson’s 
correlation analysis was studied between isolation source and its 
antibiotic resistance pattern (antibiotics that are tested more than 90% 
were used for the correlation study). Natural selection was determined 
by (n/N) × 100, where “n” is the number of sensitive, intermediate, or 
resistant phenotypes expressed by each isolate and “N” is the total 
number of bacterial isolates.

3 Results

475 pathogenic bacterial strains isolated from 910 clinical samples 
were investigated for their antibiotic resistance patterns.

3.1 Prevalence of bacterial pathogens in 
clinical samples

475 clinical specimens in the present study exhibited bacterial 
growth; the majority (34%) of the 475 isolates originated from pus, 
followed by blood (24%), urine (20%), and sputum (13%), but other 
isolation sources were common for some pathogens (Figure 1A). The 
results of the chi-square test revealed that bacterial abundance in 
specimens was significantly different (p value <0.05 Pearson chi square 
test). The relative abundance of Staphylococcus spp. (148; 31%) were 
isolated most commonly from the collected specimen samples, i.e., 95 
of the 148 isolates were observed to be prevalent in blood. Klebsiella 

pneumoniae (135; 28%) was the second most common isolate; that was 
most prevalent in pus and sputum specimens, 67 and 34, respectively. 
Escherichia coli (74; 15%) was prevalent in urine specimens 35. 
Pseudomonas aeruginosa (65; 14%) pus specimens 51 were most 
prevalent, followed by Enterobacter spp. (28; 6%), equally distributed 
in pus and sputum, and the majority of Acinetobacter spp. (25; 5%) 
from pus (Figure 1B). The most commonly tested (frequency > 0.9) 
antibiotics against all the studied bacterial pathogens were 
aminoglycosides, carbapenems, cephalosporins, and fluoroquinolones. 
Other classes of antibiotics were often tested for diverse infections; 
antifolates and tetracyclines were routinely tested against 
Staphylococcus spp., K. pneumoniae, E. coli, Enterobacter spp., 
Acinetobacter spp. except P. aeruginosa. Monobactam and lipopeptide-
class antibiotics were tested only against P. aeruginosa, whereas 
macrolide, anisomycin, lincosamide, glycopeptide, etc. were tested 
against Staphylococcus spp. (Figure 1F). Patients were classified into 
three age groups, viz., 0–15 years (19%), 16–35 years (10%), >35 years 
(23%), and unknown age (49%) (Figure 1C; Table 1).

3.2 Antibiotic resistance index in bacterial 
pathogens

The penicillin resistance index (RI) of Staphylococcus spp. was 
proportionately 1 (100%)and against ciprofloxacin, cefoxitin, and 
erythromycin was >0.8. Chloramphenicol was the most effective 
antibiotic against Staphylococcus spp. (Supplementary Figure S1A). 
Pseudomonas aeruginosa exhibited a 0.6 RI to imipenem, ceftazidime, 
cefepime, and piperacillin-tazobactam. Imipenem-EDTA, and 
amikacin were most effective against P. aeruginosa (Supplementary  
Figure S1B). Acinetobacter spp. exhibited RI > 0.8 against ciprofloxacin, 
gentamycin, ceftazidime, cefotaxime, piperacillin-tazobactam, 
ampicillin-sulbactam, and trimethoprim-sulfamethoxazole; however, 
meropenem resistance was <0.4 (Supplementary Figure S1C). 
Klebsiella pneumoniae exhibited high resistance against all antibiotics 
tested except tetracyclines (Supplementary Figure S1D). Enterobacter 
spp. exhibited a RI of 0.5 to tetracyclines and amikacin but were more 
resistant (>0.6) to the other antibiotics (Supplementary Figure S1E). 
Escherichia coli was more sensitive to amikacin (<0.3), and highly 
resistant to other antibiotics (>0.7) (Supplementary Figure S1F). 
Similar report by Gupta et al. (2014) stated that uropathogenic E. coli, 
Enterococcus faecalis, K. pneumoniae, Staphylococcus aureus, 
P. aeruginosa, and Proteus mirabilis revealed ampicillin resistance up 
to 94–100%. Uropathogenic E. coli strains prevalent in Rajasthan, 
India, exhibited 95% resistance to nalidixic acid and 80% resistance to 
ampicillin and amoxiclav antibiotics (Sood and Gupta, 2012).

3.3 Does the antibiotic resistance pattern 
of bacterial pathogens vary with isolation 
sources?

Klebsiella pneumoniae spp. isolated from patients of medical and 
surgical wards exhibited a strong antibiotic-resistance correlation 0.85 
(Table 2). Similarly, K. pneumoniae strains obtained from patients in 
medical ward and intensive care unit (ICU) exhibited antibiotic-
resistance correlation 0.79. Escherichia coli isolates showed strong 
antibiotic-resistance correlation 0.96, 0.87, and 0.82 between the 
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out-patient department (OPD) and medical ward, OPD and surgical 
ward, and surgical-medical wards, respectively. Pseudomonas 
aeruginosa isolated from skin-burns, skin-surgical, and burns-surgical 
wards, showed substantial antibiotic-resistance correlation of 0.97, 
0.93, and 0.91, respectively. Staphylococcus spp. exhibited a strong 
antibiotic-resistance correlation 0.98 between medical and surgical 
wards, but a moderate antibiotic-resistance correlation 0.59 between 
Emergency and tuberculosis chest diseases (TBCD) wards. These 
findings strongly suggest that the antibiotic resistance patterns of the 
above-mentioned isolates were similar with respect to isolation 
sources. However, differences were also observed in the antibiotic 
resistance patterns of bacterial pathogens isolated from the patients of 
other wards; e.g., K. pneumoniae isolates revealed a weak antibiotic-
resistance correlation 0.29 between burns and ICU wards. Similarly, 

E. coli exhibited an antibiotic-resistance correlation 0.30 between the 
ICU and medical ward and P. aeruginosa isolates showed antibiotic-
resistance correlation 0.14 and 0.22 between the TBCD-ear nose 
throat (ENT) and burns-ENT wards, respectively (Kelch and Lee, 
1978). There is ample published literature describing the antibiotic 
sensitivity phenotype of non-clinical P. aeruginosa, E. coli, Enterobacter 
spp., K. pneumoniae, and Staphylococcus spp. (Supplementary Table S2).

3.4 Changing antibiotic sensitivity 
phenotypes of pathogens

Klebsiella pneumoniae (102) and Staphylococcus (87) isolates were 
resistant to 6–10 tested antibiotics; E. coli (43) strains were resistant 

FIGURE 1

Datasets for antibiotic susceptibility tests. (A) Distribution of the specimens gathered for this investigation, (B) the source of the pathogenic bacterial 
strains, (C) Age-wise distribution of bacterial isolates, (D) Sample distributions by gender, (E) Prevalence of bacterial isolates in various wards of the 
hospital, (F) the frequency of testing for different antibiotics (grouped by antibiotic class) against bacterial strains.

TABLE 1 Bacterial pathogens distribution with age group.

Age group Enterobacter 
spp.

P. aeruginosa Staphylococcus 
spp.

E. coli K. pneumoniae Acinetobacter 
spp.

0–15 2 8 56 4 12 7

16–35 3 3 13 4 21 2

>35 8 17 24 28 25 5

Unspecified 15 37 55 38 77 11

Total 28 65 148 74 135 25
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to >12 antibiotics; and P. aeruginosa (36) isolates were resistant to 
4–6 antibiotics (Figure 2A). Enterobacter spp. and E. coli show 12 and 
13 mean values for the number of resistant antibiotics, respectively. 
Whereas P. aeruginosa and Staphylococcus spp. only have four and six 
mean values for the number of antibiotic resistant. The mean values 
of number of resistant antibiotics (9) were not significant for 
K. pneumoniae and Acinetobacter spp. (p = 0.80). The comparison of 
Enterobacter spp. with other bacteria was significant (p < 0.05), except 
for E. coli and Acinetobacter spp. (p = 0.167) (Figure  2B). In the 
current study, we classified pathogens into three selection groups viz. 
directional selection, disruptive selection, and stabilizing selection. 
Klebsiella pneumoniae isolates were observed to undergo directional 
selection toward resistant phenotypes in gaining resistance to 
antibiotics CIP, LVX, FEP, TZP, and CXM; while it showed 
evolutionary disruptive selection toward antibiotics SXT, CAZ, CTX, 
GM, AN, TE, SAM, and CAC; and appeared to adopt stabilizing 
selection to antibiotic MEM in (Supplementary Figure S2A). 
Escherichia coli showed directional selection toward resistant 
phenotypes to antibiotics CIP, LVX, CAZ, FEP, TZP, CTX, and CXM, 

disruptive selection to antibiotics SXT, GM, TE, SAM, MEM, and 
CAC, and stabilizing selection to antibiotic AN 
(Supplementary Figure S2B). Pseudomonas aeruginosa isolates 
exhibited directional selection toward sensitive phenotypes to 
antibiotics ATM and IE, while toward resistant phenotype to 
antibiotic CIP, and disruptive selection to antibiotics GM, AN, CAZ, 
FEP, TZP, and IPM (Supplementary Figure S2C). Staphylococcus spp. 
were observed to adopt directional selection toward resistant 
phenotype to antibiotics CIP and E, and disruptive selection to 
antibiotics SXT, GM, TE, CM, C, and RIF (Supplementary Figure S2D). 
The selection patterns for Enterobacter and Acinetobacter spp. isolates 
are drawn in (Supplementary Figures S2E,F).

3.5 Comparison of antibiotic susceptibility 
between clinical and non-clinical isolates

Non-clinical P. aeruginosa isolated from caterpillar carcasses was 
more sensitive compared to clinical isolates against fluoroquinolones 

TABLE 2 Antibiotic resistance correlation matrix for bacterial pathogens isolated from various wards of hospital.

K. 
pneumoniae

Medical Surgical ICU TBCD Burns

Medical 1

Surgical 0.85 1

ICU 0.79 0.48 1

TBCD 0.64 0.75 0.48 1

Burns 0.65 0.73 0.29 0.70 1

E. coli Medical Surgical ICU TBCD OPD

Medical 1

Surgical 0.82 1

ICU 0.30 0.46 1

TBCD 0.77 0.57 0.14 1

OPD 0.96 0.87 0.42 0.75 1

P. aeruginosa ENT Surgical TBCD Burns Emergency Skin

ENT 1

Surgical 0.48 1

TBCD 0.14 0.88 1

Burns 0.22 0.91 0.87 1

Emergency 0.76 0.86 0.65 0.75 1

Skin 0.29 0.93 0.86 0.97 0.79 1

Staphylococcus spp. OPD Children Surgical ICU TBCD Medical Emergency Skin ENT

OPD 1

Children 0.86 1

Surgical 0.96 0.91 1

ICU 0.89 0.91 0.91 1

TBCD 0.86 0.77 0.79 0.78 1

Medical 0.96 0.91 0.98 0.93 0.82 1

Emergency 0.82 0.78 0.86 0.92 0.59 0.86 1

Skin 0.95 0.87 0.94 0.84 0.82 0.95 0.74 1

ENT 0.90 0.63 0.83 0.71 0.85 0.82 0.61 0.8434 1

ICU, Intensive care unit; TBCD, Tuberculosis chest disease; OPD, Out-patient department; ENT, Ear nose throat.
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LVX, CIP, and NX, third generation cephalosporins cefpodoxime 
(CPD), ceftriaxone (CRO), and CTX, amikacin and gentamicin. The 
zone of inhibition of non-clinical P. aeruginosa was 1.1–1.5 times 
bigger than those of clinical P. aeruginosa against CIP and LVX, 
indicating higher resistance of clinical than non-clinical P. aeruginosa 
(Figures 3C,D). Similarly, clinical K. pneumoniae isolates tended to 
be  resistant to LVX and CIP and second and third generation 
cephalosporins, while most being resistant also to fourth generation 
cephalosporins. Non-clinical K. pneumoniae strains were sensitive to 
CIP, LVX, and NX, third generation cephalosporins CPD, CTX, and 
CRO, with the exception of cefixime (CFM), and to AN and 
GM. More than 60% of clinical K. pneumoniae strains were resistant 
to the antibiotics AN and GM (Figures 3A,B).

4 Discussion

This study describes the prevalence of antibiotic resistance in 
bacterial pathogens isolated from clinical samples at PDU Hospital 
Rajkot, Gujarat. We observed that 52% patients were infected with 
pathogenic bacteria and the number of male and female patients 
carrying bacterial pathogens was nearly the same (Figure 1D). Our 
analysis of the antibiotic sensitivity of pathogenic bacterial strains 
revealed that around half of the bacterial strains (237; 49.89%) were 
from the patients of the surgical wards, medical wards and ICU of the 

hospital, and the remaining pathogenic bacterial strains (238; 50.1%) 
were isolated from more than 10 other wards of the hospital 
(Figure 1E). The development and spread of antibiotic resistance 
among bacterial pathogens has been a continuously growing global 
problem. Pathogens were categorized as methicillin-resistant, and 
EICR Staphylococcus spp., K. pneumoniae, E. coli, and Enterobacter 
spp. were categorized into ESBL, P. aeruginosa in MBL category 
based on the latest CLSI guidelines (CLSI, 2022).

Our data analysis on antibiotic resistance and susceptible 
antimicrobial patterns in some instances contradicts while in other 
instances supports the results of earlier national and international 
research. In this study, 8.8 and 20% ESBL strains of K. pneumoniae 
and E. coli were, respectively, isolated, which is similar to the figure 
reported (Sood and Gupta, 2012). While, Mohapatra et al., reported 
that 44.8% ESBL uropathogens infection were observed in the 
community in India (Mohapatra et  al., 2022). In China, >50% 
bacterial pathogens isolated during 2000–2009, were MRSA, ESBL 
Enterobacteriaceae, and carbapenem-resistant P. aeruginosa (Xiao 
et al., 2011), which is considerably high than values we report. In the 
current study, P. aeruginosa, K. pneumoniae, E. coli, Enterobacter spp., 
Acinetobacter spp., and Staphylococcus spp. were observed to 
be highly resistant to the third and fourth generation cephalosporins 
(Table  3). These pathogens were found in the skin, surgical, 
emergency, and pediatric wards, as well as the surgical, medical, and 
ICU wards. 70–90% Enterobacterales were resistant to 

FIGURE 2

Prevalence of antibiotic resistance in clinical strains. (A) Diversity of antibiotic resistance in clinical isolates. Each bar represents the number of isolates 
that were resistant to antibiotics. (B) Total number of drugs for which resistance was found. It is plotted using box plots; the standard deviation is 
indicated by the error bar on both sides, and the middle line displays the mean value of the number of antibiotics resistant to each type of bacteria. 
Tukey post-hoc test was conducted for comparisons between the mean values of number of resistant antibiotics, p  <  0.05 was considered statistically 
significant. Diference alphabets indicates statistical significant.
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fluoroquinolones, and the six bacterial pathogens studied (70–100%) 
were resistant to third generation cephalosporin, which is marginally 
higher than the recent reports (Diallo et al., 2020; Mannathoko et al., 
2022; Murray et al., 2022). Meropenem, tetracycline, gentamycin, and 
amikacin effectively controlled enteric pathogens. Chloramphenicol, 
linezolid, vancomycin, tetracycline, clindamycin, and rifamycin were 
effective against Staphylococcus spp., but penicillin, ciprofloxacin, 
cefoxitin, and erythromycin were poor. 21.6% Staphylococcus spp. 
were methicillin-resistant and 7.4% were EICR. MRSA and EICR 
Staphylococcus strains have been reported to be isolated, albeit at a 
higher frequency (Gandra et al., 2016; Murray et al., 2022). In our 
study, Imipenem, amikacin, imipenem-EDTA, and gentamycin were 

most effective against P. aeruginosa. P. aeruginosa with MBL activity 
(14; 2.9%) showed similarity with earlier reports (Gandra et al., 2016; 
Lob et al., 2022). Levofloxacin and amikacin are effective against 
Acinetobacter spp. and (32%) resistant to MEM, which is 
comparatively lower than the previously reported 87.2% in India and 
88% in South Korea (Gandra et al., 2016; Nordmann and Poirel, 2019; 
Murray et  al., 2022; Lee et  al., 2023). Multidrug resistant E. coli, 
K. pneumoniae, and Acinetobacter baumannii, methicillin-resistant 
Staphylococcus spp. reportedly increase mortality rates two to three 
times, in hospitalized patients in India (Gandra et al., 2019). In this 
study, K. pneumoniae and E. coli were resistant to more than 6–12 
antibiotics, while P. aeruginosa was resistant to 6–10 antibiotics, 

FIGURE 3

Comparison of the size of antibiotic susceptibility zone of Gram-negative bacteria. (A) Klebsiella pneumoniae isolated from Spodoptera frugiperda 
caterpillar carcasses, (B) Klebsiella pneumoniae isolated from clinical samples, (C) Pseudomonas aeruginosa isolated from Spodoptera frugiperda 
caterpillar carcasses, and (D) Pseudomonas aeruginosa isolated from clinical samples. Box plots were used for the comparison; each black dot 
represents an isolated bacterial strain, the central line shows the mean value of the zone of inhibition, and the error bar on both sides reflects the 
standard deviation.

176

https://doi.org/10.3389/fmicb.2024.1383989
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


H
an

d
a et al. 

10
.3

3
8

9
/fm

icb
.2

0
24

.13
8

3
9

8
9

Fro
n

tie
rs in

 M
icro

b
io

lo
g

y
fro

n
tie

rsin
.o

rg

TABLE 3 Antibiotic resistance in clinical bacterial pathogens isolated from various wards of PDU Hospital, Rajkot.

Isolates Hospital 
wards 
(n  =  Isolate)

Antibiotics resistance (%)

CIP LVX SXT GM AN TE CAZ FEP TZP CTX SAM MEM CAC CXM AMP

K. pneumoniae

Medical (21) 62 62 48 48 52 43 71 67 67 71 67 38 62 71

Surgical (37) 92 94 85 85 88 79 100 85 94 100 91 59 97 100

ICU (10) 90 50 30 50 70 10 100 100 100 100 100 70 100 100

TBCD (20) 85 25 90 80 55 35 100 57 80 100 90 5 80 100

Burns (30) 93 87 93 90 83 43 97 90 87 93 87 17 50 93

E. coli

Medical (21) 100 95 86 86 76 95 100 95 95 100 95 67 95 100

Surgical (16) 100 100 94 100 69 81 100 100 100 100 100 69 100 100

ICU (5) 80 80 100 80 60 80 100 80 80 80 80 80 100 80

TBCD (4) 100 75 75 75 75 75 100 75 75 100 75 50 75 100

OPD (13) 100 77 77 54 31 69 100 92 92 100 92 8 92 100

Enterobacter spp.

Surgical (11) 100 100 45 91 36 82 100 100 91 100 91 100 100 100

TBCD (6) 50 50 33 33 33 33 83 50 33 100 33 50 100 100

Burns (3) 100 33 100 100 100 67 100 100 100 100 100 100 100 100

CIP LVX SXT GM AN TE CAZ FEP TZP CTX SAM MEM

Acinetobacter spp.

Surgical (9) 100 0 100 100 0 100 100 33 100 100 100 0

TBCD (3) 67 0 67 67 33 67 100 33 67 100 100 33

ICU (4) 100 100 100 100 100 50 100 75 100 100 100 75

Emergency (3) 100 0 100 100 100 0 100 100 100 100 100 100

CIP GM AN CAZ FEP TZP IE IPM ATM

P. aeruginosa ENT (13) 46 15 0 31 31 31 0 0 31

Surgical (17) 53 41 29 100 88 82 0 71 29

ICU (4) 0 0 0 0 0 0 0 0 0

TBCD (5) 0 0 0 20 20 20 0 20 0

Burns (10) 30 20 50 90 70 80 0 60 10

Emergency (8) 63 38 33 100 88 100 0 38 63

Skin (6) 50 33 67 100 100 100 0 100 0

CIP E SXT GM LZD TE P FOX CM MEM VA C RIF

(Continued)
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somewhat lower than a recent report (Bassetti et  al., 2019). 
Staphylococcus spp. resistant to 4–6 antibiotics (Figure  2B) 
comparable to earlier report (Kumar et al., 2017). Unscrupulous and 
haphazard administration of antibiotics is largely, if not entirely, 
responsible for the evolution of antibiotic resistance among various 
isolates (Beckley and Wright, 2021). Comparison of antibiotic 
susceptibility between clinical and non-clinical isolates can 
be important in the evaluation of the development and evolution of 
antibiotic resistance among clinical and non-clinical strains of human 
pathogens. Since clinical bacterial strains are regularly exposed to 
antibiotics and therefore exhibit directional selection toward 
resistance traits, they are more resistant than non-clinical strains. 
Non-clinical P. aeruginosa and K. pneumoniae were highly sensitive 
to tested antibiotics (Figures 3A,C). The antibiotic resistant rate in 
non-clinical P. aeruginosa, K. pneumoniae, E. coli, Enterobacter spp., 
and Staphylococcus spp. is comparatively lower than the clinical 
strains (Supplementary Table S2) and similar results was reported on 
antimicrobial resistance in animals (Van Boeckel et  al., 2019). 
Environmental pressure is responsible for natural selection in every 
organism, which helps enhance the fitness of organisms. Three types 
of natural selection were observed (1) directional selection, (2) 
stabilizing selection, and (3) disruptive selection (Darwin, 1859). 
Presence of antibiotics in the surrounding environment is one of the 
factors responsible for natural selection pressure in bacteria (Baquero, 
2001; Blazquez et al., 2002). Our analysis in the present study of 
enteric pathogens showed directional selection toward resistant 
phenotypes against TZP, FEP, and CXM, which are therefore less 
effective. All six bacterial pathogens in present study showed 
directional selection toward resistant phenotypes against CIP, and its 
effectiveness was very poor. Inappropriate use of antibiotics, and 
inappropriate timing of use (pre/post-operative antimicrobial 
prophylaxis) have been described as some of the factors responsible 
for the development of antibiotic resistance in bacteria (Goldmann, 
1999; Thu et al., 2012; Lim et al., 2015). Such directional selection in 
P. aeruginosa (Barbosa et  al., 2017) and an increased selection 
coefficient in response to a high concentration of cefotaxime in E. coli 
have been reported earlier for directional selection of antibiotic 
resistant phenotypes in bacteria (Negri et al., 2000). Such types of 
directional selection of antibiotic resistant phenotypes in bacteria 
make it more challenging to control these kinds of outbreaks. A 
comparison of the present research findings with results from earlier 
research can offer some validation of the findings of this present 
study and also offer methodological variations in their approaches. 
However, our findings contribute to regional and worldwide 
databases on the susceptibility and effectiveness of antibiotics against 
clinical isolates in this geographical area. This will help the clinicians 
of various hospitals in this region formulate empirical antimicrobial 
therapy and proper infection control measures. This study can 
be useful in studying the patterns of rising resistance among clinical 
bacterial isolates in this particular region of the country.

5 Conclusion

The study findings offer a valuable resource for cross-national 
and within-country comparisons of the antimicrobial resistance 
patterns among PEEKSA isolates in Gujarat, India. Cephalosporin 
and fluoroquinolone antibiotics show poor activity in controlling Is
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bacterial pathogens. Tetracyclines and aminoglycosides effectively 
control Escherichia coli, Enterobacter spp., Klebsiella pneumoniae, and 
Acinetobacter spp. Chloramphenicol, linezolid, vancomycin, 
tetracycline, and rifamycin are the most effective antibiotics in 
descending order to control Staphylococcus spp. Imipenem-EDTA 
was the most effective treatment for Pseudomonas aeruginosa, 
followed by gentamycin, amikacin, and imipenem. Bacterial 
pathogens isolated from the surgical ward were comparatively more 
antibiotic resistant than those isolated from other wards. The 
widespread administration of antimicrobial agents and antibiotics in 
surgical wards appears to be  the apparent reason. Non-clinical 
P. aeruginosa and K. pneumoniae were more sensitive to antibiotics 
than the clinical isolates. Unscrupulous and haphazard use of 
antibiotics to treat bacterial diseases increases the selection pressure 
toward resistance phenotypes in bacteria, narrowing the scope of 
reversing the directional shift from resistant to sensitive phenotypes. 
Comprehending the genetic makeup (resistance gene or plasmid) in 
bacteria exhibiting higher resistance rates could facilitate the 
understanding of mechanisms, and that will lead to the development 
of novel antibiotics with innovative mechanisms or more effective 
therapeutic approaches. Our findings serve as baseline datasets that 
can be used to link and implicate antibiotic stewardship programs in 
hospitals in this region of the country.
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Overuse of antibiotics is accelerating the antimicrobial resistance among 
pathogenic microbes which is a growing public health challenge at the global 
level. Higher resistance causes severe infections, high complications, longer 
stays at hospitals and even increased mortality rates. Antimicrobial resistance 
(AMR) has a significant impact on national economies and their health systems, 
as it affects the productivity of patients or caregivers due to prolonged hospital 
stays with high economic costs. The main factor of AMR includes improper 
and excessive use of antimicrobials; lack of access to clean water, sanitation, 
and hygiene for humans and animals; poor infection prevention and control 
measures in hospitals; poor access to medicines and vaccines; lack of 
awareness and knowledge; and irregularities with legislation. AMR represents 
a global public health problem, for which epidemiological surveillance systems 
have been established, aiming to promote collaborations directed at the well-
being of human and animal health and the balance of the ecosystem. MDR 
bacteria such as E. coli, Staphylococcus aureus, Pseudomonas aeruginosa, 
Enterococcus spp., Acinetobacter spp., and Klebsiella pneumonia can even 
cause death. These microorganisms use a variety of antibiotic resistance 
mechanisms, such as the development of drug-deactivating targets, alterations 
in antibiotic targets, or a decrease in intracellular antibiotic concentration, to 
render themselves resistant to numerous antibiotics. In context, the United 
Nations issued the Sustainable Development Goals (SDGs) in 2015 to serve as 
a worldwide blueprint for a better, more equal, and more sustainable existence 
on our planet. The SDGs place antimicrobial resistance (AMR) in the context of 
global public health and socioeconomic issues; also, the continued growth of 
AMR may hinder the achievement of numerous SDGs. In this review, we discuss 
the role of environmental pollution in the rise of AMR, different mechanisms 
underlying the antibiotic resistance, the threats posed by pathogenic microbes, 
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novel antibiotics, strategies such as One Health to combat AMR, and the impact 
of resistance on sustainability and sustainable development goals.

KEYWORDS

antibiotic resistance, mechanisms of resistance, gene transfer, novel antibiotic, 
sustainability, sustainable development goals

1 Introduction

The spread, persistence, and prevalence of antibiotic-resistant 
bacteria (ARB) and antibiotic-resistant genes (ARG) in the 
environment because of excessive and improper use of human and 
veterinary antibiotics is a global concern and issue. It is well 
acknowledged that antibiotic resistance poses a serious threat to 
human health on a global scale. In addition, multidrug-resistant 
(MDR) organisms have been frequently reported in community 
settings apart from hospitals, indicating that reservoirs of ARB exist 
elsewhere outside hospitals such as in water or aquatic environment 
(Munita and Arias, 2016), soil (Seyoum et al., 2021), foods (Shen et al., 
2022) and air (Zhou et al., 2021). As bacteria continue to proliferate 
and evolve new forms of resistance to antimicrobial agents, some 
emerging community-associated illnesses may impede the progress of 
bacterial infections and diseases. The ARB and ARGs have been found 
in a variety of environmental compartments, including wastewater 
treatment plants, aquaculture farms, hospital wastewater, confined 
animal feeding operations, and surface and groundwater (Lamba 
et al., 2017; Chen et al., 2018; Manaia et al., 2018).

According to Lupo et al. (2012), one of the most dangerous health 
issues currently facing the world is bacterial antibiotic resistance 
evolution & its dissemination and appearance. Antibiotic resistance 
poses a severe concern to human health such as prolonged illness and 
increased death since it can spread from environmental compartments 
to drinking water sources as a main route of exposure. Freshwater in 
particular acts as a reactor in which novel resistances develop and 
become more prevalent. Numerous investigations found ARB and 
ARGs in untreated drinking water sources such as wells, groundwater, 
rivers, and lakes as well as in tap and bottled water (Sanganyado and 
Gwenzi, 2019; Kaiser et  al., 2022; Li et  al., 2023). Hydrological 
processes including runoff, infiltration, leachates, and groundwater 
recharge, as well as anthropogenic activity like wastewater discharge, 
etc. are what cause Antibiotic Resistance to spread from the various 
reservoirs into drinking water sources. The existence of resistance 
determinants in environmental and soil bacteria does not directly 
pose a threat to human health. However, when these determinants are 
mobilized to new hosts and expressed in different contexts, such as 
their transfer to plasmids and integrons in pathogenic bacteria, it can 
lead to a significant problem with widespread implications (Peterson 
and Kaur, 2018). The types and dosages of antibiotics administered to 
the animals are reflected in the antimicrobial resistance patterns seen 
in the animals (Reygaert, 2018). The direct oral route (which includes 
eating meat and ingesting faeces in contaminated water or food) is the 
most prevalent way for antibiotic resistance to spread from animals to 
humans. Direct human contact with the animals is another typical 
route (Wegener, 2012). Pharmaceutical industrial waste, human and 
animal faeces can release antibiotics and antibiotic resistance into the 

environment. Antibiotic-related water contamination is an 
environmental danger that must be addressed by the entire population. 
Antibiotics are found extensively in water and are eventually absorbed 
or digested by aquatic species. When antimicrobials are utilised in 
farmed fish production, AMR genes may reach the food chain and, 
eventually, the human body via seafood intake. High amounts of 
antibiotics in cattle manure can infiltrate the soil and water 
environment in a variety of ways, polluting the ecosystem. Residual 
antibiotics can enter the soil by animal dung and urine fertilisation 
and accumulate there, affecting soil fertility, crop chlorophyll 
production, enzyme release, and root development. Antibiotic 
residues also have an impact on the structure and activity of the soil 
microbial community, as well as the development and dissemination 
of antibiotic-resistant bacteria and resistance genes (Tian et al., 2021). 
Other sources of antibiotic contamination include hospitals, where 
antibiotics are commonly used to treat bacterial infections. Improper 
treatment of hospital wastewater discharges leads to the diffusion of 
antibiotics into the soil, and its reuse in crop irrigation of economically 
significant plants such as rice and wheat leads to antibiotic 
contamination (Zhu et al., 2019; Barathe et al., 2024).

Second-line antibiotics are more readily available in developing 
nations, which reduces the need for next-generation medicines and 
increases morbidity and death from illnesses that are resistant to 
antibiotics (Shiadeh et  al., 2019). As per the World Health 
Organization (2014), one of the most serious three public health 
problems of the twenty-first century, is antibiotic resistance. 
Antibiotic-resistant illnesses kill at least 0.7 million people worldwide 
each year, and within 30 years, it is anticipated that the number would 
rise to 1.0 million which could significantly outnumber cancer-related 
fatalities (Lerminiaux and Cameron, 2019).

Modern medicine was also revolutionised by the discovery, 
widespread use, and commercialization of antimicrobial drugs for the 
treatment of infections, which also altered the therapeutic paradigm 
(Munita and Arias, 2016). Even though antimicrobials are crucial 
clinical tools for curing and preventing infectious diseases, resistance 
is still erupting, diversifying, and spreading quickly. The spread of 
resistant organisms, treatment failures, elevated mortality rates, the 
potential for undetected low levels of resistance, and the associated 
burden on healthcare expenses make the increase in microbial 
resistance a serious problem. Since antibiotic-resistant germs cannot 
be destroyed or inhibited in their growth, they appear to be more 
virulent. To find additional targets and develop the next generation of 
powerful antimicrobials, numerous efforts have been made to 
overcome the resistance (Murugaiyan et al., 2022).

Mutations are one of the causes of antibiotic resistance 
development (Urban-Chmiel et al., 2022). Mutations occurring in 
already-existing genes of the bacterial chromosome that are 
subsequently positively chosen by environmental pressures, drive the 
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evolution of all known antibiotic resistance mechanisms acquired by 
opportunistic and pathogenic bacteria. Two concurrent evolutionary 
factors are involved in the long-term preservation of antibiotic 
resistance genes in bacterial communities: selection favouring 
resistance phenotypes and selection reducing the fitness costs 
associated with carrying resistance genes (Bengtsson-Palme et al., 
2018). Based on antimicrobial processes such as suppression of 
bacterial metabolic pathways, inhibition of protein synthesis, 
inhibition of nucleic acid synthesis, and inhibition of cell membrane 
depolarization, antibiotics can be  categorised into several classes. 
Epigenetics may have a significant impact on how bacteria become 
resistant to antibiotics, according to many recent reports. The rapid 
emergence of drug resistance in bacteria can be  explained by the 
inherent heterogeneity and temporary nature of epigenetic 
inheritance. Adenine and Cytosine Methylation can modulate 
mutation rates in bacterial genomes, modifying antibiotic 
susceptibility (Ghosh et  al., 2020). The two types of antibiotic 
resistance mechanisms are acquired/genetic (chromosomal mutations 
and extra-chromosomal plasmid) and natural/intrinsic (Munita and 
Arias, 2016). Resistance mutations commonly arise in genes which 
encode important operations; as a result, these mutations are usually 
harmful in the absence of medications (Durão et al., 2018).

Horizontal Gene Transfer (HGT) gives infectious bacteria a path 
by which an antibiotic resistance gene (ARG) might cause an outbreak 
by spreading resistance across numerous unrelated bacteria 
(Lerminiaux and Cameron, 2019), such as sulfonamide resistance 
genes (sul1, sul2 and sul3), encoding a dihydropteroate synthase 
(DHPS), play a crucial role in bacterial resistance to sulfonamides by 
causing the bacteria to develop a low affinity for sulfonamides. These 
genes are found on mobilised plasmids with transposons and a host 
range, which causes the bacteria to acquire numerous sulphonamide-
co-selected antibiotic resistances (Adekanmbi et  al., 2020). The 
horizontal acquisition of ARGs leads to the diversification of genomes 
and generates a potential for when bacteria are subjected to strong 
selective pressures such as the presence of antimicrobials. HGT can 
produce the genes needed for survival more quickly than spontaneous 
mutations (Lerminiaux and Cameron, 2019).

According to guidelines given by the WHO in the year 2021 and 
other members of the AMR Tripartite, AMR might have a substantial 
impact on a variety of the United Nations Sustainable Development 
Goals (SDGs) such as AMR raises treatment costs, many nations may 
be unable to afford the universal health care (Berkner et al., 2014). 
Addressing AMR is critical to accomplishing the SDGs. Many of the 
goals (e.g., greater access to clean water and sanitation, sustainable 
consumption, and production, such as more sustainable food 
production, and proper use of antimicrobials in people and animals) 
will contribute to addressing AMR. At the same time, growing AMR 
levels will make it more difficult to meet health, poverty reduction, 
food security, and economic growth goals.

The continued rise of AMR, for example, may hinder the 
achievement of Sustainable Development Goals 1 (No Poverty) and 2 
(Zero Hunger). Food production is expected to increase by 50–70% 
between 2010 and 2030 due to increasing global population, economic 
growth, and changes in consumption habits; at the same time, the use 
of antimicrobials in food production (e.g., meat, milk, eggs) is 
expected to increase by a similar margin (Laxminarayan et al., 2016). 
Major reports have already demonstrated this: while global antibiotic 
consumption in human medicine increased by 10%, consumption of 

these drugs in animal husbandry increased by nearly 180% in the 
“BRICS” conglomerate countries (Brazil, Russia, India, China, and 
South Africa), with continued rising trends expected till 2030 (Van 
Boeckel et al., 2017), which will lead to the spread of AMR across the 
ecosystem (Figure 1).

In this review, we have explored the contemporary understanding 
and insights into the mechanisms driving antibiotic resistance among 
diversified bacteria, while also addressing the imminent threats posed 
by antibiotic resistance. Additionally, it aims to examine emerging 
novel antibiotics and evaluate the potential impacts of antibiotic 
resistance on achieving Sustainable Development Goals.

2 The mechanisms underlying 
antibiotic resistance

The organisms cannot be destroyed or stopped from growing, 
antibiotic-resistant strains seem to be more virulent. Both bacterial 
uptake of foreign DNA and changes in a bacterium’s pre-existing 
genome can result in antibiotic resistance. In human or animals 
receiving antibiotic treatment, mutations happen easily and become 
fixed (Larsson and Flach, 2022). Even more frequent mutations result 
in genomic rearrangements (insertions, deletions, duplications, and 
inversions), which can hasten the development of antibiotic resistance. 
Physiology, genetics, antibiotic-bacterium interactions (e.g., an 
antibiotic itself can affect mutation rate, or different resistance 
mutations can be  selected at different antibiotic doses) and the 
environment to which bacteria have been exposed in the past and 
present all have an impact on how quickly AR mutants emerge in 
bacteria (Harmand et al., 2017; Durão et al., 2018).

Selection pressure on resistance genes is created by the rise in 
antibiotic concentrations in the environment, especially in human 
waste streams where resistance genes are produced and mixed with 
antibiotics and other biocidal chemicals (Martínez et al., 2017). When 
environmental bacteria are exposed to this mixture, horizontal gene 
transfer (HGT) events are triggered (Michaelis and Grohmann, 2023), 
which spread genetic resistance components throughout various 
strains and species, increasing the microorganism’s population and 
allowing it to colonise new niches and hosts. By using HGT processes, 
all of the genes from the extrinsic resistome can be transferred to 
pathogenic and non-pathogenic bacteria from a variety of habitats, 
including people and other animals as well as other ecosystems (Bello-
López et al., 2019). When drugs are blocked from entering cells due 
to the absence of a target, such as a cell wall, intrinsic resistance 
develops (Figure 2). These bacteria include Klebsiella, Pseudomonas 
aeruginosa, and E. coli.

On the other hand, changes in bacterial genetic makeup result in 
decreased antibiotic sensitivity and higher acquired resistance (Uddin 
et al., 2021). Plasmid-mediated medication resistance is common in 
clinical settings. Genetic material found outside of chromosomes can 
multiply on its own in the cytoplasm. Gene resistance (r-genes) is 
present in these plasmids and is easily transfected from one plasmid 
to another. r-genes are easily transposable between R-plasmids and 
chromosomes. The three main agents that promote HGT through 
conjugation, transduction, and natural transformation are plasmids, 
bacteriophages, and extracellular DNA (Figure 3).

Antibiotics can induce conjugation, which is important in 
clinical settings where antibiotic usage is common. In the 
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FIGURE 1

Spread of Antibiotic Resistance in the ecosystem [Adopted from Berkner et al. (2014)].

FIGURE 2

Mechanism of action of antibiotics.
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Enterobacteriaceae, Pseudomonas, and Acinetobacter, B-lactam 
resistance genes are frequently found on plasmids and spread 
through inter-and intra-species conjugation (Martin et al., 2017; 
Phan et al., 2017; Gorrie et al., 2018). Globally, the plasmid pCT 
disseminated the blaCTX-M-14 to both animals and people on 
various continents. The widespread and quick spread of ESBLs 
suggests that these genes are instantly functional in newly formed 
host cells after HGT.

From the perspective of evolution, bacteria use two main genetic 
strategies to adapt to the antibiotic “attack”: (i) mutations in gene(s) 
frequently linked to the compound’s mechanism of action; and (ii) 
acquisition of foreign DNA through horizontal gene transfer (HGT) 
coding for resistance determinants (Munita and Arias, 2016).

Limiting a drug’s absorption, altering a drug target, inactivating a 
drug, and active drug efflux are the basic mechanisms of resistance. 
Both endogenous to the bacteria and acquired from other 
microorganisms can be responsible for these mechanisms (Reygaert, 
2018) (Table 1).

2.1 Limited drug uptake

Microbes may develop defence mechanisms that prevent an 
antimicrobial medicine from building up, which subsequently 
prevents the antibiotic from reaching its intended cellular target. 
Certain types of chemicals are blocked by the shape and functions of 
the lipopolysaccharide layer in gram-negative bacteria. Because of 
this, certain bacteria have an intrinsic resistance to classes of powerful 
antimicrobial medicines (Reygaert, 2018).

2.2 Drug target modification

Target site modifications frequently result from a bacterial gene’s 
chromosomal spontaneous mutation. Minor changes to the target 
molecule can have a significant impact on antibiotic binding since 
antibiotic interactions with targets are typically extremely selective 
(Kapoor et al., 2017). Species that manufacture aminoglycosides, like 
Streptomyces spp., have this resistance mechanism, which gives them 
inherent resistance to the antibiotics they make. Enzymatic inactivation, 
however, is the most typical aminoglycoside resistance mechanism 
(Laws et  al., 2019). Drugs that impact protein synthesis, such as 
macrolides, tetracycline, chloramphenicol, and aminoglycosides, 
become resistant when the 30S or 50S subunits of the ribosome are 
altered (Anandabaskar, 2021). While chloramphenicol, macrolides, 
lincosamides, and streptogramin B bind to the 50S ribosomal subunit 
to inhibit protein synthesis, AGs (aminoglycoside) bind to the 30S 
ribosomal subunit (Haider et al., 2022).

2.3 Drug inactivation

There are two basic ways that bacteria inactivate drugs: by degrading 
the medicine, or by adding a chemical group to the drug (Noor et al., 
2021). The bacterial enzymes have been demonstrated to add chemical 
groups to antibiotic molecules’ susceptible regions, preventing the 
antibiotic from attaching to its intended target (Ali et  al., 2018). 
Hydroxyl and amide groups within an antibiotic’s structure are easily 
altered by hydrolysis (Mehta et al., 2016). For instance, Staphylococcus 
aureus has demonstrated penicillin resistance, which is caused by the 

FIGURE 3

Transfer of r-gene from one bacterium to another.
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blaZ gene, which produces the B-lactamase enzyme; by inhibiting the 
cross-links that make up the bacterial cell wall from forming, B-lactam 
antibiotics hinder the manufacture of the wall and weaken it, preventing 
bacterial growth (Monistero et al., 2020).

2.4 Active drug efflux

Reduced permeability and/or antibiotic efflux are two key 
mechanisms of antibiotic resistance in clinical strains. Gram-negative 

bacteria rely on the presence of their outer membrane, which acts as 
a permeability barrier, offering a pre-existing defence mechanism 
against hydrophilic antibiotics and other antimicrobial drugs like 
vancomycin. Thus, maintaining decreased permeability is vital for 
Gram-negative bacteria (Peterson and Kaur, 2018). Active efflux out 
of the cell frequently leads to resistance to B-lactams, tetracyclines, 
and fluoroquinolones, and it is rather typical for a single efflux pump 
to be  able to transport a variety of antimicrobials. Except for 
polymyxin, all antibiotic classes are prone to activating efflux 
mechanisms. Efflux pumps can confer significant degrees of resistance 

TABLE 1 List of antibiotics used for different bacteria and their resistance mechanism.

S.No Organism/strain Resistance mechanism Antibiotics used References

1 Enterococci spp. Acquiring B-lactamases or having PBP4/5 mutations Penicillin Hollenbeck and Rice 

(2012)

2 Enterobacteriaceae, Klebsiella 

pneumoniae, Pseudomonas 

aeruginosa and Acinetobacter 

baumannii

Porin mutations, efflux pumps, and enzyme production Carbepenams Suay-García and Pérez-

Gracia (2021) and Codjoe 

and Donkor (2017)

3 Enterococcus spp. Altering the process for the production of peptidoglycans, 

specifically by changing D-Alanine-D-Alanine (D-Ala-D-Ala) to 

either D-Alanine-D-Lactate (D-Ala-D-Lac) or D-Alanine-D-

Serine (D-Ala-D-Ser).

Glycopeptides Ahmed and Baptiste 

(2018)

4 Pseudomonas aeruginosa driven by the aminoglycoside modifying enzymes (AME) like 

byaac(6′)-I, aac(6′)-II, ant(2″)-I, and aph(3′)-VI,

Aminoglycosides Teixeira et al. (2016)

5 Pseudomonas aeruginosa Limited permeability of the outer membrane, efflux systems that 

remove antibiotics from the cell, the development of B-lactamases 

and other antibiotic-inactivating enzymes, mutations, or 

horizontal gene transfer acquisition of resistance genes.

Sulfonamides Pang et al. (2019) and 

Breidenstein et al. (2011)

Antibiotic cleavage by β-lactamse enzymes, antibiotic expulsion by 

chromosomally encoded efflux mechanisms and reduced drug 

uptake owing to loss of outer membrane porin proteins.

Cephalosporins Poole (2011)

Antibiotic inactivation by Chloramphenicol acetyl transferase 

(CAT)

Chloramphenicol Kapoor et al. (2017)

Production of proteins that bind to the ribosome and alter the 

conformation of the active site

Tetracycline Kapoor et al. (2017)

6 Escherichia coli, Klebsiella 

pneumonia, Staphylococcus aureus

Errors in the replication of the genes encoding the GyrA subunits 

of DNA gyrase and ParC of topoisomerase IV

Overexpression of efflux pumps from the resistance-nodulation-

cell division,

Reduction of the membrane permeability by down regulation of 

extra-membrane proteins

Quinolones Solano-Gálvez et al. (2020)

Enterobacteriaceae species, 

Pseudomonas aeruginosa, 

Staphylococci, Streptococcus 

pneumoniae, Enterococcus faecalis 

and Listeria monocytogenes

Mutations in both target enzymes DNA gyrase in Gram-negative 

bacteria & topoisomerase IV in Gram-positive bacteria and 

increased expression of chromosomal gene leading to increased 

efflux of the fluoroquinolones.

Fluroquinolones Yadav and Talwar (2019)

9 Enterococci spp., & Staphylococcus 

aureus

Mutations in the domain V region of 23S rRNA genes; acquisition 

of the ribosomal methyl-transferase gene cfr; and mutations in 

rplD, and rplC genes that encode 50S ribosomal proteins L4 and 

L3 respectively

Oxazolidinones Stefani et al. (2010)

11 Klebsiella pneumoniae Presence of the SHV-1 penicillinase in their chromosome, 

chromosomal mutations, and from acquisition of AMR genes via 

HGT, mainly via large conjugative plasmids.

Ampicillins Wyres and Holt (2018)
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to formerly therapeutically effective antibiotics when they are 
overexpressed. Many efflux pumps, also referred to as multidrug 
resistance (MDR) efflux pumps, transport a large variety of structurally 
diverse substrates, in contrast to some efflux pumps that have a tight 
substrate specificity such as Tet pumps (Blair et al., 2015).

3 Alarming rise of antimicrobial 
resistance in pathogenic bacteria: a 
cause for concern

The formulation of thousands of tonnes of antibiotics has been 
spurred by population expansion, rising prosperity, and inappropriate 
use, and it is anticipated that production will continue to rise in the 
future years. A growing amount of evidence over the past few decades 
has demonstrated that antibiotics entering the environment can 
potentially have negative impacts on humans and non-target creatures 
(Christou et al., 2017). Antibiotics are released into the environment 
because of a variety of human actions, including the usage of 
veterinary drugs and the direct dumping of unused or 
expired prescriptions.

3.1 Enterococci spp.

Enterococci’s clinical importance is mostly connected to their 
antibiotic resistance, which promotes colonisation and infection, 
particularly in hospitalised patients. Between 2001 and 2015, 
Enterococcus faecalis species had a lower rate of resistance than 
Enterococcus faecium. However, both species’ rates of resistance 
significantly rose during this time. In comparison to general cases 
(hospitalised or outpatients without a specific underlying disorder), 
complicated cases (patients with underlying debilitating disorders) 
had higher mean resistance rates for vancomycin, gentamicin, 
ciprofloxacin, erythromycin, nitrofurantoin, chloramphenicol, 
trimethoprim-sulfametoxazol, imipenem, and teicoplanin. Except for 
penicillin and ampicillin, difficult cases had greater rates of antibiotic 
resistance than general patients (Asadollahi et al., 2018). Enterococci 
species (E. faecalis, E. faecium, and E. casseliflavus) found in 150 wild 
birds were tested for antimicrobial susceptibility. Antibiotics 
tetracycline, erythromycin, chloramphenicol, gentamicin, and 
streptomycin all showed high rates of resistance, while ampicillin and 
linezolid had low rates of resistance (Yahia et al., 2018). To characterize 
the virulence factors and antibiotic resistance profiles in enterococci 
taken from various clinical sources in the northwest of Iran, 
Jahansepas et al. (2018) conducted a study. From September 2014 to 
July 2015, 160 enterococcal clinical isolates were recovered from 
various wards of University Teaching Hospitals and identification was 
done by biochemical assay. 125 (78.12%) and 35 (21.88%) of the 160 
enterococcal isolates were found to be  Enterococcus faecalis and 
Enterococcus faecium, respectively. Resistance to rifampicin (76.25%) 
was the most prevalent pattern of antibiotic non-susceptibility, 
followed by erythromycin (73.12%). Vancomycin resistance was 
discovered in 30 isolates (11 E. faecalis and 19 E. faecium), with a 
minimum inhibitory concentration of >256 mg/mL (Jahansepas et al., 
2018; Chauhan and Jindal, 2020).

The prevalence of vancomycin-resistant E. faecium in 
bloodstream infections is notably high, especially in Eastern 

Mediterranean nations, according to a 2019 meta-analysis study 
performed by Shiadeh et al. (2019), which is a major warning sign 
of resistance to this broad-spectrum antibiotic. According to the 
WHO’s initial offices, American countries had the lowest rate of 
linezolid resistance in Enterococcus faecalis among all antibiotics. 
The Western Pacific, European, and American nations had the 
lowest prevalence of vancomycin resistance, while South-East Asia 
and the Eastern Mediterranean region had the highest prevalence. 
Additionally, it was discovered that Southeast Asia and America 
had the lowest and greatest levels of linezolid resistance for 
Enterococcus faecium, respectively. The highest rates of resistance 
were seen in Southeast Asian and Eastern Mediterranean nations, 
particularly for vancomycin and quinupristin/dalfopristin. Between 
2000 and 2018, there were rising trends of antibiotic resistance in 
Enterococcus blood isolates, up to more than twice as much. 
Researchers concluded that these countries should be required to 
create acceptable rules for the use of antibiotics (Shiadeh et al., 
2019) Asa1, hyl, cylA, efa, ebp, ace, esp., gelE, sprE, hemolysin, 
hydrogen peroxide, and biofilm production were among the 
virulence factors and antibiotic resistance that Gök et al. planned 
to examine in 2020 in Enterococcus faecalis and E. faecalis strains 
isolated from clinical specimens. The investigation contained a total 
of 110 enterococcus isolates that were recognised as infectious 
organisms. The isolates were identified, and virulence genes were 
found using the PCR technique. Of the 110 isolates of enterococci, 
61 were determined to be  E. faecium and 49 to be  E. faecalis. 
Ciprofloxacin was shown to have the highest resistance rate (70.9%). 
Resistance to high level vancomycin and teicoplanin was 4.5%, high 
level gentamicin was 39.4%, high level streptomycin was 65.1%, and 
to ampicillin was 1.8% (Gök et al., 2020).

The level and distribution of resistance in commensal 
E. faecalis isolated from wild carnivorous mammals, as well as 
genetic linkages in terms of the source of these strains as well as 
resistance and virulence genes, were evaluated by Nowakiewicz 
et al. (2020). The findings revealed that over half (48%) of the 
examined animals carried one or more strains of E. faecalis that 
were resistant to multiple drugs. Moreover, two or three strains 
with distinct genotypes and resistance phenotypes were present in 
44% of MDR-positive animals. High-level aminoglycoside 
resistance was present in a sizable proportion of bacteria (between 
20% and as much as 57.5%) (Nowakiewicz et  al., 2020). The 
percentage of antibiotic resistance profiles of Enterococcus 
faecium, E. faecalis, and E. durans isolated from traditional sheep 
and goat cheeses acquired from a chosen border region of Slovakia 
and Hungary (region Slanské vrchy) was calculated in Výrostková 
et al. (2021). Enterococcus species, including different strains of 
E. faecalis, E. faecalis, and E. durans, were found in cheese samples. 
E. faecalis strains were typically more resistant to antibiotics than 
E. durans and E. faecium strains. Their study showed high 
resistance to rifampicin (100%), vancomycin (85.7%), teicoplanin 
(71.4%), erythromycin (71.4%), minocycline (57.1%), 
nitrofurantoin (57.1%), ciprofloxacin (14.3%), and levofloxacin 
(14.3%) was seen in E. faecalis. Rifampicin (100%), teicoplanin 
(100%), vancomycin (66.7%), erythromycin (66.7%), 
nitrofurantoin (66.7%), and minocycline (33.3%) were all resistant 
to E. durans, while teicoplanin (100%), erythromycin (100%), and 
erythromycin (100%) were all resistant to E. faecium (Výrostková 
et al., 2021).
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3.2 Escherichia coli and Klebsiella 
pneumonia

For the creation of medicines against MDR bacteria, the growth 
of extended-spectrum-lactamase (ESBL)-producing bacteria, 
especially Escherichia coli and Klebsiella pneumoniae, is of utmost 
importance (Chong et al., 2018). To evaluate the safety of bacterial 
isolates (E. coli strains) for human consumption as well as to give 
updated antibiotic data for effective patient treatment, Odonkor and 
Addo (2018) examined the microbiological quality and antibiograms 
of bacterial isolates from six different water sources in 2018. The 
results indicated that all the water sources tested had poor quality 
water. E. coli, Enterobacter species, Klebsiella species, Salmonella typhi, 
Streptococcus species, Proteus vulgaris, Vibrio cholera, Shigella species, 
Pseudomonas aeruginosa, and Enterococcus faecalis were among the 
bacteria that were isolated. MDR E. coli was present in 49.48% of 
cases. Isolates of E. coli exhibited high levels of antibiotic resistance. 
They were most resistant to tetracycline (21.45%), erythromycin 
(23.71%), cefuroxime (28.87%), and penicillin (31.9%). They were 
resistant to ciprofloxacin (74.2%), nalidixic acid (89.65%), 
nitrofurantoin (93.8%), cefotaxime and amikacin (91.75%), 
gentamicin (90.7%), chloramphenicol (69.07%), pipemidic acid 
(65.97%), and cefuroxime (52.58%) (Odonkor and Addo, 2018).

In a study published in Montso et al. (2019), isolated, identified, 
and characterised ESBL-producing K. pneumoniae and E. coli species 
from cattle faeces and samples of raw beef; Antimicrobial susceptibility 
testing showed that 66.7–100% of the isolates were multidrug-resistant 
and resistant to amoxicillin, aztreonam, ceftazidime, cefotaxime, and 
piperacillin. The ESBL gene determinants in the isolates that showed 
phenotypic resistance to ESBL antimicrobial susceptibility testing 
were checked and 53.1% of the isolates were found positive to have 
ESBL gene determinants (Montso et al., 2019).

After a thorough screening, Pormohammad et  al. (2019) 
performed a meta-analysis on 39 studies, and the results showed that 
the overall MDR prevalence utilising the Disc Diffusion Method was 
22, 31.3, and 5.7% in human, environmental, and animal E. coli 
isolates. MDR E. coli isolate rates were 12.6 and 22.2%, respectively, 
according to the results of the MIC. The incidence of MDR E. coli was 
higher in animal and environmental sources than in human sources, 
according to a comparison of isolates from various sources. Based on 
MIC, the prevalence of ESBL-producing E. coli was 42.4, 63.2, and 
28.6%, respectively, in human, animal, and environmental or food 
isolates. Based on human, animal, and environmental/food isolates, 
the prevalence of ESBL-producing E. coli was 13, 26.3, and 25%, 
respectively. Animal isolates had a greater frequency of ESBL antibiotic 
resistance than observed in human isolates (Pormohammad 
et al., 2019).

For research on complex systems with multiple components, 
interactions and emergent processes are extremely important. Most of 
the research only considers pairwise interactions, ignoring higher-
order interactions involving three or more components, Tekin et al. 
(2018) studied antibiotic combinations used to treat pathogenic 
Escherichia coli and gathered an unprecedented amount of detailed 
data (251 two-drug combinations, 1,512 three-drug combinations, 
5,670 four-drug combinations, and 13,608 five-drug combinations). 
They discovered that the quantity of medications in the environment 
of the bacteria causes an increase in the frequency of higher-order 
interactions, which was directly contrary to earlier hypotheses and 

findings. More particularly, as more medications were introduced, 
rising incidences of emergent antagonistic effects (impact less than 
expected based on lower-order interaction effects), as well as increased 
occurrences of net synergy (effect more than expected based on 
independent individual effects), were observed. These results had 
significance for navigating issues related to the combinatorial 
complexity of multi-component systems and implications for the 
possible efficacy of medication combinations (Tekin et al., 2018). Nji 
et al. (2021) extracted study results obtained from 1989 to May 2020 in 
2021. The search revealed a total of 9,363 publications, and 33 articles’ 
prevalence statistics were retrieved and combined. This revealed a 
pooled prevalence of antibiotic resistance (top ten antibiotics 
frequently prescribed in LMICs) in commensal E. coli isolates from 
human sources in community settings in LMICs, including ampicillin, 
cefotaxime, chloramphenicol, ciprofloxacin, co-trimoxazole, nalidixic 
acid, oxytetracycline, streptomycin, tetracycline and trimethoprim at 
72% of 13,531 isolates, 27% of 6,700 isolates, 45% of 7,012 isolates, 7% 
of 10,618 isolates, 63% of 10,561 isolates, 30% of 9,819 isolates, 78% of 
1,451 isolates, 58% of 3,831 isolates, 67% of 11,847 isolates and 67% 
of 3,265 isolates, respectively. The study evaluated the evidence of 
commensal E. coli’s high incidence of antibiotic resistance in 
community settings in low-middle-income countries in the study (Nji 
et al., 2021).

The ability of clinical Klebsiella pneumonia isolates from Egypt to 
produce biofilms was examined by Mohamed et al. (2020), along with 
the bacteria’s propensity for producing ESBLs, fimbrial genes, and 
antibiotic resistance. Ninety clinical Klebsiella pneumonia isolates were 
extracted from various sources in total. The determination of ESBL 
genotypic and phenotypic detection, biofilm assay, and antimicrobial 
susceptibility were done. The findings show a significant incidence of 
both biofilms forming capability (51%) and MDR (86.66%) among 
Klebsiella pneumonia isolates. In addition, Klebsiella pneumonia 
isolates that produced ESBLs were better able to form biofilms than 
those that did not. The prevalence of isolates with blaCTX-M was seen 
among ESBLS-biofilm makers, as were the occurrences of blaTEM 
and blaCTX-M. Fimbrial (mrkD and fimH) distribution among 
biofilm former isolates was 100 and 86.95%, respectively. ESBL-
producing Klebsiella pneumonia isolates exhibited a higher potential 
to build a biofilm in contrast to non-ESBL-forming ones, according to 
the study, which also found that MDR was very prevalent among 
Klebsiella pneumonia in Egypt. Furthermore, our research provides 
compelling evidence that type 3 fimbriae greatly encourage biofilm 
development in Klebsiella pneumonia (Mohamed et al., 2020).

In Khaertynov et al. (2018) investigated the effects of antibiotic 
resistance and virulence variables in K. pneumonia strains on the 
clinical characteristics and outcomes of newborn infection. Testing of 
K. pneumoniae isolates for ESBL production in newborns with sepsis 
revealed positive results in 60% of cases, and in neonates with UTI—in 
40% of cases. All K. pneumoniae isolates from blood and urine that 
produced ESBLs were resistant to third-generation cephalosporins 
and ampicillins. These isolates were additionally susceptible to 
meropenem, amikacin, and ciprofloxacin. Four blood isolates of 
K. pneumoniae and three urine isolates both contained the rmpA gene. 
In two cases, the rmpA gene was found in K. pneumoniae isolates that 
produce ESBL in neonates with sepsis. In two neonates with sepsis and 
three neonates with UTI, the genes for aerobactin and colibactin were 
found. Only rmpA-positive K. pneumoniae isolates were found in 
every case to have aerobactin and colibactin genes. We underestimate 
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how often virulent K. pneumoniae strains are in newborns with sepsis 
and other neonatal infections. In this investigation, virulent strains of 
K. pneumoniae caused the most severe cases of newborn sepsis with a 
poor prognosis (Khaertynov et al., 2018).

The goal of the study by Gandor et al. (2022) was to characterise 
the Carbapenem-Resistant K. pneumoniae (CRKP) isolates collected 
from patients hospitalised in the ICU of the Zagazig University 
Hospitals (ZUHs) in Egypt. As for blaNDM, blaOXA-48, and blaKPC, 
respectively, about 56.2, 41.0, and 32.4% of the isolates showed the 
presence. Many isolates included genes that encoded carbapenemase, 
with blaNDM was the most present gene. When CRKP isolates were 
tested for antimicrobial susceptibility, an MDR profile was discovered, 
with 100% of the isolates being resistant to piperacillin, piperacillin/
tazobactam, cefepime, ceftazidime, azithromycin, and ticarcillin. 
Contrarily, 95.0% of the isolates exhibited high levels of resistance to 
tobramycin, gentamicin (83.2%), pefloxacin (95%) and ciprofloxacin 
(98.3%) (Gandor et al., 2022). Amikacin (40.8%), aztreonam (73.3%), 
ceftazidime (75.7%), ciprofloxacin (59.8%), colistin (2.9%), cefotaxime 
(79.2%), cefepime (72.6%), and imipenem (65.6%) were the drugs 
with the highest prevalence rates of drug resistance in K. pneumonia 
studied by Effah et al. (2020). Some of the resistance-mediated genes 
identified were TEM (39.5%), SHV-11 (41.8%), and KPC-2 (14.6%). 
The most virulent components used by K. pneumoniae include the 
hyper-mucoviscous phenotype, genes associated with mucoviscosity, 
genes that are involved in the synthesis of lipopolysaccharide, genes 
involved in iron uptake and transport, and adhesive genes (Effah 
et al., 2020).

A fluorocycline belonging to the tetracycline class, eravacycline, 
was recently authorized. It is effective against a wide range of 
pathogenic infections, including K. pneumoniae, Acinetobacter 
spp., and E. coli that produces ESBLs (Yusuf et al., 2021). In Xu 
et  al. (2022) showed that the clinical isolate Kp43 of the 
carbapenem-resistant K. pneumoniae rapidly established 
eravacycline resistance. The lon gene was disrupted by mutations 
or had its expression level decreased by a Tn insertion upstream of 
the lon gene, as per the WGS analysis of the resistant mutants. 
Eravacycline resistance in bacteria was decreased by 
complementation with a wild-type lon gene. Eravacycline-resistant 
strains that originated from a clinical isolate of K. pneumoniae that 
included NDM-1 were also found to have mutations in the lon 
gene (Xu et al., 2022). Both ceftazidime-avibactam and eravacycline 
are also vulnerable to Kp43. The US Food and Drug Administration 
(FDA) and the European Medicines Agency (EMA) separately 
approved ceftazidime-avibactam for use in clinical trials in 2015 
and 2016. However, K. pneumoniae clinical isolates that were 
ceftazidime-avibactam resistant were reported in 2016 and 
afterwards (Shields et al., 2016, 2017; Galani et al., 2021).

3.3 Staphylococcus aureus

A condition that has been widely established in Staphylococcus 
aureus infections with various cephalosporins is that an organism’s in 
vivo susceptibility to a specific antibiotic may vary according to the 
size of the bacterial inoculum. There is evidence to show that some 
cephalosporins (such cefazolin) may not work in the case of high-
inocula, deep-seated infections brought on by S. aureus that are 
susceptible to cephalosporins (Nannini et al., 2013).

With remarkable adaptive abilities, Staphylococcus aureus is a 
dangerous human pathogen. The primary mechanism through which 
antibiotic-resistant clones rapidly emerge is by acquiring antibiotic-
resistance genes from other S. aureus strains or even from other 
genera (Haaber et al., 2017). Through a variety of processes, such as 
horizontal gene transfer and chromosomal mutation, resistance is 
rapidly evolving. S. aureus pathogenesis differs from common 
resistance mechanisms in that it can persist in the biofilm state on 
both surfaces that are biotic as well as abiotic. The World Health 
Organisation (WHO) identified MRSA as one of the top 12 infections 
that pose a hazard to human health (Craft et  al., 2019). Many 
nosocomial infections are caused by Staphylococcus aureus. 
Nosocomial infections, also known as healthcare-associated infections 
(HAI), are infections or illnesses that develop while undergoing 
medical treatment but were absent at the time of admission. About 
30% of people have S. aureus, a Gram-positive commensal, chronically 
colonising their skin and mucous membranes (Tong et al., 2015). Due 
to bacterial evolution and antibiotic misuse in recent years, S. aureus 
drug resistance has gradually grown, MRSA infection rates have 
climbed globally, and clinical anti-infective treatment for MRSA has 
gotten increasingly challenging (Guo et al., 2020).

Antibiotic resistance is also acquired by S. aureus from less closely 
related bacteria, including enterococci that exhibit vancomycin 
resistance (Haaber et al., 2017). The first MRSA strain with vanA and 
a minimum inhibitory concentration (MIC) to vancomycin greater 
than 1,000 mg/mL was discovered in 2002. A conjugative Enterococcus 
faecalis plasmid containing the vanA gene within the transposon 
element Tn1546 had been transmitted to an MRSA strain during 
coinfection, according to a genome study. The transposons then 
moved to a plasmid that was present in the original MRSA strain 
(Weigel et al., 2003). Since then, numerous instances of vancomycin-
resistant S. aureus (VRSA) have been recorded; these cases frequently 
include the Tn1546 transposon element either being transferred by an 
enterococcalinc18-like plasmid or having transferred to a S. aureus 
plasmid (Haaber et al., 2017). According to Corvaglia et al. (2010) the 
transfer of genetic material from enterococci to S. aureus appears to 
be simpler in staphylococcal strains lacking a type-III endonuclease 
and the Hsd restriction modification systems. This transfer may also 
be facilitated by the presence of fp SK41 family plasmids in recipient 
S. aureus strains, possibly due to secreted plasmid factors (Zhu 
et al., 2013).

Antibiotic use in industrial hog operations (IHOs) can facilitate 
the growth of antibiotic-resistant (ABR) Staphylococcus aureus, was 
studied in 2017 by Hatcher et al. It’s yet unknown how much exposure 
to ABR S. aureus IHO employees and the kids who live in their houses 
have experienced. They looked at the prevalence of ABR S. aureus 
nasal carriage in individuals who had occupational exposure to IHOs 
versus those who did not, as well as in kids who lived in their homes. 
Individuals in IHO had a greater prevalence of S. aureus nasal carriage 
(53%) compared to Community Residents (31%) (adjusted prevalence 
ratio (aPR): 1.40), although MRSA nasal carriage was infrequent 
(2–3%) in both IHO and CR individuals. IHO employees and CR 
people both had a similar incidence of MDRSA nasal carriage (12% 
vs. 8%; aPR: 1.14). Nasal carriage prevalence of S. aureus, MRSA and 
MDRSA was greater among IHO children than CR children. 
Additionally, they discovered hints that suggested that children 
residing with IHO employees who reported taking personal protective 
equipment (PPE) home from the IHO had a greater incidence of 
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S. aureus, MRSA, and MDRSA. Among IHO employees, S. aureus 
nasal carriage that was related to livestock predominated (Hatcher 
et al., 2017).

The peptidoglycan that forms when an MRSA strain is cultured 
with B-lactams is not well cross-linked. Exposure of the MRSA strain 
to β-lactams can lead to an increase in the pro-inflammatory effects 
of peptidoglycan, potentially contributing to pathology during 
infection (Müller et al., 2015). The global accessory gene regulator 
(Agr), which can be triggered in some MRSA strains, may not be able 
to do so due to the changed peptidoglycan structure (Rudkin et al., 
2012). MRSA has become a barrier to clinical therapy due to its 
aspects of simple infection, high mortality, and antibiotic resistance 
(Khoshnood et al., 2019).

The prevalence of MRSA strains in P. americana and B. germanica 
cockroaches was 52.77 and 43.33%, respectively, according to a 2019 
study by Abdolmaleki et  al. MRSA strains were most prevalent 
(59.57%) in samples of P. americana cockroaches taken after external 
washing. The most common forms of resistance to penicillin (100%), 
ceftaroline (100%), tetracycline (100%), gentamicin (83.33%), and 
trimethoprim-sulfamethoxazole (80.55%) were found in MRSA 
isolates from external washing samples. The greatest rates of penicillin 
(100%), ceftaroline (100%), tetracycline (100%), trimethoprim-
sulfamethoxazole (80%), and gentamicin (73.33%) resistance were 
seen in MRSA strains isolated from gut content samples (Abdolmaleki 
et al., 2019).

Gram-negative bacteria have a fundamentally different 
mechanism controlling entry into the persister stage than S. aureus 
(Conlon et al., 2016). S. aureus cells in stationary phase are resistant 
to bactericidal drugs, unlike Gram-negative bacteria. In any 
population of S. aureus, a tiny percentage of cells have already entered 
in the stationary phase, which is marked by ATP depletion (Foster, 
2017). The entire population will enter stationary phase and turn into 
persisters if cells are purposefully deprived of ATP. A toxin-antitoxin 
system does not appear to be  the mechanism(s) through which 
persister generation is accomplished. S. aureus cells in the persister 
state can be eliminated by the acylpepsipeptide antibiotic ADEP4 
according to a study by Conlon et al. (2013). By releasing the enzyme 
from its ATP-dependent chaperone, it activates the ClpP protease, 
allowing it to uncontrollably break down intracellular proteins (Foster, 
2017). Over 90% of S. aureus clinical isolates generate staphyloxanthin, 
which serves as a major virulence factor in the form of an antioxidant 
that protects against reactive oxygen species (ROS) produced by the 
host immune system (Liu et al., 2005, 2008). Therefore, preventing the 
manufacture of staphyloxanthin is a viable antivirulence tactic to stop 
S. aureus infection. The first beta-lactam antibiotic, penicillin, was 
shown to be a powerful tool against S. aureus infections in 1928. There 
were reports of S. aureus strains that were penicillin-resistant in the 
1940s, just after it had been introduced into clinics (Rammelkamp and 
Maxon, 1942).

According to Gnanamani et  al. (2017) the strains developed 
penicillinase, a plasmid-encoded beta-lactamase enzyme that 
enzymatically broke the beta-lactam ring of penicillin and rendered 
the antibiotic not active (Gnanamani et al., 2017). Penicillin resistance 
in the 1950s was only present in S. aureus hospital isolates. Due to 
plasmid transfer of the penicillinase gene (blaZ) and clonal spread of 
resistant strains, by the late 1960s, more than 80% of S. aureus isolates, 
regardless of their origin in the community or a hospital, were resistant 
to penicillin (Chambers, 2001; Lowy, 2003).

4 Novel antibiotics and AMR 
combating strategies

Most antibiotics currently in use come from the phylum 
Actinobacteria, with bacteria from the genus Streptomyces living in 
soil and producing over 80% of actinobacterial-derived antibiotics 
(Barka et al., 2016). The identification of new antibiotics designed 
to overcome resistance was used to address the growth of resistant 
strains of bacteria. This has gradually resulted in the selection of 
MDR bacteria, which have several resistance genes and are 
resistant to various types of antibiotics. A deeper understanding of 
the mechanisms and hotspots involved in the diffusion and 
development of novel resistances and MDR is urgently required 
considering their rapid emergence. Furthermore, resistance 
mechanisms aimed against newer antibiotics, such as-lactamases, 
frequently transmit resistance to earlier established antibiotics in 
the same class (Kakoullis et al., 2021). In terms of B-lactams, newly 
developed antibiotics comprise either novel cephalosporins or 
novel B-lactam inhibitors paired with existing B-lactams. 
Cephalosporins that have recently been developed include 
ceftobiprole, ceftaroline, cefiderocol, and ceftolozane, which is 
available in conjunction with tazobactam. Ceftobiprole is a fifth-
generation cephalosporin and the first B-lactam to show 
antimicrobial efficacy against MRSA and VRSA in vitro. 
Ceftobiprole binds to PBP 2a, the altered PBP of MRSA, quickly 
and consistently. It is also effective against PBP 2x, a penicillin-
resistant Streptococcus pneumonia PBP. Ceftobiprole, on the other 
hand, is sensitive to degradation by ESBLs, AmpC, and 
carbapenemases of Classes A, B, and D. Ceftobiprole is approved 
for the treatment of community and hospital-acquired pneumonia, 
as well as skin and soft-tissue infections such as diabetic foot 
infections (Lupia et al., 2021). Cefiderocol is a new siderophore 
cephalosporin with a structure identical to ceftazidime and 
cefepime but with a catechol moiety. Cefiderocol can bind to free 
iron because of catechol moiety, which mimics the naturally 
occurring siderophores of Gram-negative bacteria. Cefiderocol is 
actively carried into the periplasmic region after binding to iron, 
bypassing bacterial porins, where it dissociates from iron and 
binds to PBPs. Cefiderocol can thus accumulate in larger quantities 
in the periplasmic space than other cephalosporins. Cefiderocol is 
resistant to ESBLs, KPC (Class A), NDM, VIM, IMP (Class B), 
AmpC (Class C), and OXA-48 similar (Class D). It is permitted for 
the treatment of severe urinary tract infections, hospital-acquired 
pneumonia, and ventilator-associated pneumonia (Sato and 
Yamawaki, 2019; Abdul-Mutakabbir et al., 2020).

The World Health Organization’s recommended tuberculosis 
(TB) control method is known as directly observed therapy, short-
course (DOTS, commonly known as TB-DOTS). According to 
WHO, “the most cost-effective way to stop the spread of tuberculosis 
in high-incidence communities is to cure it.” DOTS is the greatest 
cure for tuberculosis. DOTS includes five major components: (i) 
Establish a centralised and prioritised system for TB monitoring, 
documentation, and training. (ii) Detect cases by sputum smear 
microscopy. (iii) Standardised treatment regimen for six to 
9 months, monitored by a healthcare provider or community health 
worker for the first 2 months. (iv) Drug supply. (v) Standardised 
recording and reporting system allowing treatment 
results assessment.
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India established the Revised National Tuberculosis Control 
Programme (RNTCP) in 1997 to combat the growing TB epidemic, 
and it was expanded to encompass the whole country by 2006. This 
project investigated more than 650 TB suspects per 100,000 people, 
and over 1.5 million TB patients began the globally recommended 
Directly Observed Treatment Short-course (DOTS) per year. WHO 
created the DOTS approach for tuberculosis control in 1995, and it 
is presently being implemented in more than 180 countries 
worldwide. Under DOTS, TB mortality in India was lowered from 
39 per 100,000 people in 1990 to 23 per 100,000 population in 2010, 
and the prevalence of TB was reduced to 256 per 100,000 population 
in 2010 from 456 per 100,000 population in 1997 (Chopra 
et al., 2018).

Ceftolozane is a new cephalosporin with a structure like 
ceftazidime that has been developed in conjunction with 
tazobactam. Ceftolozane-tazobactam’s range of effectiveness 
includes Gram-negative bacteria such as P. aeruginosa, E. coli, 
K. pneumoniae, Burkholderia cepacia, and M. catarrhalis. 
Ceftolozane is particularly effective against P. aeruginosa because it 
can evade many of the bacterium’s resistance mechanisms, such as 
the production of modified PBPs or the reduction of intracellular 
antibiotic concentrations via alterations in porins and the 
production of efflux pumps; it is even effective against P. aeruginosa 
strains resistant to ceftazidime or piperacillin-tazobactam. 
Ceftolozane-tazobactam has been authorised for the treatment of 
patients with complex intra-abdominal and urinary tract infections, 
and high-dosage ceftolozane-tazobactam is non-inferior to 
meropenem in the treatment of hospital acquired pneumonia 
(Sorbera et al., 2014; Zhanel et al., 2014; Kollef et al., 2019).

Omadacycline (aminomethylcycline subclass) and eravacycline 
(fluorocycline subclass) are two novel tetracyclines that are active 
against bacteria that contain efflux pumps or ribosome protection 
proteins, mechanisms that normally confer resistance to earlier 
tetracyclines (Koulenti et al., 2019; Shortridge et al., 2020; Eljaaly 
et al., 2021).

Dalbavancin, telavancin, and oritavancin are three new 
lipoglycopeptides used to treat MDR Gram-positive infections. 
Because of their various alterations, many antibiotics exhibit 
multiple modes of action in addition to inhibiting cell wall 
formation via transglycosylation and transpeptidation. The presence 
of lipid side chains in all three antibiotics allows them to attach to 
the cell membrane, significantly increasing their efficacy (Kakoullis 
et al., 2021).

Pharmacokinetics/pharmacodynamics-driven therapy has 
shown to be a viable strategy for optimising antimicrobial therapy 
based on the features of the specific patient being treated. It has 
become clear that human and veterinary pharmacologists share 
research goals of revising dosage regimens and developing drugs 
with improved pharmacokinetic/pharmacodynamic properties to 
maximise clinical efficacy, improve patient care, and reduce the 
adverse impacts of antimicrobial therapy on the naturally occurring 
microbiota (Guardabassi et al., 2020). In aquaculture, probiotics are 
used to fight both Gram-positive and Gram-negative bacteria. The 
application of Gram-positive bacteria as probiotics is common 
around the world. Bacillus subtilis, an endospore-forming bacillus 
genus, is widely used in aquaculture (Bhat and Altinok, 2023). To 
avoid such a dismal and oblique future, action must be taken now! 
Limiting the use of antimicrobials in farming and other phases of 

food production, as well as in medicine, can slow the spread of 
antibiotic resistance. Furthermore, further study is needed to 
discover and investigate other means of treating resistant diseases, 
such as the use of probiotics. Probiotics can be used to fight back 
on a bacterial level by replacing harmful germs with safer ones 
(Freeland et  al., 2023). The World Bank’s recently released One 
Health (OH) operational framework prioritises AMR. The phrase 
‘One Health’ refers to a collaborative, multi-sectoral, and 
transdisciplinary strategy that works at the local, regional, national, 
and global levels to achieve optimal health outcomes while 
acknowledging the interconnectedness of humans, animals, plants, 
and their common environment (Guardabassi et al., 2020).

Current One Health initiatives to AMR are mostly focused on 
reducing antibiotic usage in food animals. Recent systematic 
reviews and meta-analyses found associations between reduced 
antibiotic use in food animals and a decrease in AMR in animals, 
with limited evidence of a reduction in humans, recognising that 
the system’s complexity prevents the demonstration of a clear causal 
pathway and highlighting research gaps (White and Hughes, 2019).

Global changes are accelerating due to population growth, 
industrialization, and geopolitical issues, threatening biodiversity, 
ecosystems, and migratory patterns of both humans and other 
animals. Rapid climatic and environmental changes have resulted 
in the development and re-emergence of both infectious and 
non-infectious illnesses. Self-medication with antibiotics is an 
inappropriate approach to use antibiotics and a typical practice in 
resource-constrained nations that exposes people to the frightening 
danger of acquiring antimicrobial resistance and adverse effects 
(Torres et al., 2019). In India, the idea of One Health is still in its 
early stages, but it is gaining popularity. The Indian government has 
launched various measures to address emerging issues like as 
antibiotic resistance, zoonotic illnesses, and food safety with the 
OH approach, however there are numerous implementation hurdles 
(Aggarwal and Ramachandran, 2020) Antibiotic stewardship has 
evolved over the last 20 years and is now a worldwide initiative, with 
organisations striving to apply interventions to rationalise antibiotic 
usage in secondary care. Prescriber behaviours are influenced using 
frameworks from social science research. However, these 
frameworks frequently fail to integrate a contextual and cultural 
analysis (Charani and Holmes, 2019).

5 Influence of antibiotic resistance on 
sustainability

Antibiotics have saved millions of lives by lowering complications 
and death from infectious illnesses. However, increased antimicrobial 
medication usage is also linked to a rise in AMR. Pharmaceutical 
corporations, as manufacturers of these medications, can play a 
significant role in combating AMR. Without their efforts, the chances 
of successfully tackling the problem are slim. The rising use of 
antibiotics internationally, as well as the accompanying AMR, is 
increasing healthcare expenditures and adding to patient mortality.

A framework for analysis of AMR policies is a key step towards 
systematically consolidating information on previous and current 
policies, making sense of the diversity of national action against 
AMR, and relating this knowledge to nations’ AMR situations. 
Formulating AMR strategies that are tailored to the particular 
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factors of AMR can help to provide an evidence-based and 
successful strategy for combating the worldwide problem of AMR 
(Ogyu et al., 2020). A Study was done by Huijbers et al. (2019) 
where they stated that Antibiotic resistance and environmental 
surveillance may help safeguard human, animal, and ecosystem 
health. However, the rationale for the selection of markers and 
sample locations that provide information about diverse risk 
situations is frequently missing. In the study, they described five 
fundamentally distinct goals for monitoring drugs and antibiotic 
resistance in the environment. The primary goal is to identify the 
risk of antibiotic-resistant microorganisms being transmitted to 
people through environmental channels. The second was which 
addresses the risk of speeding the evolution of antibiotic resistance 
in pathogens by contamination with agents and microbes of human 
or animal origin. The third goal was to address the risk that 
antibiotics represent for aquatic and terrestrial ecosystem health, 
particularly the effects on ecosystem functions and services. The 
other two objectives are similar to those of traditional clinical 
surveillance: to determine population-level resistance prevalence 
and population-level antibiotic usage. These two environmental 
monitoring aims are especially promising in areas where traditional 
clinical surveillance data and antibiotic usage statistics are few or 
unavailable. For each target, the levels of evidence offered by various 
phenotypic and genotypic microbial surveillance indicators, as well 
as antibiotic residues, were reviewed and evaluated conceptually. 
Furthermore, sites for which monitoring would be  particularly 
useful are indicated. The suggested framework might be one of the 
beginning points for directing environmental monitoring and 
surveillance of antibiotics and antibiotic resistance at various 
spatiotemporal scales, as well as harmonising such operations with 
current human and animal surveillance (Huijbers et al., 2019).

India and China, the world’s largest makers of generic 
pharmaceuticals, are also top in antibiotic usage among developing 
countries. According to studies, antibiotic usage in India and China 
climbed by 63 and 65%, respectively, between 2000 and 2015 (Klein 
et al., 2018).

The UN announced the SDGs in 2015 as part of the “2030 
Agenda for Sustainable Development” programme to serve as a 
worldwide blueprint for a better, more equal, and more sustainable 
living on our planet. The UN Earth Summit in Rio de Janeiro in 
1992 and the UN Millennium Summit in New  York in 2000 
generated the precursors of SDGs & Agenda 21 and the Millennium 
Development Goals (MDGs) respectively. The SDG initiatives 
contain 17 well-defined objectives from the disciplines of 
environment, climate change, societal concerns, economics, 
education, and healthcare, all of which are frequently 
interconnected, as well as well-defined actions, targets, and 
monitoring criteria to enable the evaluation of these goals’ progress 
(Gajdács et al., 2021).

The growing levels of AMR pose a danger to the achievement 
of the SDGs since this phenomenon has a significant impact on 
changes in society and healthcare: the SDGs contextualise AMR as 
a global public health and social concern (World Health 
Organization, 2017). This may have been exacerbated by the onset 
of the global severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) pandemic, which has not only exacerbated societal 
inequalities and economic difficulties but has also resulted in a 
significant increase in antibiotic use worldwide for patient 

treatment; it is not yet known what the long-term consequences of 
this pandemic will be in the context of the SDGs (Hajek et al., 2020; 
Khor et al., 2020; Yadav, 2022; Yadav and Ravichandran, 2024).

The continued rise of AMR, for example, may hinder the 
achievement of Sustainable Development Goals 1 (No Poverty) and 
2 (Zero Hunger). Food production is expected to increase by 
50–70% between 2010 and 2030 due to increasing global population, 
economic growth, and changes in consumption habits; at the same 
time, the use of antimicrobials in food production (e.g., meat, milk, 
eggs) is expected to increase by a similar margin (Laxminarayan 
et al., 2016). Major reports have already demonstrated this: while 
global antibiotic consumption in human medicine increased by 
10%, consumption of these drugs in animal husbandry increased by 
nearly 180% in the “BRICS” conglomerate countries (Brazil, Russia, 
India, China, and South  Africa), with continued rising trends 
expected till 2030 which will lead to the spread of AMR across the 
ecosystem (Van Boeckel et al., 2017).

Several of the accepted objectives in the health-focused SDG 3 
will be impossible to attain unless effective antibiotics are available. 
Antibiotics were included in a list of 13 life-saving commodities 
that contributed to the achievement of the Millennium 
Development Goals (MDGs) on maternal and child health in the 
Every Woman Every Child initiative. The advent of AMR is 
presently jeopardising the progress gained in lowering maternal 
mortality over the past 15 years, particularly in low-and middle-
income countries (LMICs), where maternal death rates are up to 19 
times higher than the rest of the world (Jasovský et al., 2016). Drug-
resistant organisms have the potential to reverse the current good 
trend of reducing worldwide mortality rates from infectious 
illnesses, which have fallen from 23 to 17% of total fatalities in the 
preceding 15 years.

AMR impacts the poor, from the international development 
point of view. Resistance rates are high, and cheap treatment choices 
are frequently unavailable, especially since many patients pay for 
medications out of finances. Furthermore, poor sanitary systems 
facilitate disease transmission. Drug-resistant infections are more 
expensive, take longer to treat, and have a lower success rate than 
drug-susceptible illnesses. As a result of these considerations, AMR 
has a detrimental influence on national economic performance, 
potentially impeding progress towards SDG 1 (Laxminarayan 
et al., 2013).

Antibiotic residues and resistant bacteria are increasing in 
aquatic habitats as a result of waste products from hospitals, 
antibiotic production companies, and agriculture. Measurements at 
a wastewater treatment plant that received trash from around 90 
pharma factories, for example, revealed that 45 kg of a popular 
antibiotic was dumped into a neighbouring river each day. The 
antibiotic concentration in the river was higher than it would be in 
a patient who had been treated with the medicine. As antibiotic 
residues are transported by water, sediments, and soil, gradients of 
differing antibiotic concentrations occur, and even very low 
antibiotic concentrations may be  sufficient to select for highly 
resistant bacteria. Importantly, a lack of access to clean water and 
sanitation (SDG 6) promotes the spread of bacterial infections, 
resulting in increased morbidity and death, particularly among 
children (Jasovský et al., 2016).

Antimicrobial resistance to medicines currently causes an 
estimated 700,000 people each year and is expected to kill 10 
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million people and cost up to $100 trillion by 2050 if no effective 
action is taken. Loss of effective medicines for the treatment of 
infectious illnesses adds to state healthcare costs, lowers 
productivity, household income, and tax revenues, and leads to 
GDP losses. Such high expenses may jeopardise attempts to achieve 
long-term economic growth, as emphasised in SDG 8, making 
AMR a significant global development problem (Smith et al., 2005).

The recently introduced SDG indicator on antimicrobial 
resistance (AMR) intends to reduce the percentage of bloodstream 
infections caused by Staphylococcus aureus resistant to the drug 
methicillin (MRSA) and Escherichia coli resistant to 3rd-generation 
cephalosporin medicines. Controlling these two types of AMR 
pathogens effectively will eventually protect the ability to treat 
infections with current antimicrobials until new preventive and 
treatment strategies are developed. While providing data to monitor 
global trends, this new indicator will also be particularly useful for 
assessing progress in improving the country’s ability to successfully 
execute AMR and health security national action plans.

AMR is one of the issues that governments must deal with. 
Many people are unaware that they or their cattle may have a 
resistant illness, and those who treat them are frequently clueless as 
well. This suggests that the issue is mainly unidentified and 
unrecorded. The absence of representative AMR data, particularly 
in LMICs, remains an issue. Because the true scope of the problem 
and its potential consequences are unknown, developing a 
compelling national AMR narrative to boost political participation, 
financial commitments, and public awareness is challenging. The 
phase-out of the use of antimicrobial drugs for animal growth 
promotion and the implementation of pollution-control methods 
may need modifications in agricultural practices, waste and 
wastewater management, and pharmaceutical production systems. 
Controlling ecosystem-based ways to reduce antibiotic usage in 
plant production is critical for human health and the environment. 
These safeguards are a critical investment in the protection of 
human, animal, plant, and planetary health. Countries will thus 
require a combination of incentives, education, training, and 
legislation to effect these reforms (World Health Organization, 2021).

The link between AMR and increasing climate change is subtle, 
but significant, according to Goal 13 (Climate Action). The parallels 
between climate change and AMR are highlighted in the WEF 
report as creeping, multidisciplinary, and critical concerns for 
mankind (World Economic Forum, 2019). Changes in global 
climate will undoubtedly alter the diversity and complexity of 
microbial populations around the world; while the emergence of 
novel bacterial diseases is unlikely, the number of people at risk for 
many of these infections, including vector-borne and zoonotic 
pathogens, and illnesses associated with food, will undoubtedly 
increase (Turner, 2018; Fouladkhah et  al., 2020). A 1°C rise in 
ambient temperatures may result in a 5–10% increase in the 
incidence of foodborne salmonellosis cases, resulting in significant 
healthcare and economic expenses. It has also been suggested that 
rising temperatures may facilitate the selection of resistant isolates.

6 Conclusion and future prospects

One of the crucial actions against prevailing antibiotic 
resistance is the identification of novel compounds to safeguard 

lives now and in the future. A significant strategy must be made 
in conjunction with determined efforts in the direction of 
infection prevention, better antibiotic use, and stopping the 
spread of resistance when it does arise (Centers for Disease 
Control and Prevention, 2019). Antibiotic misuse and overuse 
have led to a rise in bacterial resistance and a decline in 
susceptibility. Drugs and antibiotics are now less effective at 
treating bacterial infections and other diseases as a result. Drug 
concentrations at the infection site must both stop the organism 
and stay below levels hazardous to human cells. To boost 
effectiveness, new medication combinations targeting various 
targets and methods of action must be  created. Antibiotic 
exposure has resulted in the development of resistance to every 
single agent used. Despite the difficulty of identifying novel 
antibiotics, the continual discovery of new antibiotics remains the 
major technique for treating bacterial-associated illnesses. While 
new antibiotics may be capable of combating existing resistance 
mechanisms, improper administration of these drugs will 
ultimately result in the development of resistance mechanisms 
against them as well. Additionally, new drugs must be created that 
target resistance mechanisms (for example, to target bacteria) by 
preventing the capacity of previous drugs to attack. Bacteria that 
are resistant to antibiotics are the root of a growing therapeutic 
issue that has detrimental effects on human health. There are 
major repercussions from the current global increase in bacterial 
strains that are resistant to antibiotics mixed with the downward 
trend in the creation of new antibiotics. Antimicrobial efficacy 
must be viewed as a finite global public benefit on the edge of 
becoming rare, and the world must work together to protect it to 
save many future victims of drug-resistant illnesses. It is required 
to have an adaptable, multifaceted strategy that works across the 
SDGs and involves a wide range of stakeholders. As a result, 
we cannot rely solely on the biomedical or health industries for 
solutions. AMR is a system breakdown that necessitates a multi-
sectoral solution. By including AMR on the SDG agenda, we hope 
to strengthen and broaden worldwide political commitment to 
finding a solution to this developing issue.
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The toxin-antitoxin (TA) system plays a key role in bacteria escaping antibiotic

stress with persistence, however, the mechanisms by which persistence is

controlled remain poorly understood. Weissella cibaria, a novel probiotic, can

enters a persistent state upon encountering ciprofloxacin stress. Conversely, it

resumes from the persistence when ciprofloxacin stress is relieved or removed.

Here, it was found that PemIK TA system played a role in transitioning between

these two states. And the PemIK was consisted of PemK, an endonuclease

toxic to mRNA, and antitoxin PemI which neutralized its toxicity. The PemK

specifically cleaved the U↓AUU in mRNA encoding enzymes involved in

glycolysis, TCA cycle and respiratory chain pathways. This cleavage event

subsequently disrupted the crucial cellular processes such as hydrogen transfer,

electron transfer, NADH and FADH2 synthesis, ultimately leading to a decrease

in ATP levels and an increase in membrane depolarization and persister

frequency. Notably, Arg24 was a critical active residue for PemK, its mutation

significantly reduced the mRNA cleavage activity and the adverse effects on

metabolism. These insights provided a clue to comprehensively understand the

mechanism by which PemIK induced the persistence of W. cibaria to escape

ciprofloxacin stress, thereby highlighting another novel aspect PemIK respond

for antibiotic stress.

KEYWORDS

Weissella cibaria, toxin-antitoxin system, PemIK module, ciprofloxacin stress, persister
cell, metabolic processes

1 Introduction

The discovery of antibiotics in the late 1920s marked a significant milestone in the
history of combating bacterial infection. However, it is now widely acknowledged that
antibiotics are not the panacea they were once thought to be. Rather, antibiotics can
and do fail, often with severe consequences (Page and Peti, 2016). This occurs because
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bacteria acquire resistance mutations to render the antibiotics
ineffective or activate their endogenous mechanisms to evade
antibiotic stress (Page and Peti, 2016). The former is a major
culprit, but it would be overly simplistic to attribute all failures
solely to this factor (Maisonneuve and Gerdes, 2014). In fact, when
bacteria are treated with antibiotic, it is nearly impossible to kill
them completely. Even if they are sensitive to antibiotic, there
will always be a small percentage of cells known as persister cells
that can withstand the lethal effect of antibiotic (Wilmaerts et al.,
2019). Bacterial persistence is a state of dormancy induced by
an endogenous mechanism, and unlike drug-resistant mutant, it
does not proliferate in the presence of antibiotic, but, randomly in
time, switches from a dormant state back to a growing state when
antibiotic stress is relieved or removed. Therefore, it is generally
accepted that persistence is an important reason for failure of
antibiotic prevention or treatment of bacteria (Wilmaerts et al.,
2019).

Persister process of bacteria is a survival strategy that
allows populations to survive in sudden adverse environments
without going extinct completely (Gerdes and Maisonneuve,
2012; Page and Peti, 2016; Wilmaerts et al., 2019). To date,
persistence has been observed in nearly all bacterial species, even
eukaryotic microorganisms (Wilmaerts et al., 2019). Although
persister process is governed by phenotypic switching in isogenic
populations, it occurs stochastically and independently of
environment, albeit at a higher frequency in adverse conditions
(Maisonneuve and Gerdes, 2014; Page and Peti, 2016; Wilmaerts
et al., 2019). Numerous researchers have suggested that persister
formation depends on the expression level of toxin-antitoxin
systems (TAs) in bacteria. These systems encode two components,
a stable toxin protein that inhibits cell growth and a labile antitoxin
(either RNA or protein) that regulates toxin activity. When toxin
protein exceeds a certain threshold in bacterial cell, persistence is
induced (Wilmaerts et al., 2019).

PemIK is a novel type II TA system, originally discovered in
plasmid pCH91 of Staphylococcus aureus (Bukowski et al., 2013).
The toxin PemK dimer, an RNase, specifically cleaves the mRNA in
a ribosome-independent manner. The antitoxin PemI neutralizes
the toxicity of PemK, thereby facilitating bacterial recovery from
persistence (Bukowski et al., 2013; Wilmaerts et al., 2019). In
pathogenic bacteria such as S. aureus, Klebsiella pneumonia,
Bacillus anthracis and Mycobacterium tuberculosis, free PemK
dimers lead to a rapid formation and higher proportion of persister
cells (Kim et al., 2022). Although PemK can induce persister cells,
it possesses distinct pattern in regulating physiological activities
across different organisms. In S. aureus, it comprehensively
regulates virulence by cleaving target mRNA encoding proteins
involved in virulence synthesis (Bukowski et al., 2013; Kim
et al., 2022). However, in Caenorhabditis elegans, it affects
fundamental physiological processes including ATP production,
lipid synthesis, cytoskeleton organization, stress response, and
others (Kim et al., 2022). However, the mechanism by which
PemK orchestrates the specific regulation of bacterial transcription,
thereby manipulating the transition from growth to persistence,
remains elusive.

Weissella cibaria, a novel probiotic and hetero-lactic bacterium,
is usually present in various spontaneous fermentation foods.
Interestingly, it can survive in various stresses through persistence,
including antibiotic residue in raw materials, high acidity and

nutrient hunger, and even growth inhibitor. In its persister
cells, PemIK responds strongly to the persister formation under
ciprofloxacin stress. Although the structure and function of PemIK
in pathogenic bacteria, particularly S. aureus, are somewhat known,
it remains unknown in W. cibaria due to its species-specific
mode of regulation. Therefore, the present study analyzed the
structure and function of PemIK in W. cibaria, and investigated the
PemK’s adverse effects on basic metabolic processes. Meanwhile,
the detoxification effect of PemI on PemK was also determined. The
results provided a structural basis for understanding the molecular
mechanism by which PemIK induced persistence of W. cibaria
to survive in ciprofloxacin stress, and also offered insights into
strategies for discovering new agents that could activate or inhibit
W. cibaria.

2 Materials and methods

2.1 Bacterial strains and culture
conditions

Weissella cibaria CGMCC 1.19376 was cultured in De Man,
Rogosa, and Sharpe (MRS) broth at 30◦C (Cai et al., 2022).
Escherichia coli BL21 was cultivated in Luria-Bertani (LB) liquid
me-dium at 37◦C.

2.2 Transcription analysis of PemIK

Total RNA was extracted using TRIzol Reagent (ThermoFisher
Scientific Inc., Massachusetts, USA). Subsequently, cDNA synthesis
was performed using the prime-script reverse transcriptase
and random primers according to manufacturer’s instructions
(TaKaRa, Beijing, China). Polymerase chain reaction (PCR) was
conducted with PemK-F, PemK-R, PemI-F, and PemI-R primers
(Supplementary Table 1) for amplifying the PemI and PemK genes.
Templates included cDNA, mRNA, and gDNA (genomic DNA of
W. cibaria). The promoter and terminator analysis of PemKI were
performed by BPROM program (Shahmuradov, 2003).

2.3 Structural analysis of PemK

The primary and secondary structures of PemK were analyzed
by Clustal Omega and Jalview,1 respectively. The results were
visualized by ESPript 3.0 (Robert and Gouet, 2014). Three-
dimensional models of PemK protein were generated using SWISS-
MODEL (Waterhouse et al., 2018). The dimeric structure of
PemK was submitted along with mRNA containing 5′ UAUU
3′ to the HADDOCK 2.2 webserver (Van Zundert et al., 2016).
Subsequently, a model of PemK bound to RNA was generated and
visualized by PyMOL (PyMOL Molecular Graphics System, version
2.3.0) (Schiffrin et al., 2020).

1 http://www.jalview.org
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2.4 Identification of active residues in
PemK

The SNAP22 predicted the mutation of active amino acid in
PemK (Bromberg and Rost, 2007). The thermal stability, solvent-
accessible surface area and electrostatic potential energy of PemK
were analyzed by MUpro,3 CCP44 and APBS plug in PyMOL,
respectively.

2.5 Cytotoxicity analysis of PemIK

PemK and its mutant were ligated to pET28a plasmid,
while PemI was ligated to pBAD43 plasmid. Subsequently, the
recombinant pET28a and pBAD43 were co-transformed into E. coli
BL21. Following cultivation to an optical density (OD) 600 nm of
0.2–0.3, PemK and PemI were induced by 1 mM IPTG and 0.2%
L-arabinose, respectively. Cytotoxicity of PemK and neutralization
of PemK by PemI were assessed through growth curves of E. coli
BL21 at OD600nm.

2.6 Regulation of cell membrane
potential, endogenous reactive oxygen
species (ROS) and intracellular ATP by
PemK

Weissella cibaria at 1 × 107 CFU/ml in logarithmic stage was
treated with 1/2 MIC ciprofloxacin (16 µg/ml) at 30◦C for 1–
8 h. Recombinant E. coli BL21 was cultured to logarithmic stage
and adjusted to 1 × 107 CFU/ml, followed by induction of PemK
using 1 mM IPTG at 37◦C for 1–8 h. The cell membrane potential
was assessed using the rhodamine 123 fluorescence method (Yu
et al., 2022). The endogenous ROS level was analyzed following
the method described by Xiong et al. (2023). Intracellular ATP
was determined as described by Shan et al. (2017). PBS (pH 7.4)
treatment served as control.

2.7 Effect of PemK on expression of
metabolic enzymes

The splicing mRNA of PemK were analyzed based on the
genome sequence of W. cibaria, focusing on metabolic enzymes
in oxidative phosphorylation (OP), glycolysis, and citric acid cycle
(TCA). To further validate these impacts, transcriptome analysis
was conducted in recombinant E. coli BL21. The total RNA with
high-quality from recombinant E. coli BL21 using TRIzol Reagent
(ThermoFisher Scientific Inc., MA, USA) was used to construct the
RNA-Seq library for sequencing on Illumina Hiseq platform (Hiseq
4000, 150PE) with NEBNext R© UltraTM RNA Library Prep Kit for
Illumina

R©

(NEB, USA) by Majorbio Technology Co. Ltd (Shanghai,

2 https://rostlab.org/services/snap/

3 https://www.ics.uci.edu/$\sim$baldig/mutation.html

4 http://www.ccp4.ac.uk/

China). The RNA-seq data analysis was conducted as methods
described by Wang et al. (2015). The differential expression was
calculated by DESeq R package (1.18.0). The transcription with log2
fold change > 1 was defined as the metabolic enzymes affected by
PemK.

2.8 Regulation of cell persistence and
morphology by PemK

The persister cells were detected using method of biphasic
bactericidal curve (Sun et al., 2017). Briefly, W. cibaria was
incubated in MRS broth at 30◦C to 107 CFU/ml, then ciprofloxacin
was added to 1/2 MIC and incubated again for 0, 1, 3, 5, 7 and
9 h. Subsequently, 0.5 ml cultures were transferred into 20 ml MRS
broth containing MBC (2,048 µg/ml) ciprofloxacin and incubated
at 30◦C for 24 h. The 1 ml cultures were harvested by centrifugation
at 4,000 rpm for 1 min and washed twice with PBS (pH 7.4).
After cell pellets were resuspended and serially diluted 10-fold
with PBS (pH 7.4), the dilution cells were inoculated on MRS
agar plate to count after 24 h incubation at 30◦C. The persister
frequency was expressed as the ratio of viable bacteria in treated
and untreated group with 1/2 MIC ciprofloxacin. After PemK was
induced by IPTG in recombinant E. coli BL21, no-persister cells
were killed with MBC ciprofloxacin in LB broth medium. The
persister frequency of recombinant E. coli BL21 was carried out
following similar procedures described above. The cell morphology
was observed in FEI inspect F50 scanning electron microscope
(Inspect F50, FEI, Hillsboro, USA).

2.9 Statistical analysis

All experiments were conducted in triplicate for each sample,
and the data was presented as the mean values ± standard
deviation, with variations less than 10%. Statistical significance
analysis was carried out using analysis of variance (ANOVA) with
Tukey’s post-hoc test in SPSS 20.0, and a p-value less than 0.05 was
considered statistically significant.

3 Results

3.1 PemIK is a typical II TA stress
regulator

Co-localization and co-transcription in an operon are common
characteristics of type II-TAs (Zhou et al., 2021). In W. cibaria,
the PemI and PemK genes were situated at locus 8,267–8,949 on
plasmid PA010 (Supplementary Figure 1), sharing a promoter
and terminator in transcription but possessing independent start
and stop codons in translation (Figure 1A). Both open reading
frames (ORFs) consisted of a frame with 342 bp encoding 114
amino acids followed by a TAA termination codon. Interestingly,
a genetic overlap of seven base pairs between them (Figure 1A),
which distinguished it from other PemIK structures.

When W. cibaria was exposed to 1/2 MIC ciprofloxacin, the
co-transcription of PemIK was activated (Figure 1B), while PemI
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FIGURE 1

The structural characteristics and pressure response mechanism of PemIK. (A) Operon structure of PemIK of W. cibaria. (B) Validation of
co-transcription. (C) Persister frequency of W. cibaria after treatment with 1/2 MIC ciprofloxacin. (D) Growth curve of recombinant E. coli BL21,
demonstrating that PemI counteracted the cytotoxic effects of PemK through physical binding. Data were assessed by ANOVA with Tukey’s
post-hoc test. The asterisk (*) indicated significant level: *P < 0.05, **P < 0.01, ***P < 0.001, not significant (ns), P > 0.05.

underwent degradation by Lon enzyme. Consequently, free PemK
exhibited cytotoxicity to W. cibaria, leading to a severe growth
inhibition and a significant increase in proportion of persister cells
(Figure 1C). It has been demonstrated that PemI could counteract
the cytotoxicity of PemK in recombinant E. coli BL21 (Figure 1D).
Moreover, it also functioned as a transcription factor by inhibiting
their co-transcription. Therefore, once the adverse conditions were
alleviated or eliminated, the persistence of W. cibaria resumed its
growth.

3.2 PemK is a novel specific
endonuclease of mRNA

The toxins of II-type TAs are generally enzymes, particularly
RNases (Díaz-Orejas et al., 2017). PemK from W. cibaria shared

conserved residues and exhibited similar folds with its homologs,
a barrel-shaped pattern of 7 β-sheets and 2 α-helices (Figure 2A).
However, there were some differences in their secondary structures
(Figure 2B), suggesting that they have similar functions but
different mechanisms in controlling mRNA binding. The binding
of mRNA typically occurred at the like-gate interfaces, which
corresponded to the crevices between β1–β2 and β3–β4 sheets of
one monomer and α1 helices of the other monomer in PemK
dimers from W. cibaria (Figure 2C). The gate of PemK dimer
from W. cibaria differed from that observed in its homologs
from S. aureus, E. coli, B. subtilis, and B. anthracis (Figure 2B).
Simultaneously, its electrostatic potential surface also displayed
variations compared to its homologs (Figures 2D–H), it featured a
weak positive charge plaque on its surface. These unique structural
differences suggested that its mechanism for binding and cleaving
mRNA differed from its homologs.
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FIGURE 2

The structural comparison of PemK with its homologs. (A) Sequence alignment of PemK with its homologs. Secondary structures were denoted in
the upper region. Potential active site residues are marked as red circles. Conserved and similar residues were shown in orange and yellow boxes,
respectively. α: α-helix, β: β-sheet, T: turn. (B) Overlay structure of PemK with other homologs. (C) Overall structure of the PemK dimer. (D–H)
Electrostatic surface potential represented the different charge distributions at the gate-like interface regions in PemK and its homologs.
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FIGURE 3

The mRNA binding and cleavage of PemK. (A) Model of PemK-mRNA complex depicted the stick model of PemK dimer and target mRNA.
(B) NUCPLOT diagram of contacts between mRNA and PemK. Orange and black dotted lines represented hydrogen bonds and non-bonded
contacts, respectively. (C) SNAP2 predicted the impact scores on the function of PemK after Asn22 (N22) was mutated to 20 amino acids,
respectively. (D) Electrostatic surface potential of PemK. (E) Electrostatic surface potential of PemKN22>W22 that Asn22 was mutated to Trp22 (W22).

PemK specifically recognizes and cleaves the tetrad U↓AHU
(where H is C, A, or U) sequence in target mRNAs (Zhang et al.,
2004; Zorzini et al., 2016; Cho et al., 2017). In S. aureus, Arg25

and Thr48 had been confirmed as key active residues for PemK
(Kim et al., 2022). In W. cibaria, the mRNA’s U↓AHU (where H
is U) sequence bound to the like-gate interfaces of PemK dimer
through four hydrogen bonds and four van der Waals contacts
(Figures 3A, B). Specifically, Asn22 and Arg24 formed hydrogen
bonds with the phosphate group between U↓A, while Thr47 and

Ser48 bound to the adenine base of U↓A through hydrogen bonds
(Figure 3B). However, among these residues, Asn22 was not highly
conserved in homologs based on sequence alignment (Figure 2A),
and its substitution with any amino acid had little impact on PemK’s
function (Figure 3C). Even when Asn22 was mutated to Trp in situ,
there were no changes observed in the electrostatic potential surface
of its gate interface (Figures 3D, E). Therefore, Arg24, Thr47 and
Ser48 might be important residues influencing mRNA-binding and
catalytic activity.
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FIGURE 4

The properties of PemK after mutation of Arg24, Thr47 and Ser48. (A) SNAP2 predicted the impact scores on the function of PemK after Arg24, Thr47

and Ser48 were mutated to 20 amino acids, respectively. (B–D) Differences of thermal stability, solvent accessible surface area, electrostatic
potential energy of PemKR24>A24 (Arg24 was mutated to Ala24), PemKT47>D47 (Thr47 was mutated to Asp47) and PemKS48>W48 (Ser48 was mutated
to Trp48), compared with the wild-type PemK. (E–H) Electrostatic surface potential of PemK, PemKR24>A24, PemKT47>D47, and PemKS48>W48. The
change in electrical potential energy at the point mutation locations were highlighted in dotted circles. (I) Growth curve of recombinant E. coli BL21
after induction of PemK and PemKR24>A24 expression. Data were assessed by ANOVA with Tukey’s post-hoc test. The asterisk (*) indicated
significant level: *P < 0.05, **P < 0.01, ***P < 0.001, not significant (ns), P > 0.05.
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FIGURE 5

The effects on the respiratory chain before and after PemK mutation. (A) Schematic of respiratory chain. (B–F) Effects of PemK and PemKR24>A24 on
gene transcription of complexes I–IV and ATP-synthase in recombinant E. coli BL21. Data were assessed by ANOVA with Tukey’s post-hoc test. The
asterisk (*) indicated significant level: *P < 0.05, **P < 0.01, ***P < 0.001, not significant (ns), P > 0.05.
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TABLE 1 PemK cleaving the target mRNAs of enzymes in respiratory chain of W. cibaria.

Metabolic
enzymes

Gene Number of cleavage
sites

Metabolic enzymes Gene Number of cleavage
sites

NADH dehydrogenase nuoA 2 Succinate dehydrogenase frdB 1

nuoB 2 frdC 2

nuoC/D 3 frdD 3

nuoE 3 Cytochrome C reductase cydA 4

nuoF 2 cydB 4

nuoG 8 cydX 1

nuoH 2 Cytochrome C oxidase cyoD 1

nuoI 1 cyoC 1

nuoJ 1 cyoB 6

nuoK 1 cyoA 5

nuoL 6 ATP-synthase atpA 3

nuoM 6 atpD 1

nuoN 3 atpG 1

Succinate dehydrogenase sdhC 2 atpH 2

sdhD 1 atpC 1

sdhA 3 atpB 4

sdhB 3 atpA 1

frdA 2 atpE 1

3.3 Arg24 is crucial for the RNase activity
of PemK

The function of protein is often closely related to its structure
and charge distribution (Gorham et al., 2011). To gain more
detailed insights into the active site of PemK, mutations were
predicted in situ at Arg24, Thr47, and Ser48 residues (Figure 4A).
Interestingly, substitution of Arg24 by most amino acid strongly
affected PemK function, resulting in a score ranging from 52 to
91 (Figure 4A and Supplementary Table 2). While substitution of
Ser48 had weak or no effects with a score below 65 (Figure 4A).
The impact of Thr47 substitution was generally less pronounced
than that of Arg24, a score below 80 (Figure 4A). In PemK-mRNA
complex, Arg24 bound to the phosphate group in U↓A through
a hydrogen bond (Figure 3B). In S. aureus PemK and B. subtilis
MazF, the amino acid residues, which bound to the phosphate
group between U↓A via hydrogen bonding, were considered active
sites involved in cleaving the tetrad U↓AUU sequence (Bukowski
et al., 2013). Notably, Arg24 of PemK from W. cibaria corresponded
well to Arg25 and Arg26 (Figure 2A), an important active residue in
S. aureus PemK and B. subtilis MazF. So it might be a crucial active
site for PemK to cleave the 3′,5′-phosphodiester bond of target
mRNA.

The unfolding free energy (1Gu) is an important indicator
of protein thermostability, and the 11Gu (11Gu = 1Gmut−u—
1Gwt−u) can characterize the change in the thermostability
caused by site-directed mutations (Verstraeten et al., 2015). The
substituting in situ of Arg24, Thr47 and Ser48 decreased the
thermostability of PemK, with substituting of Arg24 with Ala being
more pronounced than the others, 11Gu = −0.91 (Figure 4B).
In addition, the solvent accessible surface area (SASA) also
characterized the instability caused by mutations (Figure 4C).

A larger SASA value indicates a higher solvent-accessible surface
area of protein, which is associated with lower stability. Three site-
directed mutations in situ resulted in an increase in SASA of PemK,
in which the 1SASAArg24>Ala24 (25.18) > 1SASASer48>Trp48
(19.64) > 1SASAThr47>Asp47 (8.47) (Figure 4C).

The mutations may alter the charge distribution of protein’s
active site or ligand-binding site, thereby impacting its affinity
and specificity for the target molecules (Gorham et al., 2011).
In W. cibaria, substituting Arg24 with Ala significantly altered
the charge distribution on electrostatic potential surface of PemK
dimers (Figures 4E, F), particularly at the like-gate interfaces
where a transition occurred from positive charge to weak negative
charge. Moreover, substituting Arg24 with Ala led to a more
pronounced destabilization of PemK compared to Thr47 and Ser48
mutations, as indicated by 11Gelec (11Gelec = 1Gmut−elec—
1Gwt−elec): 11Gelec−Arg24>Ala24 (0.11) > 11Gelec−Ser48>Trp48
(0.06) > 11Gelec−Thr47>Asp47 (0.04) (Figures 4D, G, H).
Additionally, it was observed that PemKArg24>Ala24 significantly
reduced its cellar toxicity, without a significant inhibition on the
recombinant E. coli BL21 (Figure 4I). These findings suggested that
Arg24 was more likely to affect PemK’s ability to cleave U↓AUU
sequence, thereby influencing cell regulation in response to adverse
external environments.

3.4 PemKArg24>Ala24 mitigates the
impairment of respiratory chain

Persistence has been associated with reduced levels of cellular
ATP (Verstraeten et al., 2015; Wilmaerts et al., 2019). The
respiratory chain is the main process to generate cellular ATP,
which is composed of a series of hydrogen transfer and electron
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FIGURE 6

The alterations in membrane potential, ATP, and ROS caused by PemK and PemKR24>A24 in W. cibaria and recombinant E. coli BL21, respectively.
(A,B,E) Membrane potential, ATP, and ROS of W. cibaria after treatment with 1/2 MIC ciprofloxacin. (C) Schematic of membrane potential. (D,F,G)
Membrane potential, ATP, and ROS of recombinant E. coli BL21 after induction of PemK and PemKR24>A24 protein expression. (H–K) Fluorescence
of intracellular ROS in recombinant E. coli BL21. Data were assessed by ANOVA with Tukey’s post-hoc test. The asterisk (*) indicated significant level:
*P < 0.05, **P < 0.01, ***P < 0.001, not significant (ns), P > 0.05.
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FIGURE 7

The effects on NADH and FADH2 synthesis before and after PemK mutation in recombinant E. coli BL21. (A) Schematic of glycolysis and TCA cycle.
(B) Effects of PemK and PemKR24>A24 on the gene transcription of glycolysis. (C) Effects of PemK and PemKR24>A24 on the gene transcription of
pyruvate dehydrogenase system. (D) Effects of PemK and PemKR24>A24 on the gene transcription of TCA cycle. Data were assessed by ANOVA with
Tukey’s post-hoc test. The asterisk (*) indicated significant level: *P < 0.05, **P < 0.01, ***P < 0.001, not significant (ns), P > 0.05.

transfer reactions mediated by complexes I to IV and ATP-synthase
on cell plasma membrane (Figure 5A). In W. cibaria, PemK cleaved
the target mRNAs of complexes I–IV and ATP-synthase, including
13 genes in complex I, 8 genes of complex II, 3 genes of complex
III, 4 genes of complex IV, and 8 genes of ATP-synthase (Table 1
and Supplementary Table 3). In recombinant E. coli BL21, Ala
substitution for Arg24 impaired PemK’s ability to cleave these target

mRNAs, especially nuoE in complex I, sdhD and frdA in comolex
II, atpG and atpF in ATP-synthase (Figures 5B–F), thus reducing
the adverse effects of PemK on respiratory chain.

Cleavage of mRNA caused the mRNA to break before
translation, thus it blocked the synthesis of complexes I–IV and
ATPase, resulting in the failure of H+ and e− transfer reactions
in respiratory chain, which reduced the membrane potential and
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TABLE 2 PemK cleaving the target mRNAs of enzymes in glycolysis of
W. cibaria.

Metabolic enzymes Gene Number of
cleavage sites

Phosphofructokinase pfkB 2

Aldolase fbaA 1

fbaB 5

Glyceraldehyde-3-phosphate
dehydrogenase

gapA 1

Phosphoglycerate kinase pgk 1

Phosphoglycerate mutase gpmA 2

Enolase eno 1

Pyruvate kinase pykA 1

ATP production of W. cibaria (Figures 6A, B). Alterations in
membrane potential caused membrane depolarization (Figure 6C),
so the heightened fluorescence intensity corresponded to a more
lower membrane potential (Figure 6A). In recombinant E. coli
BL21, PemK significantly reduced the membrane potential and
increased the membrane depolarization, while Ala substitution for
Arg24 significantly alleviated the degree of membrane potential
reduction and membrane depolarization, with an alleviation of 7.8–
19.6% (Figure 6D). The membrane potential generated a proton
motive force (PMF), which promotes the movement of H+ across
cell membrane and ultimately produces ATP via ATP synthase.
Therefore, the changes in membrane potential directly affected
the production of ATP in W. cibaria, generally reducing the
amount of ATP by 20–40% (Figure 6B). Additionally, blocked
electron transport obstructed the reduction of O2, leading to the
accumulation of excess ROS in W. cibaria to 1.50–2.30 times of
normal levels (Figure 6E). Similarly, Ala substitution for Arg24
had also moderated the adverse effects on the ATP production and
reduced ROS accumulation in recombinant E. coli BL21, with ATP
content increased by 20.8–276.60% and ROS accumulation reduced
by 7.8–15.6%, respectively (Figures 6F–K). These insights implied
that Arg24 played an important role in regulation of respiratory
chain by PemK.

3.5 PemKArg24>Ala24 alleviates the
adverse effects on NADH and FADH2
synthesis

NADH and FADH2 are the important reducing agents to
supply H+ for cells via the respiratory chain pathway, while
glycolysis and TCA cycle serve as their primary sources. Glycolysis
catalyzes a glucose into two pyruvates, accompanied by production
of 2 NADH. This process involves ten enzyme-catalyzed reactions
(Chandel, 2021), and any dysfunction of them can lead to
disorders in NADH synthesis (Figure 7A). In glycolysis of
W. cibaria, PemK only targeted the mRNA of one or two
subunits of phosphofructokinase, aldolase, glyceraldehyde-
3-phosphate dehydrogenase, phosphoglycerate kinase,
phosphoglycerate mutase, enolase and pyruvate kinase (Table 2 and
Supplementary Table 4).

TABLE 3 PemK cleaving the target mRNAs of pyruvate dehydrogenase
system in W. cibaria.

Metabolic enzymes Gene Number of
cleavage sites

Pyruvate dehydrogenase aceE 6

Dihydrolipoamide transacetylase aceF 2

Dihydrolipoamide
dehydrogenase

Ipd 1

TABLE 4 PemK cleaving the target mRNAs of enzymes in TCA cycle of
W. cibaria.

Metabolic enzymes Gene Number of
cleavage sites

Citrate synthase gltA 8

Aconitase acnA 10

acnB 5

Isocitrate dehydrogenase icd 3

α-ketoglutarate dehydrogenase sucA 2

sucB 2

Succinyl-CoA synthetase sucC 1

sucD 1

Acetyl-CoA serves as the bridge between glycolysis and TCA
cycle, generated by the pyruvate dehydrogenase system consisting
of pyruvate dehydrogenase, dihydrolipoamide transacetylase, and
dihydrolipoamide dehydrogenase. In W. cibaria, PemK also
cleaved their mRNA (Table 3 and Supplementary Table 5).
Acetyl-CoA enters TCA to undergo a series of enzymatic
reactions into CO2 and H2O while producing 3 NADH
and 1 FADH2. However, PemK only targeted the mRNA of
one or two subunit of citrate synthase, aconitase, isocitrate
dehydrogenase, α-ketoglutarate dehydrogenase and succinyl-CoA
synthetase in W. cibaria (Table 4 and Supplementary Table 6).
In recombinant E. coli BL21, PemK significantly impaired the
mRNA of these target enzymes involved in glycolysis, pyruvate
oxidative decarboxylation and TCA cycle by −1.05–2.98 log2 folds
(Figures 7B–D). However, Ala substitution for Arg24 effectively
alleviated these adverse impacts except for phosphoglycerate
kinase, dihydrolipoamide dehydrogenase, citrate synthase and
isocitrate dehydrogenase. Therefore, Arg24 was a crucial site
for PemK to disrupt the NADH and FADH2 synthesis in
W. cibaria.

3.6 PemKArg24>Ala24 attenuates growth
inhibition and persister frequency

Induction of persistence appears to be the primary
physiological function of TAs in bacteria, and stimulating the
expression of type II toxins can significantly enhance the persister
frequency (Maisonneuve and Gerdes, 2014; Merfa et al., 2016).
In recombinant E. coli BL21, induction of PemK resulted in
significant growth inhibition, with OD600nm maintained at 0.29–
0.31 (Figure 8A). Although the persister frequency also increased
from −3.5 log10 to −2.58 log10 during growth of E. coli BL21
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FIGURE 8

Persister frequency and cell morphology after induction of PemK and PemKR24>A24 expression. (A) Growth curve of recombinant E. coli BL21.
(B) Persister frequency of recombinant E. coli BL21. (C–F) Cell morphology of E. coli BL21. (G,H) Cell morphology before and after induction of
PemK expression in W. cibaria. Data were assessed by ANOVA with Tukey’s post-hoc test. The asterisk (*) indicated significant level: *P < 0.05,
**P < 0.01, ***P < 0.001, not significant (ns), P > 0.05.

with PemK−/PemI−, PemK expression dramatically elevated the
persister frequency of E. coli BL21 with PemI−/PemK+ up to
−1.82 log10 to −0.24 log10 (Figure 8B). Substitution of Arg24 with
Ala24 significantly weakened the growth inhibition and induced
persister frequency of E. coli BL21 with PemI−/PemKArg24>Ala24

+,
decreasing it to−2.82 to−2.24 log10 (Figure 8B).

II-type toxin expression does not necessarily lead to changes in
morphology of persister cells, but when it does, it usually involves
abnormal elongation, filamentation, and even a transition from
spiral to round coccoid (Cho et al., 2017; El Mortaji et al., 2020;
Yu et al., 2023). In recombinant E. coli BL21, PemK expression
significantly prolonged the morphology of some cells, increasing
from 0.75–1.5 µm to 1.5–2.5 µm. This change was also observed
in W. cibaria, but with more pronounced effects from 0.75–1.25
to 0.75–3.5 µm. However, the mutation PemKArg24>Ala24 did not
induce significant alterations of E. coli BL21 (Figures 8C–H). It
was generally believed that ectopic expression of a single toxin
gene resulted in a phenotype similar to naturally occurring persister
bacteria (Merfa et al., 2016; Page and Peti, 2016). Therefore, PemK
have prolonged the persister cell of W. cibaria through the same
mechanism as E. coli BL21.

4 Discussion

The mechanism underlying TA-mediated persistence remains
incompletely understood, although it is generally believed that
the direct cause is the shutdown or disruption of major cellular
processes induced by TA toxins (Verstraeten et al., 2015;
Wilmaerts et al., 2019). However, experimental confirmation
of this understanding has been scarce. Our presented results
revealed the molecular mechanism through which PemK induced
persistence of W. cibaria by disrupting crucial cellular processes
such as hydrogen transfer, electron transfer, NADH and FADH2
synthesis (Figures 3, 5, 7). This disruption occurred via
mRNA fragmentation of targeting metabolic enzymes involved in
glycolysis, TCA cycle and respiratory chain pathways, ultimately
leading to reduced ATP levels and membrane depolarization
(Figures 6A–C). These findings provided valuable insights into
how W. cibaria evaded ciprofloxacin stress, that was, when faced
with ciprofloxacin stress, it entered the persistence, conversely,
once the stress was alleviated, the persistence was awakened.

Bacterial persistence is a programmed phenotypic
transformation with a genetic basis (Gerdes and Maisonneuve,

Frontiers in Microbiology 13 frontiersin.org210

https://doi.org/10.3389/fmicb.2024.1402319
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1402319 May 9, 2024 Time: 18:0 # 14

Zhu et al. 10.3389/fmicb.2024.1402319

2012; Wilmaerts et al., 2019). Currently, it is widely accepted
that TAs play a crucial role in bacterial persistence (Page and
Peti, 2016). Our findings further supported this consensus, as
PemKI’s mRNA was one of the most up-regulated transcripts
during the persistence of W. cibaria under ciprofloxacin
stress (Figure 1C). Additionally, ectopic expression of PemK
significantly increased the persistence frequency of recombinant
E. coli BL21 (Figure 8B). In W. cibaria, the PemKI module
consisted of PemK and its cognate antitoxin PemI (Figures 1A,
B). Although PemK shared conserved residues and similar
structure with homologs, its gate crevice and charge distribution
differed from those homologs due to amino acid variations.
Notably, the gate crevice of PemK closely resembled that of
S. aureus, but differed significantly from E. coli, B. subtilis
and B. anthracis (Figure 2). These unique characteristics
determined its binding specificity for mRNA and physiological
functions.

The significant function of PemK and its homologues is to
catalyze the cleavage of bacterial mRNA with specific sequences
(Bukowski et al., 2013; Kim et al., 2022), and their catalytic
activities are closely related to the type and location of amino
acid residues involved in mRNA binding and cleavage. In E. coli,
MazF specifically cleaves the P-O5′ phosphoester bond between
G↓ACA or G/UA↓CA of mRNA through transphosphorylation,
with Arg29 and Thr52 likely serving as catalytic residues (Zorzini
et al., 2016). MazF from B. subtilis cleaves mRNAs with U↓ACAU,
where Arg25 and Thr48 are crucial for its activity, while Gln50
and Arg71 have minimal effect on activity (Simanshu et al., 2013).
For S. aureus, Glu20, Arg25, Thr48, and Arg84 are key residues
involved in binding and cleavage of mRNA with U↓AUU. Among
them, Arg25 and Thr48 may be responsible for mRNA cleavage,
while Arg84 maintains the “closed form” conformation of PemK
dimer despite not directly interacting with mRNA. Conserved
Arg and Thr residues located in β2 and β3 sheet, respectively,
are generally considered as the active residues for catalysis in
PemK homologues, where Arg acts as both a general acid/base
catalyst, while Thr stabilizes transition states during reactions.
In W. cibaria, Arg24 bound the phosphate group between U↓A,
its mutation significantly affected the conformation and charge
distribution of its gate crevice, as well as the thermostability, SASA
and instability of PemK, thus significantly reducing the catalytic
activity of PemK (Figures 3B, 4–8). Interestingly, substitution at
Thr48 with any amino acid did not obviously affect any properties
described above for PemK (Figure 4A), most likely due to fact
that it bound the adenine between U↓A rather than phosphate
group in target mRNA sequence (Figure 3B). Therefore, the active
residues of PemK from W. cibaria differed significantly from those
found in its homologs, where only Arg24 was the crucial active
residue.

A decrease in intracellular ATP and/or low PMF across the
membrane are characteristic indicators of persister formation
resulting from TA-toxin attacking on conservative metabolic
processes (Yu et al., 2023). Various small toxins, such as
those in the Hok family, abrogate the PMF and inhibit ATP
synthesis by depolarizing bacterial membranes (Harms et al.,
2018). However, there is currently limited knowledge regarding
the detailed mechanism through which TA-toxins target ATP and
PMF. In W. cibaria, ATP synthesis primarily occurs through
substrate level phosphorylation in glycolysis and TCA cycle, as

well as oxidative phosphorylation in the respiratory chain. The
former serves as an auxiliary pathway for energy acquisition,
with only 3 ATP production. However, PemK inhibited their
ATP synthesis, more importantly, it reduced the supply of
NADH + H+ and FADH2 for oxidative phosphorylation by
cleaving mRNA of enzymes in metabolic framework (Figures 5–
7). The oxidative phosphorylation is the primary pathway for
ATP production, generating 10 ATP molecules along with
the efflux of 10 H+ through complexes I, III, and IV, and
the influx of 4 H+ through ATP-synthase. Consequently, in
W. cibaria, PemK cleaved target mRNAs encoding complexes
I, III and IV to result in impaired H+ efflux from inner-
membrane, subsequently reduced the membrane potential and
abolished PMF (Figures 5, 6A, C). Simultaneously, PemK
targeted complexes I–IV and ATP synthase to block the electron
transfer and H+ influx which ultimately disrupts ATP synthesis
(Figures 6B, F). In bacteria, disruption of ATP synthesis
appears to be a promising mechanism for TA-toxins as most
antibiotics corrode active targets by energy-dependent processes.
Therefore, the disruption of ATP synthesis leading to cell
depolarization was likely to be the primary physiological function
of PemK inducing W. cibaria persistence to evade ciprofloxacin
stress.

Recently, it has been documented that ATP content was the
decisive factor in whether exponentially growing cells transition
into persister cells. However, this correlation was not observed
in S. aureus (Kamphuis et al., 2006; Somerville and Proctor,
2009). Under ciprofloxacin stress, PemK significantly augmented
the persister frequency of W. cibaria, from 0.03% up to 0.6%
(Figure 1C), achieved through disruption of ATP synthesis
pathway and depolarization of cell membrane, which has been
further validated in recombinant E. coli BL21 (Figures 6A–D, F).
Moreover, when Ala replaced Arg24, PemKArg24>Ala24 considerably
weakened its cytotoxicity to ATP synthesis pathway and membrane
potential of recombinant E. coli BL21, resulting in a decrease in
persister frequency from −1.82 to −1.24 log10 to −2.82 to −2.24
log10 (Figures 6D, 8A). These ectopic results further corroborated
the physiological mechanism underlying PemK’s involvement in
the persister formation of W. cibaria, while also highlighted the
significance of Arg24 for maintaining PemK’s activity.

The significance of TA system in bacterial persistence renders
it a natural target for the discovery of innovative strategies that
can either trigger the persistence or awaken the persister cell. Our
study provided some crucial structural and functional insights into
PemK of W. cibaria, serving as a fundamental basis for uncovering
this novel approach. However, the pivotal question remains
whether interference with mRNA and physiological function by
ciprofloxacin-induced PemK characterizes universal regulatory on
W. cibaria under diverse stresses, which currently lacks clarity and
necessitates further investigation.
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Introduction: Acinetobacter baumannii (A. baumannii) is an important

opportunistic pathogen causing nosocomial infection in the clinic. The

occurrence rate of antibiotic resistance is increasing year by year, resulting in

a highly serious situation of bacterial resistance.

Methods: To better understand the local epidemiology of multidrug-resistant

A. baumannii, an investigation was conducted on the antibiotic resistance

of different types of A. baumannii and its relationship with the genes of

A. baumannii. Furthermore, the molecular mechanism underlying antibiotic

resistance in A. baumannii was investigated through transcriptome analysis.

Results: These results showed that a total of 9 STs were detected. It was found

that 99% of the strains isolated in the hospital belonged to the same STs,

and the clone complex CC208 was widely distributed in various departments

and all kinds of samples. Furthermore, these A. baumannii strains showed high

resistance to ertapenem, biapenem, meropenem, and imipenem, among which

the resistance to ertapenem was the strongest. The detection rate of blaOXA-51

gene in these carbapenem resistance A. baumannii (CRAB) reached 100%;

Additionally, the transcriptome results showed that the resistance genes were

up-regulated in resistance strains, and these genes involved in biofilm formation,

efflux pumps, peptidoglycan biosynthesis, and chaperonin synthesis.

Discussion: These results suggest that the CC208 STs were the main

clonal complex, and showed high carbapenem antibiotic resistance. All these

resistant strains were distributed in various departments, but most of them

were distributed in intensive care units (ICU). The blaOXA-23 was the main

antibiotic resistance genotype; In summary, the epidemic trend of clinical

A. baumannii in Guiyang, China was analyzed from the molecular level, and the
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resistance mechanism of A. baumannii to carbapenem antibiotics was analyzed

with transcriptome, which provided a theoretical basis for better control of

A. baumannii.

KEYWORDS

carbapenem resistance A. baumannii, MLST typing, antibiotic resistance, antibiotic
resistance mechanism, transcriptome

1 Introduction

The Gram-negative bacterium Acinetobacter
baumannii (A. baumannii) is known as one of the most
important nosocomial pathogens in healthcare-associated
infections, especially with ventilator-associated pneumonia and
catheter-associated infections (Liu et al., 2022; Kang et al., 2023).
Additionally, A. baumannii has been reported to be associated
with high mortality in intensive care units (ICUs), particularly
among critically ill patients (Inchai et al., 2015). In 2017, The
World Health Organization (WHO) also recently listed ESKAPE
pathogens in the list of 12 bacteria against which new antibiotics are
urgently needed (Mulani et al., 2019; Wang et al., 2022). Overuse of
antibiotics has prompted the emergence of carbapenem resistance
A. baumannii (CRAB), in consequence, either horizontal gene
transfer or other opportunities, such as altered targets, decreased
membrane permeability (Chusri et al., 2014), increased production
of degrading enzymes (Lee et al., 2017), overexpression of efflux
pumps (Roy et al., 2021), metabolic changes, biofilm formation
(Yan and Bassler, 2019; Colquhoun and Rather, 2020; Gedefie
et al., 2021), or increased nutrient sequestration mechanisms
(Tiwari et al., 2019).

Antimicrobial resistance is a prominent feature that helps
A. baumannii survive in an antimicrobial stress environment,
causing the microorganism to pose a threat to humans and
complicating treatments (Han et al., 2022). Multidrug-resistant
A. baumannii, extensively drug-resistant A. baumannii, and
pan-drug-resistant A. baumannii nosocomial isolates are now
commonly found in hospitals (Ramirez et al., 2020). Additionally,
A. baumannii is also an emerging pathogen among the elderly and
immunocompromised patients in nursing homes and community
hospitals (Mody et al., 2015).

The rise of resistant A. baumannii strains prompted
the design and execution of epidemiological investigations
of A. baumannii epidemics using various molecular typing
methods, including multi-locus enzyme electrophoresis (MLEE),
pulsed-field gel electrophoresis (PFGE), and subsequently
confirmed by multi-locus sequence typing (MLST) (Montanaro
et al., 2016). Among these methods, the MLST has become the gold
standard for epidemiological (Ravaioli et al., 2022). Furthermore,
a prominent advantage of MLST is the derived nomenclature, and
sequence type (ST), which has been rapidly and extensively adopted
by the community, thus widening the global collective knowledge
of the distribution, dissemination, and biological characteristics of
crucial clonal populations (Gaiarsa et al., 2019).

A large number of studies have shown that genes play a vital
role in the antibiotic resistance of any bacteria (Roy et al., 2022). It
reported that a variety of OXA-type β-lactamase genes were found

in CRAB strains (Abouelfetouh et al., 2022). Among these genes,
the OXA-23 and OXA-51 were key determinants of carbapenem
resistance (Chan et al., 2022). In addition, genes associated with
efflux pumps also play an important role in carbapenem antibiotic
resistance. It is reported that the 1aceI mutant strain showed
lower resistance to chlorhexidine than the parental strain. This
result suggests that aceI plays a key role in antibiotic resistance
(Liu et al., 2018). Besides, the gene purF, which regulates the
biofilm formation, also plays a fatal role in antibiotic resistance
(Dai et al., 2021). In addition, the Chaperonin GroEL/GroES also
plays an important role in Escherichia coli antibiotic resistance
(Goltermann et al., 2015). However, the mechanism of antibiotic
resistance of A. baumannii needs to be further explored.

In the present study, the MLST, antibiotic resistance genes and
transcriptome of A. baumannii were analyzed. This study found
that a total of 9 ST sequence types were detected, and the CC208 was
the main clonal complex in this hospital and showed high antibiotic
resistance to carbapenems; The blaOXA-23 gene was the main
antibiotic resistance genotypes; The transcriptome result suggests
that carbapenem antibiotic resistance of A. baumannii involved
biofilm formation, efflux pumps, peptidoglycan biosynthesis, and
chaperonin synthesis.

2 Materials and methods

2.1 Bacterial strains

The 199 strains CRAB were isolated from patients in various
departments of Affiliated Hospital of Guizhou Medical University,
Guizhou, China from 2017 to 2019. Standard A. baumannii
ATCC19606, pan-resistant A. baumannii strains are preserved in
the Key Laboratory of Modern Pathogenic Biology, School of Basic
Medicine, Guizhou Medical University.

The genomic DNA of A. baumannii was extracted using
the kit (BIOTEKE, Beijing, China). Seven housekeeping genes
were amplified by PCR. The primers used are listed in Table 1.
The PCR reactions were performed using PrimeSTAR R© Max
DNA Polymerase (Takara, Japan) with the following amplification
parameters: 95◦C for 5 min; 94◦C for 30 s, 50◦C for 30 s, and 72◦C
for 40 s, 30 cycles; 72◦C for 10 min.

2.2 Multilocus sequence typing (MLST)

The amplified products of MLST typing of A. baumannii were
sequenced, and the sequence results were compared on the MLST
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TABLE 1 Primers for PCR amplification of A. baumannii housekeeping genes.

Locus Primer Sequences Amplicon size (bp) Usage

gltA CitratoF1 AATTTACAGTGGCACATTAGGTCCC 722 amp/seq

CitratoR12 GCAGAGATACCAGCAGAGATACACG amp/seq

gyrB APRU F TGTAAAACGACGGCCAGTGCNGGRTCYTTYTCYTGRCA 909 amp

M13[-21] TGTAAAACGACGGCCAGT seq

UP1E-R CAGGAAACAGCTATGACCAYGSNGGNGGNAARTTYRA amp

M13-F CAGGAAACAGCTATGACC seq

gdhB GDHB1F GCTACTTTTATGCAACAGAGCC 775 amp

GDHSECF ACCACATGCTTTGTTATG seq

GDHB775R GTTGAGTTGGCGTATGTTGTGC amp

GDHSECR GTTGGCGTATGTTGTGC seq

recA RA1 CCTGAATCTTCYGGTAAAAC 425 amp/seq

RA2 GTTTCTGGGCTGCCAAACATTAC amp/seq

cpn60 CPN-3F2 ACTGTACTTGCTCAAGC 479 amp/seq

CPN-R2 TTCAGCGATGATAAGAAGTGG amp/seq

gpi gpi_F AATACCGTGGTGCTACGGG 508 amp/seq

gpi_R AACTTGATTTTCAGGAGC amp/seq

rpoD 70F-RPOD ACGACTGACCCGGTACGCATGTAYATGMGNGARATCGCNACNCT 492 amp

70FS ACGACTGACCCGGTACGCATGTA seq

70R RPOD ATAGAAATAACCAGACGTAAGTTNGCYTCNACCATYTGYTTYTT amp

70RS ATAGAAATAACCAGACGTAAGTT seq

comparison website of A. baumannii. The sequencing results were
submitted to the website for comparison to obtain allele number
and ST type. The Bio Numerics 7.1 software is used for typing data
processing, and generating minimum spanning tree (MST).

2.3 Detection of antibiotic susceptibility
and resistance genes

The minimal inhibitory concentration (MIC) values of
A. baumannii isolated from clinical isolates were measured by
the micro-dilution broth method. The antibiotics determined were
imipenem, meropenem, ertapenem, and biapenem. There were
three repeats for each strain and antibiotic. Except for 5 gradients of
biapenem, 6 gradients were done. The concentration of the mother
liquid before dilution is shown in Table 2. The results were judged
by the Institute of Clinical and Laboratory Standards (CLSI2012).

TABLE 2 The preparation of antibiotics.

Antibiotic Solvent/diluent Concentration of
mother liquor
before dilution

(µg/mL)

Imipenem 1 × Phosphate buffer pH 7.2 2,048

Ertapenem 1 × Phosphate buffer pH 7.2 4,096

Meropenem ddH2O 2,048

Biapenem ddH2O 512

In this study, the blaOA-23 and blaOXA-51 were selected as
molecular markers for rapid identification of A. baumannii. The
primers are listed in Table 3, and the PCR reaction system is 15 µL,
including the premixTaq enzyme 7.5 µL, the primers 1 µL with
10 µM, DNA template 1 µL, and the ddH2O 4.5 µL. Meanwhile,
the PCRs were performed at 94◦C for 5 min, followed by 35 cycles
of 30 s at 94◦C, 30 s at 55◦C, 30 s at 72◦C, and a final extension
of 10 min at 72◦C. The 5 µL PCR products were sampled in 1%
agarose gel and 30 min was electrophoretic at a constant voltage of
100V. The photos were taken by WD-9413B gel imaging analyzer.

2.4 RNA isolation, library construction
and sequencing

The AB77 (weak imipenem resistance) and AB98 (strong
imipenem resistance) were selected for transcriptome sequencing
with three biological repeats per sample. After resuscitation of
CRAB77 and CRAB98, respectively, 1 mL solution was absorbed
and cultured in 100 mL LB liquid medium. After overnight
incubation at 37◦C 220 rpm until logarithmic growth, the
organisms were collected by centrifugation, and three biological
replicates were performed in each group, totaling six samples.
The collected bacterial precipitates were immediately liquid
nitrogen snap-frozen and stored in the refrigerator at −80◦C. The
total RNA of these samples was extracted using Trizol reagent
(Sigma-Aldrich, United States) according to the specification
described method. The RNA concentration and quality were
measured using a Nanodrop 2000 micro-spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), and agarose
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gel electrophoresis. RNA-seq library construction and RNA
sequencing were performed by the Meiji Biomedical Technology
Co., Ltd. (Shanghai, China).

2.5 Identification of differentially
expressed genes and annotation

The raw data was filtered to remove contaminated and low-
quality sequences from connectors and to obtain clean reads.
Bowtie2-2.5.0 was used to map the genome of the filtered
sequence (Langmead and Salzberg, 2012). The reference genome
of A. baumannii (ATCC 19606) was downloaded from GenBank
(NZ_CP045110.1). The gene expression levels were calculated
based on TPM (transcript per million) (Zhao et al., 2021).
Differential expression analysis between CRAB77 and CRAB98 was
performed using the DEGSeq2 R package. The significance of the
DEGs was determined with a P-value < 0.05 found by DEseq2.
Transcripts with log 2 (Fold Change) > 1 and P-value < 0.05 were
considered significant differential expressions. KOBAS software
was used to test the statistical enrichment of differentially expressed
genes in KEGG pathways. Significantly enriched KEGG pathways
was identified by a P-value < 0.05.

2.6 qRT-PCR

qRT-PCR was performed to confirm the DEGs identified
using RNA-seq. The primer sequences of candidate genes and
a housekeeping gene (16S rRNA) were designed using Primer
Premier 5 (Table 4). The first strand of cDNA was synthesized

by PrimeScript TMRT reagent Kit with gDNA Eraser (TaKaRa,
Beijing, China) according to the manufacturer’s instructions.
The qRT-PCR was carried out with a PikoReal 96 real-time
PCR system (Thermofisher Scientific) using PowerUpTM SYBRTM

Green Master Mix (Thermo Fisher Scientific, Waltham, MA, USA).
The sense and anti-sense primers were designed by Primer Premier
5 and they were synthesized by Sangon Biotech Co., Ltd. (Shanghai,
China). Sequences of the primers used in this study were shown
in detail in Table 4. The reactions were performed with three
biological and technical replicates per sample. The data were
analyzed using the 2−1Ct method (Schmittgen and Livak, 2008).

2.7 Statistical analysis

Statistical analysis was performed using SPSS21.0. All
experiments were performed in triplicate. Statistical differences
between groups were assessed by the two-tailed Student’s t-
test and one-way analysis of variance (ANOVA) followed by
Tukey’s multiple-comparison test or by the nonparametric Mann–
Whitney U test and Kruskal-Wallis test, followed by Duncan’s
multiple-comparison test. A P-value < 0.05 was considered
statistically significant.

3 Results

3.1 Molecular typing of the strains

The sequences of these 7 housekeeping genes in 199
A. baumannii strains were submitted to the MLST database

TABLE 3 Primers information for amplifying carbapenemase genes in A. baumannii strains.

Target gene Primer Primer sequence (5′→3′) Product Size/bp Temperature/◦C

blaOXA-23 OXA-23-F GATCGGATTGGAGAACCAGA 501 55

OXA-23-R ATTTCTGACCGCATTTCCAT

blaOXA-51 OXA-51-F ATGAACATTAAAGCACTCTTACTT 825 55

OXA-51-R CTATAAAATACCTAATTGTTCTAA

TABLE 4 The Primers information for qRT-PCR.

Target gene Primer name Primer sequence (5′→3′) Product Size/bp Tm/◦C

mltG mltG-F CCACCATTACCAGTCGCTACAAAA 180 bp 60

mltG-R TGCAAACTATAAGGGGAACATTACTCG

dnaK dnaK-F ATTTTTAGGGTTTGTTACTGCCTGA 162 bp 60

dnaK-R GGTACTACCAACTCATGTGTTGCTGT

groL GroL-F CAGCTGGTTTGTCTTCAGGAATGTC 151 60

GroL-R GCAACTGGCGAATATGGTGATATGT

FQU82_RS13360 3360-F GTTGGATAAGGAACAACACTCACACC 175 60

3360-R GTAGCAAAATCTACAACACGCCAAC

aceI AceI-F AGTGAAGTGATGCTGCTTTAGCATT 194 60

AceI-R TGGTTTTGAGGGTGGTTTGC

16S rRNA 16S rRNA-F TACACACCGCCCGTCACACC 119 60

16S rRNA-R CGGCTACCTTGTTACGACTTCACC
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TABLE 5 Alleles and sequence types in CRAB isolates.

ST gltA gyrB gdhB recA cpn60 gpi rpoD Percent (%)

136 1 3 3 2 2 16 3 19.6

191 1 3 3 2 2 94 3 18.6

195 1 3 3 2 2 96 3 15.1

208 1 3 3 2 2 97 3 18.6

2,206 1 63 67 60 29 153 5 0.5

368 1 3 3 2 2 140 3 6

369 1 3 3 2 2 106 3 14.6

457 1 15 3 2 2 153 3 0.5

540 1 3 3 2 2 160 3 6.5

FIGURE 1

Minimum spanning tree (MST) of 199 A. baumannii strains. The size of the circle in MST represents the number of the same ST genotypes, and the
black solid line indicates that there are 3 or fewer differences in housekeeping genes between the two ST genotypes. The thicker the black solid line,
the smaller the difference in housekeeping genes between the two ST genotypes. The dotted line indicates that there are 4 or more differences in
housekeeping genes between the two ST genotypes. The denser the dotted line, the greater the difference in housekeeping genes between ST
genotypes.

of the Pasteur Institute1 to investigate whether there were
base substitutions or deletions. The sequences obtained from
housekeeping gene sequencing of each strain were submitted to
the database, and the corresponding alleles of each sequence were

1 https://pubmlst.org/abaumannii/

queried, to obtain the ST model of each strain. The results showed
that there were 9 different sequence types (Table 5), among which
ST136, ST191, and ST208 had high frequency in the hospital.

The minimum spanning tree showed that the ST types of
the 199 strains are relatively concentrated, and all of them
originated from ST191 (Figure 1). In addition, there is only gpi
difference between ST136/ST195/ST368/ST369/ST208/ST540 and
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FIGURE 2

Minimum spanning tree analysis of CRAB isolates based on multilocus sequence typing (MLST) data. Each circle represents an independent
sequence type (ST). The size of each circle corresponds to a different number of isolates, with larger sizes representing higher isolate quantity. The
lines connecting the circles indicate the relationship between different STs. Different types of lines represent a difference in one allele (solid lines),
two alleles (dashed lines), and three or more alleles (dotted lines).

ST191. While there are two alleles difference between ST457
and ST191, the genetic relationship is close. It is reported that
the mutation rate and recombination rate of gpi in the MLST
typing scheme of A. baumannii are higher than those of other
housekeeping genes, and it is easy to mutate in the process of
evolution. It is found that a similar situation in the study of
A. baumannii typing, suggests that A. baumannii MLST scheme
has a better resolution on the housekeeping gene gpi. Among
the 199 strains of CRAB, there is only one ST, which is widely
distributed in various departments. Among these departments, the
ICU region is the most distributed. However, the ST2206 does
not belong to these ST, and there are six allele differences
between ST2206 and ST191, and the ST2206 is isolated in the
comprehensive ICU region.

To understand the classification position of these identified
strains in the entire A. baumannii database, the ST of all strains
were placed in the A. baumannii ST database. The results showed
that the ST136 / ST195 / ST368 / ST369 / ST208 / ST540
/ ST191 belongs to CC208, and the ST2206 distant relatives
(Figure 2).

According to the analysis of the source distribution of 199
CRAB strains, the results showed that most of these clinical strains
came from sputum, and a total of 171 strains of each ST type

were detected in these sputum samples, while the distribution
was less in other samples (Figure 3A). Based on the analysis of
sputum samples in various departments, these CRAB were found
in all clinical sputum samples in many departments, while there
were few types of CRAB samples in the remaining departments
(Figure 3B). This result implies that the ST is widely prevalent in all
departments in the hospital, and it is necessary to focus on detecting
the presence of CRAB in sputum samples to timely control the
spread of CRAB.

3.2 Antimicrobial susceptibility testing

The result of MIC values for the 199 A. baumannii strains
showed that the MIC values for biapenem were concentrated at
128 µg/mL, accounting for 44.5%; the MIC value of meropenem
was concentrated at 128 µg/mL, accounting for 39%; the MIC
value for ertapenem was concentrated at 512 µg/mL, accounting for
39.5%; as well as the MIC values for imipenem were concentrated
at 64 µg/mL, accounting for 51% (Figure 4 and Supplementary
Table 1). These results indicate that all experimental strains
were highly resistant to the four carbapenems antibiotics, among
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FIGURE 3

Molecular epidemiological characteristics of strains from different tissue and clinical departments. (A) The source of different typing strains. (B) The
distribution of CRAB strains in sputum in each department.

FIGURE 4

The distribution of MIC value in A. baumannii. (A) Biapenem; (B) meropenem; (C) ertapenem; (D) imipenem.

which the experimental strains had the strongest resistance
to ertapenem.

According to the ST type classification of 199 CRAB strains,
MIC values of these 199 CRAB strains against ertapenem were

calculated. The results showed that ST136, ST191, ST195, and
ST208 were more resistant to ertapenem than ST368, ST369,
ST457, and ST540. However, the ST2206, which is distantly
related to STs strain, also had a MIC value of 1,024 µg/mL.
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TABLE 6 Resistance of ST types to ertapenem in 199 CRAB strains.

Ertapenem MIC (µg/mL)

ST <32 128 256 512 1,024 >1,024

ST136 0 0 2 9 14 14

ST191 0 0 0 14 13 10

ST195 0 0 3 9 13 5

ST208 0 1 1 19 10 6

ST2206 0 0 0 0 1 0

ST368 0 0 4 4 4 0

ST369 0 0 4 15 4 6

ST457 0 0 0 0 1 0

ST540 0 0 1 9 3 0

TABLE 7 Resistance of ST types to biapenem in 199 CRAB strains.

Biapenem MIC (µg/mL)

ST 16 32 64 128 >128

ST136 1 3 8 17 10

ST191 0 1 10 24 2

ST195 0 3 9 12 6

ST208 2 2 15 14 4

ST2206 0 1 0 0 0

ST368 1 3 2 5 1

ST369 0 4 9 11 5

ST457 0 0 0 1 0

ST540 0 3 5 5 0

This result indicates that ST2206 with strong antibiotic resistance
(Table 6).

In addition, according to the antibiotic resistance detection of
these 199 strains to biapenem, the results showed that the MIC
values of ST types concentrated at 128 µg/mL. The result showed
that these ST types have the same resistance to biapenem. However,
the ST2206 showed lower resistance to biapenem than other ST
types (Table 7).

According to the detection of the resistance for these 199 CRAB
strains to meropenem, it was found that the MIC values of STs
to meropenem in these 199 CRAB strains were higher, while the
ST2206 showed low resistance to meropenem (Table 8).

Based on the detection of the resistance STs to imipenem
in 199 CRAB strains, the results showed that MIC values
were concentrated in 32 µg/mL-128 µg/mL, indicating strong
resistance. Moreover, the ST2206 also showed resistance to
imipenem, but the resistance was low, with a MIC value of
32 µg/mL (Table 9). According to this data, it was be defined
weakly resistant strain with MIC values ≤ 32 to imipenem,
while strains with MIC value > 32 was defined as strongly
resistant strain. By this definition, ST136 and ST208, have
quite different resistance to imipenem; In this study, weakly
resistant strains accounted for 18% in ST136, and 47.22%

TABLE 8 Resistance of ST types to meropenem in 199 CRAB strains.

Meropenem MIC (µg/mL)

ST 16 32 64 128 256 512 >512

ST136 0 5 4 24 3 2 1

ST191 0 2 6 21 8 0 0

ST195 0 4 8 13 3 1 1

ST208 1 7 18 9 1 1 0

ST2206 0 0 1 0 0 0 0

ST368 3 3 2 4 0 0 0

ST369 0 3 16 5 2 3 0

ST457 0 0 0 1 0 0 0

ST540 1 0 8 1 0 3 0

TABLE 9 Resistance of ST types to imipenem in 199 CRAB strains.

Imipenem MIC (µg/mL)

ST <16 16 32 64 128 256

ST136 0 0 7 25 6 1

ST191 0 0 4 21 11 1

ST195 1 1 11 17 0 0

ST208 5 0 14 17 1 0

ST2206 0 0 1 0 0 0

ST368 3 0 4 5 0 0

ST369 0 0 12 14 3 0

ST457 0 0 0 1 0 0

ST540 2 0 9 2 0 0

were weakly resistant strains in ST208. This result indicates
that different STs may have different resistance mechanisms to
imipenem.

3.3 Antimicrobial resistance genes
testing

To understand the distribution of antibiotic resistance genes,
the blaOXA-23, and blaOXA-51 were detected in 199 CRAB,
standard A. baumannii (ATCC19606), pan-resistant A. baumannii
(PRAB) and SJZ24 by using PCR amplification. The results
showed that the target sequence of blaOXA-23 (Figure 5A) and
blaOXA-51 (Figure 5B) genes were found in these strains. The
BLAST analysis was conducted after sequencing these target
bands, and it was found that these target bands were all
target antibiotic resistance genes. Statistical data showed that
the detection rate of the blaOXA-23 gene and blaOXA-51 gene
in CRAB was 92.5 and 100%, respectively (Figure 5C). These
results suggest that the class D carbapenemases genes are widely
distributed in these 199 CRAB strains, which may be one of
the reasons for its high antibiotic resistance to carbapenems
antibiotics.
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FIGURE 5

The PCR amplification of CRAB (part of the sample) resistance genes and the statistics of positive tests of antibiotic resistance genes. (A) blaOXA-23;
(B) blaOXA-51; (C) Statistics of positive tests of antibiotic resistance genes; M, DNA maker; Yes, the number of positive strains; no, the number of
negative strains.

FIGURE 6

The Volcano diagram of differentially expressed genes between resistance strain and sensitive strain (A) and DEGs involved in KEGG pathway
enrichment analysis in comparison with resistance strain and sensitive strain (B). In (A), The x-axis represents the multiple differential expressions;
the y-axis represents significance. In (B), The x-axis represents the Rich factor, GeneRatio = Term Candidate Gene Number/Term Gene Number. The
y-axis represents KEGG Pathway. The size of the bubble is proportional to the number of genes in the KEGG Pathway. And the color represents the
P-value of enrichment. The deeper the color, the smaller the P-value.

3.4 Transcriptome profiling and
identifying differentially expressed genes
(DEGs)

To understand the resistance mechanisms of different STs to
imipenem, the transcriptome sequencing analysis between ST208
(AB77) and ST136 (AB98) was performed in this study. The results
showed that a sum of 159.60 million reads was generated and
each sample provided an average production of 26.60 million.
A mean of 26.60 million clean reads was obtained from each
library with an adequate read ratio of 94.63% after removing
adaptor sequences, N-containing reads, and low-quality. A mean
of 20.44 million CDS-mapped reads was obtained from each
library with an adequate read ratio of 80.11% (Supplementary
Table 2). A total of 3,829 genes were mapped from all the samples.
The resistance strain and sensitive strain gene expression levels
were analyzed, and 390 differentially expressed genes (DEGs)
were recognized (Supplementary Table 3). Among such DEGs,

the resistance strain had 256 DEGs up-regulated and 134 DEGs
down-regulated (Figure 6A). It is worth pointing out that some
genes related to antibiotic resistance, efflux pump, and biofilm
formation were up-regulated in the resistance strain (Figure 6B).
The increased expression level of these genes may increase the
antibiotic resistance of A. baumannii.

3.5 Resistance genes regulated antibiotic
resistance

Among these DEGs, 19 genes may be involved the
carbapenem resistance, including biofilm formation, efflux
pump, peptidoglycan biosynthesis, chaperonin synthesis, and
drug transporter. In the biofilm formation process, there
were pilus assembly protein (Pap, FQU82_RS03605), urease
accessory protein (UreD, FQU82_RS05390), OmpA family protein
(FQU82_RS07900), NADP-specific glutamate dehydrogenase
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TABLE 10 A. baumannii genes involved in antibiotic resistance identified by mRNA-seq.

Gene id Gene name Gene function Log2FC q value

FQU82_RS03605 FQU82_RS03605 Pilus assembly protein 1.121204 0.0441

FQU82_RS05390 FQU82_RS05390 Urease accessory protein UreD 1.87116 0.0000

FQU82_RS05470 gdhA NADP-specific glutamate dehydrogenase 1.067204 0.0000

FQU82_RS07900 FQU82_RS07900 OmpA family protein −2.33007 0.0000

FQU82_RS02520 ptsP Phosphoenolpyruvate–protein phosphotransferase −1.01688 0.0000

FQU82_RS13115 purF amidophosphoribosyltransferase 1.175621 0.0000

FQU82_RS14285 dacC D-alanyl-D-alanine carboxypeptidase PBP5/6 1.375552 0.0000

FQU82_RS14770 mltG Endocytic transglycosylase MltG 1.084947 0.0000

FQU82_RS00890 galE UDP-glucose 4-epimerase GalE −1.13269 0.0000

FQU82_RS00325 dnaK Molecular chaperone DnaK 1.044462 0.0000

FQU82_RS15275 groL Chaperonin GroEL 1.287527 0.0000

FQU82_RS15280 FQU82_RS15280 Co-chaperone GroES 3.371287 0.0000

FQU82_RS03755 FQU82_RS03755 MFS transporter 1.581374 0.0000

FQU82_RS13360 FQU82_RS13360 ABC transporter substrate-binding protein 1.286576 0.0000

FQU82_RS08650 FQU82_RS08650 LysR family transcriptional regulator −1.09716 0.0000

FQU82_RS09170 FQU82_RS09170 PACE efflux transporter 1.446246 0.0000

FQU82_RS12055 aceI Chlorhexidine efflux PACE transporter AceI 1.787986 0.0000

FQU82_RS03105 FQU82_RS03105 MacB family efflux pump subunit −2.07775 0.0000

FQU82_RS03110 FQU82_RS03110 MacA family efflux pump subunit −2.5575 0.0000

(gdhA), phosphoenolpyruvate–protein phosphotransferase (pstP),
and amido phosphoribosyl transferase (purF, FQU82_RS13115).
In addition, there were 5 genes involved in efflux pump, including
LysR family transcriptional regulator (FQU82_RS08650), PACE
efflux transporter (FQU82_RS09170), chlorhexidine efflux PACE
transporter (aceI, FQU82_RS12055), MacB family efflux pump
subunit (FQU82_RS03105), MacA family efflux pump subunit
(FQU82_RS03110). Meanwhile, there were 3 genes may contribute
to peptidoglycan biosynthesis, including D-alanyl-D-alanine
carboxypeptidase PBP5/6 (dacC, FQU82_RS14285), endocytic
transglycosylase (MltG, FQU82_RS14770), and UDP-glucose
4-epimerase (GalE, FQU82_RS00890). Additionally, there were 3
chaperonins, including DnaK, GroEL, and GroES may be involved
in antibiotic resistance. It is worth mentioning that the MFS
transporter and ABC transporter substrate-binding protein may
participate in drug transport (Table 10).

3.6 Verification of differential expression
gene by quantitative real-time PCR

To confirm findings of gene expression obtained from
transcriptome data, 6 DEGs concerned with antibiotic resistance
were chosen for qRT-PCR. These DEGs are mainly involved in
biofilm formation, efflux pump, peptidoglycan biosynthesis, and
chaperonin synthesis. As shown in, the 6 DEGs had a very similar
expression pattern based on the transcriptome data and qRT-
PCR, which indicates the trustworthiness of the transcriptomic
analysis (Figure 7).

4 Discussion

A. baumannii is mainly related to nosocomial infections
globally and is an oxybiotic Gram-negative pathogen that results
in infections of the skin, urinary tract, bloodstream, and other
soft tissues (Lee et al., 2017). In recent years, A. baumannii
have become a significant cause of critical healthcare-associated
diseases and infections (Lima et al., 2019). Among these β-lactam
antibiotics, the carbapenems are considered the most effective
class with the most extensive spectrum of antimicrobial activity
(O’Donnell et al., 2021). Hence, carbapenem antibiotics are also
often used in the treatment of A. baumannii infection (Nguyen
and Joshi, 2021). However, with the use of carbapenem antibiotics,
some carbapenem-resistant bacteria, including A. baumannii,
Pseudomonas aeruginosa, and Stenotrophomonas maltophilia were
appeared (Nordmann and Poirel, 2019). It is reported that
A. baumannii infections occur in critically ill patients in the ICU
setting and account for up to 20% of infections in ICUs worldwide
(Lee et al., 2017). To better understand the carbapenem resistance
A. baumannii to be able to develop a good treatment plan. In
this study, 199 CRAB strains were used as materials to study their
typing. Among the 199 CRAB strains, two strains were used to
explore the mechanism of antibiotic resistance.

According to the MLST analysis of the 199 CRAB strains, it
was found that the ST136 and ST208 were the most STs of CRAB,
which have strong resistance to the four kinds of carbapenem
antibiotics. As in previous studies, the ST136 and ST208 belong
to CC92, which is the most widely and largest disseminated
complex worldwide (Alcantar-Curiel et al., 2019; Lima et al.,
2019). Additionally, ST208 has become the main sequence type of
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FIGURE 7

Relative expression levels of 6 DEGs in 77 and 98. MltG, endolytic transglycosylase MltG; dnaK, molecular chaperone DnaK; GroL, chaperonin GroEL;
GroES, co-chaperone GroES; FQU82_RS13360, ABC transporter substrate-binding protein; ace I, chlorhexidine efflux PACE transporter AceI.

A. baumannii infection outbreak in western China (Qu et al., 2016;
Gao et al., 2022). Furthermore, along with the global phenomenon,
CC92 has become the dominant circulating strain in children
(Kang et al., 2023). In addition, the present study showed that
the ST195, ST191, and ST369 were divided into the same group,
while the time of emergence of these two STs was different. It
is worth noting that the virulence of ST369 is higher than that
of ST191 (Jiang et al., 2021). Moreover, the resistance of ST191
to carbapenem is also very serious (Tables 6–9). Therefore, it
is extremely important to control the spread of ST136, ST191,
ST208, ST195, ST369.

Imipenem is a carbapenem antibiotic commonly used in
clinical treatment and plays an important role in preventing
A. baumannii infection (Khaled et al., 2021). A large number of
studies have shown that A. baumannii ST136 is highly resistant
to imipenem (Firoozeh et al., 2023; You et al., 2023). In the
present study, ST136 also showed strong resistance to imipenem,
while ST208 showed weak resistance to imipenem (Table 9). This
phenomenon may be caused by differences in gene expression at
different STs. Transcriptome results showed that these two STs
A. baumannii were significantly differentially expressed in biofilm
formation, efflux pump, peptidoglycan biosynthesis, and chaperone
biosynthesis. These results suggest that the resistance ability of
ST136 to imipenem is caused by the differential gene expression of
these pathways.

As we all know, bacterial resistance to antibiotics involves
many factors, such as the formation of biofilm, which can
increase antibiotic resistance thousands of times (Guo et al., 2022).
Additionally, the efflux pump, the chaperonins, and peptidoglycan
biosynthesis also play important roles in antibiotic resistance
(Grishin et al., 2020; Stevens et al., 2020; Barnabas et al., 2022).
During the biofilm formation, the pilus assembly protein plays

an important role in the formation of fimbriae (Sanchez et al.,
2017; Shanmugasundarasamy et al., 2022). In this study, the pilus
assembly protein was up-regulated in the antibiotic resistance
strains (Table 6). In addition, the ureD (Maisuria et al., 2015), ptsP
(Abisado et al., 2021), and purF (Li et al., 2021) also contribute
to biofilm formation, which may play an important in the process
of antibiotic resistance. In the meanwhile, a ureD, and ptsP were
also up-regulated in this study (Table 10). These results suggest
that biofilm formation plays an important role in carbapenem
antibiotic resistance.

To date, different categories of efflux pumps have been
identified in A. baumannii, including RND-family (resistance-
nodulation-division), MFS (major facilitator superfamily), MATE
(multidrug and toxic compound extrusion), SMR (small multi
antibiotic resistance), PACE family and ABC (ATP-binding
cassette) superfamilies are the main components of the efflux
pump (Blair et al., 2014; Li et al., 2015; Hassan et al., 2018).

FIGURE 8

Carbapenem-resistant A. baumannii antibiotic resistance regulation
model. The red arrow indicates that the expression level was
up-regulated.
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These efflux pumps play a key role in antibiotic resistance (Roy
et al., 2022). In this study, the MFS transporter, and PACE efflux
transporter were up-regulated (Table 10), which may improve
the ability of carbapenem antibiotic resistance. Most importantly,
LysR, a transcriptional regulator, also indirectly regulates the efflux
pump (Fu et al., 2020; Lu et al., 2021), which is also significantly
up-regulated in this study.

Besides, the peptidoglycan also contributes to antibiotic
resistance (Kvesić et al., 2022). It is reported that the deposition
of Pseudomonas aeruginosa with the interference of peptidoglycan
circulation in the lungs of mice was significantly reduced, and the
mortality caused by systemic infection was significantly reduced
(Torrens et al., 2019). Moreover, the peptidoglycan synthesis related
gene dacC was more frequently found in populations with lower
relative fitness across the measured growth parameters (Barbosa
et al., 2017). In the meanwhile, the dacC in the antibiotic resistance
strain was upregulated (Table 10), indicating that dacC may also be
involved in antibiotic resistance.

As in previous studies, chaperone proteins also play an
important role in antibiotic resistance (Chiang et al., 2022). For
instance, in Escherichia coli, the Chaperonin GroEL/GroES over-
expression can promote aminoglycoside resistance and reduce drug
susceptibilities (Goltermann et al., 2015). Moreover, the GroEL
can increase the antibiotic resistance of Klebsiella pneumoniae
by promoting the refolding of misfolded proteins (Ye et al.,
2021). It is worth mentioning that the chaperone GroEL/GroES
of A. baumannii has also been reported to play an important role
in antimicrobial resistance (Abirami et al., 2023). In addition, the
DnaK system supports rifampicin resistance (Fay et al., 2021). In
this study, the chaperone proteins GroEL, GroES and DnaK are up-
regulated in the antibiotic-resistance strain. These results suggest
that chaperones may also play a crucial role in the process of
carbapenem antibiotic resistance (Figure 8).

In summary, these results showed that the main STs of
CRAB were ST136, ST191, ST208, ST195, ST369, and it was
mainly distributed in ICU. The analysis of the antibiotic
resistance mechanism suggested that the antibiotic resistance
mechanism of A. baumannii was mainly due to the expression
of biofilm formation and efflux pump-related genes. In addition,
to peptidoglycan biosynthesis, chaperonin synthesis also plays an
important role. This study provides a theoretical basis for better
control of CRAB.

5 Conclusion

In this study, there were 9 ST sequence types were detected,
and the CC208 was the main clonal complex in this hospital
and showed high carbapenems resistance; as well as the blaOXA-23
gene was the main carbapenems resistance genotypes; the
results of transcriptome data showed that the mechanism of
enhanced carbapenems resistance of A. baumannii may be due
to the enhanced biofilm-forming ability, efflux pump expression,
peptidoglycan biosynthesis, and molecular chaperone protein
expression. Therefore, we need to strengthen the research and
development of new antibiotics to provide an effective way
to control carbapenem-resistant A. baumannii. This study lays
the foundation for the detection and control of carbapenem
A. baumannii. In summary, the epidemic trend of clinical

A. baumannii in Guiyang, China was analyzed from the molecular
level, and the antibiotic resistance mechanism of A. baumannii to
carbapenem antibiotics was analyzed with transcriptome, which
provided a theoretical basis for better control of A. baumannii.
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(2022). Microbiome and antibiotic resistance profiling in submarine effluent-receiving
coastal waters in Croatia. Environ. Pollut. 292:118282. doi: 10.1016/j.envpol.2021.
118282

Langmead, B., and Salzberg, S. L. (2012) Fast gapped-read alignment with bowtie 2.
Nat. Methods 9, 357–359.

Lee, C. R., Lee, J. H., Park, M., Park, K. S., Bae, I. K., Kim, Y. B., et al. (2017).
Biology of Acinetobacter baumannii: Pathogenesis, antibiotic resistance mechanisms,
and prospective treatment options. Front. Cell Infect. Microbiol. 7:55. doi: 10.3389/
fcimb.2017.00055

Li, L., Li, Y., Zhu, F., Li, Y., Zhu, F., Cheung, A. L., et al. (2021). new mechanistic
insights into purine biosynthesis with second messenger c-di-AMP in relation to
biofilm-related persistent methicillin-resistant Staphylococcus aureus infections. mBio
12:e0208121. doi: 10.1128/mBio.02081-21

Li, X. Z., Plesiat, P., and Nikaido, H. (2015). The challenge of efflux-mediated
antibiotic resistance in Gram-negative bacteria. Clin. Microbiol. Rev. 28, 337–418.
doi: 10.1128/CMR.00117-14

Lima, W. G., Silva Alves, G. C., Sanches, C., Antunes Fernandes, S. O., and de Paiva,
M. C. (2019). Carbapenem-resistant Acinetobacter baumannii in patients with burn
injury: A systematic review and meta-analysis. Burns 45, 1495–1508. doi: 10.1016/j.
burns.2019.07.006

Liu, M., Hernandez-Morales, A., Clark, J., Le, T., Biswas, B., Bishop-Lilly, K. A.,
et al. (2022). Comparative genomics of Acinetobacter baumannii and therapeutic
bacteriophages from a patient undergoing phage therapy. Nat. Commun. 13:3776.
doi: 10.1038/s41467-022-31455-5

Liu, Q., Hassan, K. A., Ashwood, H. E., Gamage, H. K. A. H., Li, L., Mabbutt,
B. C., et al. (2018). Regulation of the aceI multidrug efflux pump gene in Acinetobacter
baumannii. J. Antimicrob. Chemother. 73, 1492–1500. doi: 10.1093/jac/dky034

Lu, H. F., Tsai, Y. C., Li, L. H., Lin, Y. T., and Yang, T. C. (2021). Role of AzoR, a
LysR-type transcriptional regulator, in SmeVWX pump-mediated antibiotic resistance
in Stenotrophomonas maltophilia. J. Antimicrob. Chemother. 76, 2285–2293. doi: 10.
1093/jac/dkab203

Maisuria, V. B., Hosseinidoust, Z., and Tufenkji, N. (2015). Polyphenolic extract
from maple syrup potentiates antibiotic susceptibility and reduces biofilm formation
of pathogenic bacteria. Appl. Environ. Microbiol. 81, 3782–3792. doi: 10.1128/AEM.
00239-15

Mody, L., Gibson, K. E., Horcher, A., Prenovost, K., McNamara, S. E., Foxman,
B., et al. (2015). Prevalence of and risk factors for multidrug-resistant Acinetobacter
baumannii colonization among high-risk nursing home residents. Infect. Control
Hosp. Epidemiol. 36, 1155–1162. doi: 10.1017/ice.2015.143

Montanaro, L., Ravaioli, S., and Ruppitsch, W. (2016). Molecular characterization of
a prevalent ribocluster of methicillin-sensitive Staphylococcus aureus from orthopedic
implant infections. correspondence with MLST CC30. Front. Cell Infect. Microbiol. 6:8.
doi: 10.3389/fcimb.2016.00008

Mulani, M. S., Kamble, E. E., Kumkar, S. N., Tawre, M. S., and Pardesi,
K. R. (2019). Emerging strategies to combat ESKAPE pathogens in the era of

Frontiers in Microbiology 13 frontiersin.org226

https://doi.org/10.3389/fmicb.2024.1394775
https://doi.org/10.1016/j.ijbiomac.2022.12.045
https://doi.org/10.1128/AEM.00029-21
https://doi.org/10.1128/AEM.00029-21
https://doi.org/10.1099/mgen.0.000752
https://doi.org/10.3389/fmicb.2019.02116
https://doi.org/10.1093/molbev/msx158
https://doi.org/10.1021/acsinfecdis.2c00460
https://doi.org/10.1128/spectrum.00262-22
https://doi.org/10.1016/j.micres.2013.09.004
https://doi.org/10.3389/fcimb.2020.00253
https://doi.org/10.1080/21655979.2021.1988251
https://doi.org/10.1128/mBio.00123-21
https://doi.org/10.1186/s12941-023-00589-9
https://doi.org/10.1186/s12941-023-00589-9
https://doi.org/10.3389/fmicb.2020.577376
https://doi.org/10.3389/fmicb.2020.577376
https://doi.org/10.3389/fmicb.2019.00930
https://doi.org/10.3389/fmicb.2019.00930
https://doi.org/10.1128/spectrum.02604-21
https://doi.org/10.1128/spectrum.02604-21
https://doi.org/10.2147/IDR.S332051
https://doi.org/10.3389/fmicb.2015.01572
https://doi.org/10.1080/1040841x.2020.1825333
https://doi.org/10.3390/ijms23031241
https://doi.org/10.1128/spectrum.00173-22
https://doi.org/10.1128/spectrum.00173-22
https://doi.org/10.1016/j.resmic.2018.01.001
https://doi.org/10.1016/j.resmic.2018.01.001
https://doi.org/10.1186/s40560-015-0077-4
https://doi.org/10.1186/s40560-015-0077-4
https://doi.org/10.3389/fpubh.2021.707435
https://doi.org/10.3389/fpubh.2021.707435
https://doi.org/10.1186/s12941-023-00581-3
https://doi.org/10.1186/s12941-023-00581-3
https://doi.org/10.1016/j.jiph.2021.09.015
https://doi.org/10.1016/j.envpol.2021.118282
https://doi.org/10.1016/j.envpol.2021.118282
https://doi.org/10.3389/fcimb.2017.00055
https://doi.org/10.3389/fcimb.2017.00055
https://doi.org/10.1128/mBio.02081-21
https://doi.org/10.1128/CMR.00117-14
https://doi.org/10.1016/j.burns.2019.07.006
https://doi.org/10.1016/j.burns.2019.07.006
https://doi.org/10.1038/s41467-022-31455-5
https://doi.org/10.1093/jac/dky034
https://doi.org/10.1093/jac/dkab203
https://doi.org/10.1093/jac/dkab203
https://doi.org/10.1128/AEM.00239-15
https://doi.org/10.1128/AEM.00239-15
https://doi.org/10.1017/ice.2015.143
https://doi.org/10.3389/fcimb.2016.00008
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1394775 June 11, 2024 Time: 17:8 # 14

Qiu et al. 10.3389/fmicb.2024.1394775

antimicrobial resistance: A review. Front. Microbiol. 10:539. doi: 10.3389/fmicb.2019.
00539

Nguyen, M., and Joshi, S. G. (2021). Carbapenem resistance in Acinetobacter
baumannii, and their importance in hospital-acquired infections: A scientific review.
J. Appl. Microbiol. 131, 2715–2738. doi: 10.1111/jam.15130

Nordmann, P., and Poirel, L. (2019). Epidemiology and diagnostics of carbapenem
resistance in gram-negative bacteria. Clin. Infect. Dis. 69, S521–S528. doi: 10.1093/cid/
ciz824

O’Donnell, J. N., Putra, V., and Lodise, T. P. (2021). Treatment of patients with
serious infections due to carbapenem-resistant Acinetobacter baumannii: How viable
are the current options? Pharmacotherapy 41, 762–780. doi: 10.1002/phar.2607

Qu, J., Du, Y., Yu, R., and Lu, X. (2016). The first outbreak caused by Acinetobacter
baumannii ST208 and ST195 in China. Biomed. Res. Int. 2016:9254907. doi: 10.1155/
2016/9254907

Ramirez, M. S., Bonomo, R. A., and Tolmasky, M. E. (2020). Carbapenemases:
Transforming Acinetobacter baumannii into a yet more dangerous menace.
Biomolecules 10:720. doi: 10.3390/biom10050720

Ravaioli, S., Campoccia, D., Ruppitsch, W., Allerberger, F., Poggi,
A., Chisari, E., et al. (2022). Comparison of automated ribotyping, spa
typing, and MLST in 108 clinical isolates of Staphylococcus aureus from
orthopedic infections. Int. J. Mol. Sci. 23:1660. doi: 10.3390/ijms2303
1660

Roy, S., Chatterjee, S., Bhattacharjee, A., Chattopadhyay, P., Saha, B., Dutta, S.,
et al. (2021). Overexpression of efflux pumps, mutations in the pumps’ regulators,
chromosomal mutations, and AAC(6’)-Ib-cr are associated with fluoroquinolone
resistance in diverse sequence types of neonatal septicaemic Acinetobacter baumannii:
A 7-year single center study. Front. Microbiol. 12:602724. doi: 10.3389/fmicb.2021.
602724

Roy, S., Chowdhury, G., Mukhopadhyay, A. K., Dutta, S., and Basu, S. (2022).
Convergence of biofilm formation and antibiotic resistance in Acinetobacter
baumannii infection. Front. Med. 9:793615. doi: 10.3389/fmed.2022.793615

Sanchez, B. C., Chang, C., Wu, C., Tran, B., and Ton-That, H. (2017). Electron
transport chain is biochemically linked to pilus assembly required for polymicrobial
interactions and biofilm formation in the gram-positive Actinobacterium Actinomyces
oris. mBio 8, e399–e317. doi: 10.1128/mBio.00399-17

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by
the comparative C(T) method. Nat. Protoc. 73, 1101–1108. doi: 10.1038/nprot.
2008.73

Shanmugasundarasamy, T., Karaiyagowder Govindarajan, D., and Kandaswamy, K.
(2022). A review on pilus assembly mechanisms in gram-positive and Gram-negative
bacteria. Cell Surf. 8:100077. doi: 10.1016/j.tcsw.2022.100077

Stevens, M., Howe, C., Ray, A. M., Washburn, A., Chitre, S., Sivinski,
J., et al. (2020). Analogs of nitrofuran antibiotics are potent GroEL/ES
inhibitor pro-drugs. Bioorg. Med. Chem. 28:115710. doi: 10.1016/j.bmc.2020.
115710

Tiwari, V., Rajeswari, M. R., and Tiwari, M. (2019). Proteomic analysis of
iron-regulated membrane proteins identify FhuE receptor as a target to inhibit
siderophore-mediated iron acquisition in Acinetobacter baumannii. Int. J. Biol.
Macromol. 125, 1156–1167. doi: 10.1016/j.ijbiomac.2018.12.173

Torrens, G., Sanchez-Diener, I., Jordana-Lluch, E., Barceló, I. M., Zamorano, L.,
Juan, C., et al. (2019). In vivo validation of peptidoglycan recycling as a target to disable
AmpC-mediated resistance and reduce virulence enhancing the cell-wall-targeting
immunity. J. Infect. Dis. 220, 1729–1737. doi: 10.1093/infdis/jiz377

Wang, Y., Yang, J., Sun, X., Li, M., Zhang, P., Zhu, Z., et al. (2022). CRISPR-
Cas in Acinetobacter baumannii contributes to antibiotic susceptibility by targeting
endogenous AbaI. Microbiol. Spectr. 10, e0082922. doi: 10.1128/spectrum.00829-22

Yan, J., and Bassler, B. L. (2019). Surviving as a community: Antibiotic tolerance
and persistence in bacterial biofilms. Cell Host Microbe 26, 15–21. doi: 10.1016/j.chom.
2019.06.002

Ye, C., Li, W., Yang, Y., Liu, Q., Li, S., Zheng, P., et al. (2021). Inappropriate
use of antibiotics exacerbates inflammation through OMV-induced pyroptosis in
MDR Klebsiella pneumoniae infection. Cell Rep. 36:109750. doi: 10.1016/j.celrep.2021.
109750

You, Q., Du, X., Hu, N., Zhang, Y., Zhang, N., Wang, F., et al. (2023). Local
characteristics of molecular epidemiolgy of Acinetobacter baumannii in Jilin province
(northeast China). BMCMicrobiol. 23:19. doi: 10.1186/s12866-023-02761-9

Zhao, Y., Li, M. C., and Konate, M. M. (2021). TPM, FPKM, or Normalized counts?
A comparative study of quantification measures for the analysis of RNA-seq data from
the nci patient-derived models repository. J. Transl. Med. 19:269. doi: 10.1186/s12967-
021-02936-w

Frontiers in Microbiology 14 frontiersin.org227

https://doi.org/10.3389/fmicb.2024.1394775
https://doi.org/10.3389/fmicb.2019.00539
https://doi.org/10.3389/fmicb.2019.00539
https://doi.org/10.1111/jam.15130
https://doi.org/10.1093/cid/ciz824
https://doi.org/10.1093/cid/ciz824
https://doi.org/10.1002/phar.2607
https://doi.org/10.1155/2016/9254907
https://doi.org/10.1155/2016/9254907
https://doi.org/10.3390/biom10050720
https://doi.org/10.3390/ijms23031660
https://doi.org/10.3390/ijms23031660
https://doi.org/10.3389/fmicb.2021.602724
https://doi.org/10.3389/fmicb.2021.602724
https://doi.org/10.3389/fmed.2022.793615
https://doi.org/10.1128/mBio.00399-17
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1016/j.tcsw.2022.100077
https://doi.org/10.1016/j.bmc.2020.115710
https://doi.org/10.1016/j.bmc.2020.115710
https://doi.org/10.1016/j.ijbiomac.2018.12.173
https://doi.org/10.1093/infdis/jiz377
https://doi.org/10.1128/spectrum.00829-22
https://doi.org/10.1016/j.chom.2019.06.002
https://doi.org/10.1016/j.chom.2019.06.002
https://doi.org/10.1016/j.celrep.2021.109750
https://doi.org/10.1016/j.celrep.2021.109750
https://doi.org/10.1186/s12866-023-02761-9
https://doi.org/10.1186/s12967-021-02936-w
https://doi.org/10.1186/s12967-021-02936-w
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


Frontiers in Microbiology 01 frontiersin.org

Robust anti-tubercular profile of 
Solanum virginianum extract in 
enhancing isoniazid bioavailability 
and curtailing stress tolerance in 
Mycobacterium smegmatis
Acharya Balkrishna 1,2,3,4, Monali Joshi 1, Manisha Kabdwal 1, 
Meenu Tomer 1, Savita Lochab 1* and Anurag Varshney 1,2,5*
1 Drug Discovery and Development Division, Patanjali Research Foundation, Haridwar, Uttarakhand, 
India, 2 Department of Allied and Applied Sciences, University of Patanjali, Haridwar, Uttarakhand, 
India, 3 Patanjali Yog Peeth (UK) Trust, Glasgow, United Kingdom, 4 Vedic Acharya Samaj Foundation, 
Inc., Groveland, FL, United States, 5 Special Centre for Systems Medicine, Jawaharlal Nehru University, 
New Delhi, India

Introduction: The formidable survival mechanisms employed by Mycobacterium 
tuberculosis (Mtb), combined with the low bioavailability of anti-tubercular 
drugs and their associated hepatotoxicity, worsen tuberculosis management. 
Traditional medicinal plants offer potential solutions to these challenges. This 
study focuses on exploring the anti-tubercular potential of Solanum virginianum 
against Mycobacterium smegmatis, mc2155.

Methods and results: HPTLC and UHPLC phytochemically characterized 
the hydro-methanolic extract of Solanum virginianum (SVE). SVE curtails the 
growth and viability of mc2155 under normal and in vitro stress conditions. 
The compromised cell wall integrity of mc2155 with SVE is depicted through 
scanning electron microscopy (SEM) while EtBr permeability assays and TLC-
based comparative changes in lipids extraction addressed the integrity of the 
cell wall. Furthermore, SVE augmented the susceptibility of mc2155 towards 
Isoniazid (INH) through enhanced bioavailability. Adjunct treatment of SVE with 
INH demonstrated a markedly reduced survival of the intracellular bacilli. The 
study also uncovered the hepatoprotective potential of SVE in HepG2 cells.

Conclusion: This research paves the way for deeper exploration into the potential of 
Solanum virginianum against virulent Mtb strains, emphasizing over the significance 
of traditional medicinal plants in tuberculosis treatment. Collectively, the findings 
suggest SVE as a potent candidate for independent or adjunct anti-tubercular 
therapy.
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Introduction

Tuberculosis over the centuries has emerged as a persistent threat to human health. 
The 2022 Global Tuberculosis Report reflected the repercussions of the COVID-19 
pandemic highlighting a notable 4.5% increase in tuberculosis incidences and death rates 
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climbing from 1.5 million in 2020 to 1.6 million in 2021 (Bagcchi, 
2023). Furthermore, the objectives that were aiming for a 35% 
reduction in death rate and a 20% reduction in incidences in the 
End TB Strategy 2020 were nowhere achieved (The Lancet Public 
Health, 2023). The plethora of survival strategies employed by the 
causative bacteria, Mycobacterium tuberculosis (Mtb), contribute 
significantly to the challenges in treating tuberculosis (Pieters, 
2008). The primary treatment for tuberculosis relies on a fixed-
dose combination of rifampicin (RIF), isoniazid (INH), and 
pyrazinamide (PZ). However, insufficient therapeutic plasma levels 
of these drugs, stemming from their low bioavailability, frequently 

contribute to the failure of anti-tubercular therapy and the 
concomitant development of antimicrobial drug resistance (AMR). 
Indeed, a higher minimum inhibitory concentration (MIC) of 
isoniazid has earlier been associated with the possibility of 
tuberculosis relapse (Bagcchi, 2023). Additionally, drug-induced 
hepatotoxicity, often referred to as drug-induced liver injury 
(AT-DILI), is potentially an adverse effect that accounts for another 
key factor in the failure of anti-tubercular therapy (Kashyap et al., 
2018; Tella et al., 2022; Ezhilarasan, 2023).

Medicinal plants are considered an enduring gift of nature, 
having been utilized for treating various human diseases since ancient 
times. According to the World Health Organization (WHO), 80% of 
the population in developing countries relies on traditional medicines 
for preventing and curing primary health issues. Hepatotoxicity, a 
major reason for withdrawal of the anti-tubercular therapy, calls for 
adjunct therapies for tuberculosis. These adjunct therapies should 
function synergistically with first-line drugs in combating Mtb 
infection (Liu et  al., 2008). The adjunct therapies could either 
compromise the mycobacterial survival or enhance the efficacy of 
primary drugs. Several plants have been listed in the Indian 
traditional medicinal system, Ayurveda, for the treatment of 
tuberculosis (Mangwani et al., 2020). Previous studies have 

GRAPHICAL ABSTRACT

A schematic showing the canvas painting of the aerial part Solanum virginianum (SVE) that was utilized for the preparation of hydro-methanolic 
extract. SVE was subjected to chemical characterization to determine the enriched phytochemicals present in the extract. SVE exhibits the anti-
mycobacterial property by retarding the mc2155 growth and viability. The SEM images depicted the damaged mc2155 structure of bacilli with SVE 
treatment. SVE was tested for its ability to compromise the survival of mc2155 under stress conditions generated with CHP (cumene hydroperoxide) 
and hypoxia. The UPLC-LCMS/QToF approach determined that the SVE treatment enhanced the bioavailability of INH inside the mc2155. SVE also 
exacerbated the susceptibility of mc2155 to INH. SVE treatment in INH  +  RIF-treated HepG2 cells showed reduced AST levels in the supernatant 
indicating the hepatoprotective potential of SVE.

Abbreviations: SVE, hydro-methanolic extract of Solanum virginianum; Mtb, 

Mycobacterium tuberculosis; INH, isoniazid; RIF, rifampicin; HPTLC, high-

performance thin liquid chromatography; UHPLC, ultra-high-performance liquid 

chromatography; UPLC/QToF-MS, ultra-performance liquid chromatography/

quadrupole time-of-flight mass spectrometry; SEM, scanning electron microscopy; 

TLC, thin layer chromatography; CFU, colony-forming unit; OD, optical density; 

DMEM, Dulbecco’s Modified Eagle Medium; RPMI 1640, Roswell Park Memorial 

Institute-1640; FBS, fetal bovine serum; EDTA, ethylenediaminetetraacetic acid; 

AST, aspartate aminotransferase.
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demonstrated that piperine, an alkaloid present in Piper nigrum and 
Piper longum, enables the attainment of therapeutic serum levels of 
rifampicin when administered at significantly lower doses. This 
improved bioavailability of rifampicin at a reduced dose not only 
curtailed the likelihood of hepatotoxicity but also enhanced patient 
compliance by reducing the emergence of drug resistance (Nageswari 
et al., 2018). Carum carvi extract has been shown to increase plasma 
levels of rifampicin, isoniazid, and pyrazinamide by favorably 
modifying the pharmacokinetics of anti-tubercular treatment 
(Choudhary et al., 2014). Additionally, a flavonoid glycoside isolated 
from Cuminum cyminum, known as 3′,5-dihydroxyflavone 7-O-beta-
D-galacturonide 4’-O-beta-D-glucopyranoside (CC-I), enhanced 
rifampicin levels in rat plasma by 35% in Cmax and 53% in AUC, 
potentially through a permeation enhancing effect, thereby 
highlighting the potential of herb–drug synergism in modulating 
drug bioavailability (Sachin et al., 2007).

Along similar lines, we have explored the therapeutic potential of 
Solanum virginianum L., a plant belonging to the Solanaceae family. 
The plant is well documented in the ancient manuscripts of Ayurveda 
for its beneficial effects against bronchial asthma and cough (Raja 
et al., 2014). The current study, therefore, tested the biological activity 
of the plant extract against tuberculosis. Mycobacterium smegmatis 
mc2155 serves as a commonly employed model system for the 
investigation of Mtb. This non-pathogenic, rapidly replicating 
mycobacterium shares substantial genomic similarities with Mtb 
(Sparks et al., 2023). The primary objective of this research was to 
conduct initial phytochemical screening and assess the anti-
mycobacterial activity against mc2155. This serves as an initial step 
for our future investigations aiming to elucidate the anti-
mycobacterial potency in pathogenic strains of Mtb. This study is part 
of a broader research endeavor focused on developing herbal 
medicines that could serve as independent or adjunct-anti-tubercular 
therapy with clearly deciphered mechanisms of action and herb–
drug synergism.

The study presents a phytochemical characterization of the 
hydro-methanolic extract prepared from Solanum virginianum 
(hereafter, SVE) employing HPTLC and UHPLC. The 
mycobacterial strain mc2155 when treated with SVE demonstrated 
compromised growth and viability. Mycobacteria possess 
numerous survival strategies to combat the stressful environment 
inside the host. The SVE treatment exacerbated the tolerance 
ability of mc2155 toward different hostile environments. Various 
in vitro stress experiments were conducted generating oxidative, 
hypoxia, and nutrient stress for the bacilli. High-resolution 
scanning electron microscopy (SEM) depicted the distorted and 
aberrant ultra-structures in mc2155 when treated with SVE. EtBr 
permeabilization assay corroborated the findings with a 
mechanism highlighting SVE-induced cell wall damage in 
mc2155. The chloroform-mediated lipid extraction process 
visualized on the TLC plate is a classical metabolomic method 
that depicted a dose-dependent reduction in total lipids extracted 
from SVE-treated mc2155. However, the key focus is to seek the 
potential of SVE as an adjuvant for tubercular drugs. The study 
utilized the UPLC/QToF-MS-based targeted metabolomic 
approach to quantify and assess the intracellular bioavailability 
of INH inside the complex biological matrix of mc2155. 
Furthermore, the combinatorial treatment demonstrated that 

mc2155 becomes more susceptible and sensitive to INH in the 
presence of SVE. The study also addressed the efficacy of INH 
coupled with SVE in THP-1 cells infected with mc2155. Finally, 
the hepatoprotective role of SVE toward INH and RIF-mediated 
hepatotoxicity was also uncovered. Collectively, our research 
establishes the foundation for subsequent investigations of anti-
mycobacterial attributes of SVE against pathogenic Mtb strains 
(Graphical Abstract). The collective findings suggest that SVE 
could emerge as a potent candidate for adjunct-anti-tubercular 
therapy, offering a well-defined mechanism of action. It 
demonstrates the ability to improve the bioavailability of INH, 
enhance mycobacterial clearance when combined with INH, and 
provide hepatoprotection.

Materials and methods

Chemicals

Cell culture media, including Dulbecco’s Modified Eagle 
Medium (DMEM) and RPMI 1640 (Roswell Park Memorial 
Institute-1640), Antibiotic-Antimycotic (100X), Dulbecco’s 
Phosphate Buffered Saline, Fetal Bovine Serum (FBS), and 0.5% 
Trypsin–EDTA were purchased from HiMedia Laboratories Pvt. 
Ltd., India. Rifampicin (557303), isoniazid (I3377), and 
2 mM L-glutamine (G7513) were purchased from Sigma Aldrich, 
USA. The AR grade solvents, toluene, ethyl acetate, formic acid, 
acetic acid, and methanol (HPLC grade) were procured from Merck 
India Pvt. Ltd. Acetonitrile from Honeywell (34,967, Germany) and 
deionized water obtained from a Milli-Q system (Millipore, USA) 
were utilized for the experiments.

Plant procurement and hydro-methanolic 
extract preparation

The aerial part of Solanum virginianum L. (Syn. Solanum 
xanthocarpum Schrad.) (Family: Solanaceae) was collected from Morni 
Hills, Panchkula, Haryana, India. It was subsequently compared and 
authenticated with the taxonomists at Patanjali Research Foundation 
Herbarium (collection no. 222, accession no. 1604) located at Haridwar, 
Uttarakhand, India, and Central Scientific and Industrial Research–
National Institute of Science Communication and Information 
Resources (CSIR–NISCAIR), New Delhi, Government of India.

The plant material weighing 200 g was cleaned, pulverized, and 
extracted in 1.4 L of water: methanol (1:1) solvent at 60–65°C for 
2 h under reflux conditions. The extract was filtered through a 
10-μm filter cloth, and the extract that remained in the cloth was 
again subjected to two more rounds of extraction repeats 
maintaining all the processes described above. Finally, the filtrate 
was pooled and concentrated in a rotary evaporator under reduced 
pressure. The process yielded 8.82% (w/w) light brown colored 
hydro-methanolic extract powder. We  prepared 100 mg/mL of 
extract in autoclaved 0.2 μm filter-sterilized water. For treatments, 
the extract was further diluted in either mammalian cell culture 
media or 7H9 media as per requirement.
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High-performance thin liquid 
chromatography (HPTLC) analysis

The HPTLC system (Camag, Switzerland) appendaged with an 
automated TLC sampler (ATS4) and scanner 4 was deployed for the 
identification of phytochemicals in SVE. Analysis was carried out 
using integrated software, Win-CATS. In total, 300 mg of SVE was 
dissolved in 6 mL of water: methanol (1:1) followed by sonication and 
centrifugation to obtain a clear solution. Separation of this solution 
was performed on aluminum-backed TLC plates with precoated silica 
gel 60F254. Sample and standards were applied on the TLC plate using 
the spray-on technique. The phytoconstituents in SVE were identified 
and quantified by equating the Rf values of observed bands with the 
Rf values of respective standards. A mobile phase comprising of 
toluene: ethyl acetate: formic acid (5: 5: 0.5 v/v/v) was used to separate 
apigenin (AG) and cinnamic acid (CA). The TLC plates were air-dried 
and scanned at wavelengths of 254 and 366 nm for visualizing bands 
and generating 3D overlay desitograms. Standards AG (purity: 97.90) 
and CA (purity: 97.20) were procured from Natural Remedies and 
Sigma Aldrich, respectively.

Ultra-high-performance liquid 
chromatography (UHPLC) analysis

Standards of trigonelline (potency: 99.0%, Natural Remedies), 
protocatechuic acid (potency: 99.5%, Natural Remedies), 4-hydroxy 
benzoic acid (potency: 99.96%, Sigma Aldrich, USA), vanillic acid 
(potency: 98.2%, Sigma Aldrich, USA), rutin (potency: 94.2%, Sigma 
Aldrich, USA), isoquercetin (potency: 98.0%, ChemFaces), astragalin 
(potency: 98.0%, ChemFaces), neochlorogenic acid (potency: 98.0%, 
ChemFaces), chlorogenic acid (potency: 98.4%, SRL), and 
isochlorogenic acid (potency: 98.0%, SRL) were dissolved in 
methanol to prepare 1,000 ppm primary stock solution, 
independently. The SVE test solution for HPLC analysis was prepared 
by dissolving 500 mg of extract in 10 mL of methanol: water (80:20). 
The test solution was then sonicated, centrifuged, and passed through 
0.45-μm filters. The quantification of standards and respective peaks 
in the SVE test solution was performed using UHPLC (Shimadzu 
Prominence XR, Japan) or HPLC (Prominence-i LC-2030c 3D Plus, 
Shimadzu, Japan). The system was equipped with a quaternary pump 
(Nexera XR LC-20AD XR) comprising of degassing unit (DGU-20A 
5R), a DAD detector (SPD-M20 A), and an auto-sampler (Nexera XR 
SIL-20AC XR). Separation was achieved using a Shodex C18-4E 
(5 μm, 4.6*250 mm) column subjected to binary gradient elution. The 
two solvents used for the analysis consisted of 0.1% orthophosphoric 
acid in water (solvent A, pH 2.5) and acetonitrile (solvent B). 
Gradient programming of the solvent system was as follows: 0–2% B 
from 0 to 5 min, 2–8% B from 5 to 10 min, 8–10% B from 10 to 
20 min, 10–12% B from 20 to 30 min, 12–25% B from 30 to 45 min, 
25–40% B from 45 to 55 min, 40–60% B from 55 to 60 min, 60–70% 
B from 60 to 65 min, 70–0% B from 65 to 66 min, and 0–0% B from 
67 to 70 with a flow rate of 1.0 mL/min. A total of 10 μL of the 
standard and test solution was injected, and the column temperature 
was maintained at 35°C. The wavelength was set at 278 nm and 
325 nm to depict the phytochemicals and their respective 
standard peaks.

Bacterial growth conditions and treatments

Mycobacterium smegmatis strain mc2155 was procured from 
ATCC and routinely propagated at 37°C, 200 rpm in Middlebrook 
7H9 broth base (M0178, Sigma Aldrich, USA), supplemented with 
0.5%(v/v) glycerol, 0.05% (w/v) Tween 80, and 10% albumin-glucose-
catalase enrichment (ADC; Sigma Aldrich, USA). The survival and 
viability of mc2155 in all experiments were evaluated by either 
spotting or spreading the serially diluted cultures on Middlebrook 
7H11 agar base (M0428, Sigma Aldrich, USA) plates, which were 
incubated at 37°C for 3 days.

SVE was resuspended at 200 mg/mL in growth media and sonicated 
in a water bath sonication for 30 min and passed through 0.2-μm filters 
to prepare a homogenous solution. For the treatment in mammalian 
cell lines, a stock concentration of 100 mg/mL SVE was prepared by 
resuspending the extract in 30% DMSO-containing sterile deionized 
water. Subsequent dilutions were prepared in respective media. 
Isoniazid was prepared in sterile water at 10 mg/mL concentration as a 
stock solution, which was subsequently diluted in the respective media.

In vitro stress experiments

For nutrient limitation experiments, mc2155 was passaged once in 
Sauton’s Fluid Medium Base (Himedia) before initiating the 
experiment with SVE. Oxidative stress was generated in mc2155 by 
inoculating the mid-log phase cultures (0.6–0.8 OD at 600 nm) at 0.05 
OD in 7H9 media supplemented with 50 μM CHP in the presence and 
absence of SVE at indicated concentrations for 4 h and 8 h. Viability of 
the bacilli was evaluated through CFU enumeration. The mid-log 
phase culture of mc2155 was freshly inoculated at 0.05 OD 600 nm in 
7H9 growth media containing 1.5 μg/mL methylene blue served as a 
visual indicator of hypoxia (Tizzano et al., 2021). Loss of blue color 
occurs after 7 days. The culture was inoculated in screw caps, tightly 
closed, and secured with parafilm, maintaining a headspace of 15% 
with indicated doses of SVE. After 7 days when the blue media became 
colorless, the growth of the culture was evaluated by OD at 600 nm 
and viability by serially diluting and plating the culture on 7H11 
plates. CFU enumeration was conducted after 3–4 days of incubation.

Scanning electron microscope

The effect of SVE on the microarchitecture of mc2155 was monitored 
through a scanning electron microscope (Flex SEM 1000, Hitachi, 
Japan). The samples were prepared as described before (Miao and Xiang, 
2020). Post-treatment with SVE, mc2155 cultures were fixed with 4% 
formaldehyde, washed with deionized water, and air-dried on coverslips.

Ethidium bromide (EtBr) permeability assay

Mid-log phase mc2155 cultures treated with SVE (0.6–4.0 mg/mL) 
for 24 h were centrifuged, washed, and resuspended in PBS at 0.4 OD 
containing 2 μg/mL EtBr. Fluorescence of the cells was recorded in an 
Envision multi-plate reader (PerkinElmer, Waltham, MA, USA) at 
excitation and emission wavelengths of 530 nm and 585 nm, 
respectively, every 10 min until 60 min (Mohamadi et al., 2018).
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Determination of minimum inhibitory 
concentration (MIC)

The anti-mycobacterial activity of SVE was tested using the resazurin 
microtiter assay (REMA) as described previously (Taneja and Tyagi, 
2007). In brief, the susceptibility was performed in a 96-well plate using 
resazurin as an indicator of cell viability or growth inhibition. A working 
concentration of SVE was prepared in 7H9 growth media to obtain a 
final concentration ranging from 0.19 mg/mL to 100 mg/mL using the 
2-fold serial dilution method. For INH, the treatment varied from 
0.19 μg/mL to 100 μg/mL. The plates were incubated on slow shaking for 
24 h at 37°C. In total, 25 μL of resazurin 0.02% w/v was added to each 
well and incubated at 37°C until color development (from blue to pink).

Detection of intracellular INH utilizing 
UPLC/QToF-MS

The bacilli mc2155 were treated with INH at 30 μg/mL in the 
presence or absence of SVE. Post 2 h of treatment, the cultures were 
centrifuged, washed twice in sterile water before lysis in sterile water 
with a probe sonicator, and centrifuged to collect supernatant (test 
solution) for the analysis of INH through ultra-performance liquid 
chromatography/quadrupole time-of-flight mass spectrometry 
(UPLC/QToF-MS). INH standard solutions of 25 ppb, 50 ppb, 100 ppb, 
200 ppb, and 400 ppb were injected to generate linearity and facilitate 
quantification of INH in the test samples. A total of 5 μL of INH 
standard and test solutions was injected. The analysis was performed 
on the Xevo G2-XS QToF coupled with Acquity UPLC-I Class (Waters 
Corporation, Milford, MA, USA). The isocratic elution of 0.1% formic 
acid in water at a flow rate of 0.25 mL/min with a Waters Acquity 
UPLC HSS T3 (2.1 × 100 mm, 1.7 μm) column was used for the 
analysis. The column temperature was maintained at 35°C, and the 
sample temperature was maintained at 10°C during the analysis.

Mammalian cell line maintenance

The human hepatocarcinoma cell lines, HepG2, and the human 
monocytic cell line, THP-1, were obtained from an ATCC licensed cell 
repository at the National Centre for Cell Sciences (NCCS, Pune, 
India). The HepG2 cells were propagated in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 
and 1% Anti-Anti (Antibiotic-Antimycotic, GIBCO). The THP-1 was 
propagated in RPMI 1640 supplemented with 10% fetal bovine serum 
(FBS), 2 mM L-glutamine, and 1% Anti-Anti (Antibiotic-Antimycotic, 
GIBCO). The growing conditions were maintained at 37°C and 5% 
CO2 in a humified incubator. Cryopreserved cells were passaged at 
least twice before being used for the experiments in this study.

Alamar blue cell viability assay

The THP-1 cells were seeded at 0.8–1 × 104/ml per well density in 
96-well tissue culture plates. Monocytic cells were allowed to differentiate 
into macrophages with the induction of 10 ng/mL of phorbol myristate 
acetate (PMA) for 12 h. PMA-containing media were replaced with fresh 
RPMI every day for 3 days. The cells were then treated with different 

concentrations of SVE (0.1, 0.3, 1, 3, 10, and 30) for 72 h. Three hours 
before the indicated time period, Alamar Blue at a working concentration 
of 15 μg/mL was added to the cells. The fluorescence was recorded in an 
Envision multi-plate reader (PerkinElmer, Waltham, MA, USA) at 
excitation and emission wavelengths of 560 nm and 590 nm, respectively. 
Percent cell viability was calculated using the following formula:

%

/

Cell Viability

AU Blank AU Blank XTreated Untreated

�
�� � �� ��� �� 1100

Infection experiment

The PMA-differentiated THP-1 cells, as described above, were then 
infected with mc2155 at 1:10 MOI for 4 h. The cells were washed with 
sterile PBS thrice and replenished with complete RPMI media containing 
indicated concentrations of INH alone or in combination with SVE. Post 
24 h, cell lysate prepared in 0.05% SDS was 10-fold serially diluted before 
plating on 7H11 plates for enumerating intracellular infection.

Assessment of AST levels

The HepG2 cells were seeded at a density of 5 × 105 cells/mL in a 
12-well tissue culture plate. The cells were treated with SVE (1–30 μg/
mL) or stimulated with rifampicin (300 μM) + isoniazid (150 μM) and 
co-treated with SVE (0–30 μg/mL) for 24 h (Darvin et al., 2018). Post-
incubation, the supernatant was analyzed for AST levels using an Erba 
200 biochemical analyzer (Erba Mannheim, Germany) as per the 
manufacturer’s instructions. The data were represented as mean ± SEM 
(n = 3).

Data analysis

Software GraphPad Prism 8.0 and MS Office Excel 2010 were used 
to execute statistical calculations. To determine the p-values, analysis of 
the mean values was performed through one-way or two-way analysis 
of variance (ANOVA) using Dunnett’s multiple comparison test.

Results

Quantification of phytochemicals in SVE

SVE was subjected to HPTLC and UHPLC methodology for the 
phytochemical characterization. SVE along with the reference 
standard was resolved on TLC plates, which were exposed at 254 nm 
and 366 nm to visualize the phytochemicals. The TLC plate 
predicted the presence of apigenin (AG) and caffeic acid (CA) in 
SVE at Rf values of 0.52 and 0.4, respectively (Figure 1A). A 3D 
chromatogram shows the peaks of SVE matching at the Rf of AG 
and CA. To identify more phytochemicals, SVE was separated 
through UHPLC methodology (Figure  1B). The chromatogram 
generated at 270 nm and 325 nm for SVE was overlayed with the 
chromatogram of the standard mix. The chromatograms indicated 
the presence of trigonelline (2.52 μg/mg), protocatechuic acid 
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(0.1 μg/mg), 4-hydroxy benzoic acid (0.22 μg/mg), and vanillic acid 
(0.19 μg/mg) at 270 nm, whereas neochlorogenic acid (0.48 μg/mg), 
chlorogenic acid (9.72 μg/mg), isochlorogenic acid (0.32 μg/mg), 
rutin (0.87 μg/mg), isoquercetin (1.22 μg/mg), and astragalin 
(1.61 μg/mg) were visualized in the chromatogram at 325 nm 
(Figure 1C and Table 1).

SVE exhibits anti-mycobacterial activity

To determine the anti-mycobacterial effect of SVE on the growth 
and viability of mc2155, as well as its efficacy, an initial screening was 
conducted using the spread-plate method followed by CFU enumeration. 
The results on the 7H11 plates indicated that SVE dose-dependently 

FIGURE 1

Quantification of phytochemicals in SVE. (A) (Left) The digital fingerprinting of the TLC plate captured at 254  nm (left panel) and 366  nm (right panel) 
depicts the band resolved in SVE. Bands in the same TLC indicating at apigenin (AG) and caffeic acid (CA) in the subsequent lanes. The chemical 
structures for AG and CA are viewed toward the right of the TLC plates. (B) 3-D overlay densitogram recorded at 280  nm shows the absorption units 
depicting the intensity of peaks for AG, SVE, and CA. (C) The mirror plot of the chromatogram generated at 270  nm (lower side) and 325  nm (upper 
side) shows the overlay of the SVE sample (pink) with the standards (blue). Peaks in SVE that align with the standard have been labeled with their 
respective names with retention time given in parenthesis.
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TABLE 1 Identification and quantification of phytochemicals present in SVE using UHPLC.

S. No. RT (nm)# Phytochemical 
identified

Molecular 
formula

Molecular weight 
(g/mol)

Chemical structure ** Content (μg/
mg)

1 3.22 (270) Trigonelline C7H7NO2 137.14 2.52

2 16.63 (270) Protocatechuic acid C7H6O4 154.12 0.18

3 22.60 (270) 4-Hydroxy benzoic acid C7H6O3 138.12 0.22

4 27.55 (270) Vanillic acid C8H8O4 168.14 0.48

5 19.03 (325) Neochlorogenic acid C16H18 354.30 0.11

6 25.96 (325) Chlorogenic acid C16H18 354.30 9.72

7 49.78 (325) Isochlorogenic acid C16H18 354.30 0.32

8 42.99 (325) Rutin C27H30O16 610.52 0.87

9 44.08 (325) Isoquercetin C21H20O12 464.37 1.22

10 46.85 (325) Astragalin C21H20O11 448.37 1.61

#RT (nm) is the retention time in min (minutes) at wavelength (in nm); **chemical structures adapted from www.chemspider.com.
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inhibited the growth of mc2155 (Figure  2A). Subsequent CFU 
enumeration determined that SVE at 0.3 mg/mL reduced the CFUs by 
2-fold, which escalated to approximately 10-fold at 0.6, 1.0, 2.0, and 
4.0 mg/mL of SVE (Figure 2B). Furthermore, SVE retarded the growth 
progression of mc2155 treated with 0.3, 0.6, 1.0, 2.0, and 4.0 mg/mL 
concentrations of SVE. The absorbance of the cultures at 10 and 25 h 
indicates a dose-dependent inhibition of the bacilli growth by SVE 

(Figure 2C). The viability of the bacilli was tested at 10 h and 25 h by 
spotting and plating the 10-fold serial dilution of the cultures on 7H11 
agar plates (Figure 2D). At 10 h, CFU/mL showed a significant half-fold 
reduction at doses below 1.0 mg/mL and a 10-fold reduction at doses 
higher than 1.0 mg/mL (Figure 2E). By 25 h, the reduction in CFU/mL 
escalated to 2-fold at the lowest dose of 0.3 mg/mL and further reduced 
to more than 10-fold at doses of 0.6 mg/mL and above (Figure 2F).

FIGURE 2

SVE exhibits anti-mycobacterial activity. (A) Representative digital images of 7H11 agar plates with CFUs from mc2155 bacilli. The viability of mc2155 was 
tested by spreading an equal volume of serially diluted actively growing culture on 7H11 agar plates containing SVE at indicated doses (0.3–4.0  mg/
mL). (B) The bar graph representing CFU/plate from three independent experiments. (C) The line graph representing the growth profile of mc2155 
treated with indicated doses of SVE in 7H9 growth media until 25  h. The growth profile was assessed by monitoring absorbance (optical density, OD) at 
600  nm. The absorbance units on the y-axis were blank-corrected by subtracting the absorbance of the respective blank at 600  nm. (D). The cultures 
from (C) were serially diluted and spotted on 7H11 agar plates to visualize the viability of mc2155. (E) The cultures from (C) were serially diluted and 
plated on 7H11 agar plates to enumerate CFU/mL at 10  h and (F) 25  h. The error bars represent mean  ±  SEM; the significance of data is represented as 
***p  <  0.0005.
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SVE subverts the stress tolerance ability of 
mc2155

Mycobacteria possess numerous survival strategies to combat the 
stressful environment inside the host. To address the effect of SVE on 
the tolerance ability of mc2155 toward different hostile environments, 
in vitro stress experiments were performed. The growth profile of 
mc2155 in Sauton’s minimal media indicates that SVE drastically 
inhibits the growth of mc2155 under nutritional stress conditions 
(Figure 3A). The CFU/mL and spot dilutions at 10 h (upper panel) and 
25 h (lower panel) of the growth profile suggest a more than 10-fold 
reduction in mc2155 viability with SVE. The spot plating of the 
cultures highlights the difference more apparently (Figure 3B). The 
bacilli propagated under oxidative stress generated with cumene 
hydroperoxide (CHP) showed a significant reduction in growth 
profile in the presence of 0.6 mg/mL and above (Figure 3C). CFU/mL 
enumeration at 8h post-CHP treatment showed ~10-fold dose-
dependent reduction in the viability of mc2155 (Figure  3D). The 
comparative change in the percentage survival of mc2155 under the 
oxidative stress of CHP demonstrated that SVE at 0.3 and 0.6 mg/mL 
significantly reduced the survival by ~20% (Figure 3E). Mycobacteria 
remarkably counteract the hypoxic stress, evident with growth profile. 
However, SVE treatment inhibited the growth of mc2155, post 7 days 
of hypoxia induction (Figure 3F). The viability of bacilli on day 7 of 
hypoxia induction demonstrated that SVE led to ~ two-log fold 
reduction in the CFU/mL (Figure 3G).

SVE compromises the cell wall integrity of 
mc2155

The effect of SVE on the cell wall permeability of mc21555 was 
evaluated. EtBr intracellular accumulation was determined through 
fluorescence. SVE treatment caused a dose-dependent increase in 
fluorescence, with the maximal effect observed at 4.0 mg/mL of 
SVE, indicating enhanced permeability in the bacilli due to the 
SVE treatment (Figure  4A). To closely monitor morphological 
changes in mc2155 with SVE, SEM was performed. SVE treatment 
induced serious morphological aberrations in the bacilli. The 
yellow arrows indicate the altered integrity and morphology of 
mc2155 (Figure 4B). The cell wall integrity of the mc2155 cell was 
subsequently evaluated through TLC of organic solvent-extracted 
lipids. An equal mass of SVE-treated mc2155 was subjected to a 
chloroform-mediated lipid extraction process (Brennan et al., 
1982). TLC plate visualized under white light (upper panel) and at 
254 nm (lower panel) depicted a dose-dependent reduction in 
lipids extracted from SVE-treated mc2155 (Figure  4C). The 3D 
chromatogram depicting the intensity of the bands also showed 
dose-dependent reduction (Figure 4D). The area under the curve 
of the peaks in the 3D chromatogram also reduced dose-
dependently (Figure 4E).

SVE potentiates the INH susceptibility in 
mc2155 by enhancing its bioavailability

The MIC of INH against mc2155 was determined to be 7.8 μg/mL 
(Figure 5A), while the MIC of SVE was evaluated as 7.15 mg/mL 

(Figure 5B). To address the effect of SVE on the MIC of INH, mc2155 
was treated with INH at doses less than the evaluated MIC. However, 
each INH treatment was accompanied by SVE treatment. The 
concentrations selected for SVE were also less than the MIC evaluated. 
The percent inhibition of INH at the indicated doses of 0.25, 0.5, 1.0, 
2.0, and 4.0 μg/mL significantly increased when combined with SVE 
treatment (Figure  5C). The concentration of 4.0 mg/mL showed 
effective inhibition of mc2155 when combined with INH at all doses. 
INH at 0.25 μg/mL was inhibiting mc2155 by ~5%. Interestingly, this 
inhibition increased up to ~35% with SVE treatment (Figure 5C). 
We speculated that SVE probably enhances the bioavailability of INH 
inside mc2155. To address this, the UPLC-LCMS/QToF was utilized 
to assess the intracellular INH levels inside mc2155 co-treated with 
INH and SVE. Intensity counts of INH in the mc2155 with respective 
treatments indicate the presence of the highest amount of INH in SVE 
treatment at 4.0 mg/mL (Figure 5D). The results were evaluated with 
different SVE treatments in percentage change of intracellular INH 
level. SVE treatment at and above 0.6 mg/mL significantly increases 
the intracellular INH levels by up to 200% (Figure 5E).

SVE reduces the intracellular survival of 
mc2155 inside the host and subsequently 
curtails the anti-tubercular drug-induced 
hepatotoxicity

To further investigate the role of compromising mc2155 under 
stress conditions, mc2155 was infected in THP-1 cells to create a host-
mediated stress environment. To address SVE as a host-mediated 
adjuvant therapy, the cell viability of SVE was assessed through an 
Alamar Blue Assay. Doses approximately a hundred to ten thousand 
times lower than those used in mc2155 were tested for cytotoxicity at a 
half-log fold difference in the THP-1 cells. THP-1 showed no 
cytotoxicity even with 30 μg/mL of SVE (Figure  6A). THP-1cells 
treated with SVE at 1.0, 3.0, 10, and 30 μg/mL showed a significant 
reduction in the intracellular survival of mc2155. INH treatment at 
1 μg/mL significantly reduced the mc2155 survival; however, when 
combined with SVE, a better reduction in the intracellular survival of 
mc2155 was observed. Upon comparison with SVE alone, SVE+ INH 
showed a better and more significant reduction (Figure 6B). Anti-
tubercular drug combination (INH + RIF)-mediated hepatotoxicity 
was observed through AST levels in HepG2 cells. SVE at 3.0, 10, and 
30 μg/mL showed a significant reduction in the release of AST levels of 
HepG2 cells (Figure 6C).

Discussion

With constant global interventions from the WHO, 
tuberculosis remains a health concern, necessitating the 
exploration of alternative or adjunct therapeutic approaches 
(Bagcchi, 2023). Plants are recognized to have unique bioactive 
metabolites that could be explored for potential adjuvant therapy 
in tuberculosis. Indigenous knowledge throughout the world 
provides valuable insights into the single or polyherbal 
formulations that could alleviate the symptoms of tuberculosis. 
Numerous studies have been conducted demonstrating the 
antimicrobial potential in different phytochemical groups, 
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FIGURE 3

SVE compromises the ability of mc2155 to subvert stress conditions. (A) Line graph representing growth profile of mc2155 treated with indicated doses 
of SVE in Sauton’s nutrient limiting media until 25  h. The growth profile was assessed by monitoring absorbance (optical density, OD) at 600  nm. The 
absorbance units on the y-axis were blank-corrected by subtracting the absorbance of the respective blank at 600  nm (B). The serially diluted cultures 
from (A) were spotted and plated on 7H11 agar plates to visualize the viability of mc2155 at 10  h (upper panel) and 25  h (lower panel). (C) The mc2155 
grown in 7H9 media treated with indicated doses of SVE in the presence or absence of 50  μM cumene hydroperoxide (CHP) for 8  h. Bar graph 
representing CFU/mL in cultures treated with SVE+ CHP. (E) The bar graph representing percent survival calculated from CFU/mL obtained in 
(D) mc2155 treated with SVE alone or in the presence of CHP with respect to the untreated (0.0  mg/mL SVE). (F) Hypoxia was established in mc2155 
cultures for 7  days. The line graph representing the absorbance (optical density, OD at 600  nm) of cultures on day 0 before setting up hypoxia and on 
day 7 after hypoxia establishment. A zoomed line graph in the inset to show better resolution of the graph. (G) Subsequently, the cultures from (F) were 
serially diluted and plated on 7H11 agar plates for CFU enumeration. The bar graph representing the percent survival calculated from the CFU log10/mL 
(shown in the inset). The error bars represent mean  ±  SEM; the significance of data is represented as ***p  <  0.0005.
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FIGURE 4

SVE compromises the cell wall integrity of mc2155. (A) mc2155 treated with indicated doses of SVE for 24  h. Bacilli from all treatments were pelleted 
and resuspended equally in PBS. The cultures were incubated with 2  μg/mL of EtBr, following which fluorescence was monitored every 10  min until 
60  min. The line graph was plotted with the arbitrary units generated by the plate reader. (B) Digital images generated through SEM analysis depicting 
the microarchitectures of mc2155 treated with SVE for 24  h. The yellow arrows indicate the damaged and deteriorated bacterium. (C) Lipids extracted 
using chloroform: methanol method were resolved on a TLC plate and visualized under white light (upper panel) and 254  nm (lower panel). (D) The 
bands at Rf of 0.24 were quantified and represented as absorption units indicating the intensity of the bands. (E) The percent change in the lipid 
content calculated from the area under the peaks in (D) was plotted as bar graphs (lower panel). The error bars represent mean  ±  SEM; the significance 
of data is represented as *p  <  0.05, **p  <  0.005 and non-significant (ns) if p  <  0.05.
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including phenolic compounds, alkaloids, terpenoids, 
glucosinolates, saponins, iridoids, secoiridoids, limonoids, 
polyacetylenes, sulfides, sulfonamides, and anthranoids (Patra, 
2012; Borges et  al., 2015). We  identified some of the notable 
phytochemicals in SVE that could be  propelling the 
pharmacological activities (Figure  1). Phenolic compounds, 

p-hydroxybenzoic acid, protocatechuic, vanillic acid, and caffeic 
acid, identified in SVE possess robust antimicrobial properties 
due to the presence of hydroxyl groups on the phenol groups 
(Merkl et  al., 2010). Trigonelline, chlorogenic acid and its 
isoforms, astragalin, and apigenin have been shown to exhibit 
anti-oxidant, anti-inflammatory, anti-bacterial, anti-viral, 

FIGURE 5

SVE enhances the intracellular bioavailability of INH inside the mc2155. (A) A dose–response curve showing a normalized dose-dependent inhibitory 
effect of INH on the growth of mc2155. (B) A dose–response curve showing a normalized dose-dependent inhibitory effect of SVE on the growth of 
mc2155. MIC50 of INH and SVE representing 50% growth inhibition determined through non-linear regression analysis. (C) Percentage growth inhibition 
plotted for mc2155 treated with indicated combinatorial doses of INH and SVE. (D) UPLC-LCMS/QToF-based analysis of INH in the lysates of mc2155 
treated with indicated combinations of INH and SVE for 1  h. Representative plot showing the intensity counts of INH detected versus retention time 
generated through UPLC-LCMS/QToF. A flat brown line labeled with an arrow is the lysate of mc2155 bacilli without INH or SVE treatment. 
(E) Intracellular INH calculated in (D) represented as percent change with respect to the untreated (0.0  μg/mL INH and 0.0  mg/mL SVE) from six 
independent experiments. The error bars represent mean  ±  SEM; the significance of data is represented as *p  <  0.05, **p  <  0.005, and ***p  <  0.0005 and 
not significant (ns) if p  >  0.05.
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hypoglycemic, lipid-lowering, anti-cardiovascular, anti-
mutagenic, anti-cancer, immunomodulatory properties (Liu et al., 
2008; Qin et al., 2017; Mohamadi et al., 2018; Riaz et al., 2018; 
Salehi et  al., 2019; Miao and Xiang, 2020). Quercetin and its 
glycosides, such as isoquercitrin or rutin, are among the most 
ubiquitous flavonoids present in plants. A previous study has 
demonstrated that rutin could inhibit Mtb growth in vitro and ex 
vivo while remaining non-toxic to mice peritoneal macrophages 
(Sharma et al., 2023). This study demonstrates that SVE enriched 
with phytometabolites exhibits an anti-mycobacterial effect 
(Figure 2). Mtb upon infection, inside the host cell, encounters a 
hostile environment, such as oxidative burst, nitrosative stress, 

acidic pH, osmotic pressure, low oxygen, and nutrient challenges. 
However, Mtb has been evolving for centuries and can survive 
these challenges. The study assessed whether SVE could lower the 
tolerance of mc2155 toward such stress under in vitro settings. 
We  determined that SVE treatment drastically reduced the 
survival of mc2155 under nutrient, oxidative, and hypoxia 
conditions (Figure  3). We  were keen on observing the 
SVE-mediated morphological changes on mc2155. SEM technique 
is commonly employed to study the bacterium’s microarchitectures. 
SEM analysis revealed that SVE damaged the bacilli, causing them 
to lose their integrity, shape, and usual width compared to 
untreated bacilli. The after-effects of SVE-mediated damages in 
mc2155 could be observed through enhanced permeability and 
reduced cell wall extractions on the TLC plate, all indicating the 
SVE-induced disruption in the cell membrane. Mycobacteria 
contain intricate lipid structures, constituting approximately 60% 
of their dry cell mass as cell wall lipids. The lipidomic profile of 
Mycobacteria remains distinctive, showcasing its ability to adapt 
to various stressors. In our study, we conducted a non-targeted 
lipid analysis focusing on qualitative and relative quantitative 
alterations following treatment with SVE. Utilizing a conventional 
TLC-based approach, we examined the comparative changes in 
lipid patterns extracted from mc2155 upon SVE treatment. The 
observed diminishing lipid patterns on the TLC plate suggest 
compromised bacilli health upon SVE treatment (Figure  4). 
Weakened structural integrity of the cell wall led us to speculate 
whether SVE treatment is enhancing the permeability of 
mycobacteria toward anti-tubercular drugs. SVE enhanced the 
bioavailability of INH inside the bacilli and thereby made the 
bacilli more susceptible to INH. The MIC50 of SVE and INH 
against mc2155 was 7.8 mg/mL and 7.15 μg/mL, respectively. To 
assess the susceptibility of mc2155 to INH treatment, we chose the 
INH doses less than MIC50 where we observed minimal inhibition. 
These doses of INH were then combined with SVE at 0.5, 0.25, 
and 0.125 times less than the calculated MIC50 of SVE. Interestingly, 
even at 0.25 μg/mL of INH (which is 0.03 times the MIC50 of 
INH), when combined with SVE, it showed ~40% inhibition in 
mc2155 growth. This indicated that SVE potentiates the 
susceptibility of mc2155 to INH. We speculated whether SVE has 
increased the levels of INH inside bacilli. We utilized the UPLC-
LCMS/QToF technology and treated mc2155 with INH. The 
selection of 30 μg/mL of INH was based on the sensitivity of 
UPLC-LCMS/QToF. The technical challenges could not allow us 
to use lower doses. Notably, the treatment was only for 1 h since 
our objective was to assess the intracellular INH levels inside 
mc2155. SVE treatment dose-dependently increased the 
bioavailability of INH in mc2155 (Figure  5). SVE acts like a 
bioenhancer that not only increases the bioavailability of INH but 
also enhances the susceptibility of mycobacteria at a lower dose. 
This would largely contribute to a decrease in the development of 
frequent INH resistance. We  showed that SVE is anti-
mycobacterial. To explore further, we  investigated the host-
mediated response modulated by SVE toward mc2155 infection. 
For this, we treated cells with SVE at doses 100 to 10,000 times 
less than what was used in mc2155. We subjected mc2155 to the 
actual host response by infecting the bacilli in the THP-1 
macrophages. INH was used at 1.0 μg/mL, again a sub-optimal 

FIGURE 6

SVE reduces the intracellular survival of mc2155 inside the host and 
subsequently curtails the anti-tubercular drug-induced 
hepatotoxicity. (A) Percent cell viability with Alamar blue assay was 
evaluated in THP-1 cells treated with indicated doses of SVE (0.1-30 
mg/mL) for 24 h. (B) THP-1 cells were infected with mc2155 at 1:10 
MOI and thereafter treated with either INH alone, SVE alone or in 
combination of INH and SVE at indicated doses for 24 h. Error bars 
represent mean ± SEM; the significance of data is represented as, 
***p  <  0.0005; #p  <  0.05 with respect to the infected condition 
without any treatment; ψp  <  0.05 with respect to the infected and 
treated with INH alone condition. not significant (ns) if p  <  0.05. 
(C) Hepatotoxicity in HepG2 cells treated with INH+RIF in the 
presence or absence of SVE evaluated through AST levels in media of 
HepG2 cells. Error bars represent mean  ±  SEM; the significance of 
data is represented as, *p  <  0.05, **p  <  0.005, ***p  <  0.0005 and not 
significant (ns) if p  <  0.05.
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dose to clear the intracellular bacteria. We subsequently combined 
INH with SVE at 1, 3, 10, and 30 μg/mL. Interestingly, SVE alone 
significantly reduced the intracellular mc2155 survival inside the 
host. INH alone showed a better clearance compared to 
SVE. However, INH and SVE cotreatment showed significantly 
better clearance of intracellular survival, suggesting SVE as a 
potential adjunct therapy. Medicinal plants are known for healing 
properties and ameliorating drug toxicities. The hepatotoxicity 
induced by anti-tubercular drugs is a significant factor leading to 
the withdrawal of treatment by patients and the emergence of 
multi-drug resistance (MDR) in tuberculosis. Anti-tubercular 
medications are known to cause increased levels of crucial 
enzymes, including alkaline phosphatase (ALP), serum glutamic 
oxaloacetic transaminase (SGOT or AST), and serum glutamic 
pyruvic transaminase (SGPT or ALT), which serve as indicative 
markers for hepatotoxicity (González et al., 2017). Nonetheless, 
traditional medicinal plants, such as Apium graveolens, Apium 
paniculata, Ficus religiosa, Fumaria indica, Glycyrrhiza glabra, 
Syzygium aromaticum, Withania somnifera, and Tinospora 
cordifolia, have been historically employed for tuberculosis 
treatment, concurrently exhibiting hepatoprotective attributes 
(Liu et al., 2008; Samal, 2016; Anwer et al., 2023). These plants 
represent abundant reservoirs of alkaloids, flavonoids, 
diterpenoids, tannins, lipids, sterols, etc., showcasing 
antimicrobial properties and protective effects on the liver (Ansari 
et  al., 2023). Investigating the hepatoprotective capabilities of 
SVE, a combination treatment involving a high dosage of INH and 
RIF was administered to HepG2 cells to induce hepatotoxicity. 
The extent of hepatotoxicity was assessed by determining the 
elevated AST levels. Intriguingly, the administration of SVE 
substantially decreased AST levels in HepG2 cells, pointing 
toward the hepatoprotective effects of SVE.

The resilience and anti-tubercular drug limitations in Mtb drive 
multi-drug resistance and hepatotoxicity. We propose potential herb–
drug synergy in SVE and INH, wherein the SVE enhances the potency 
and intracellular efficacy of INH. SVE attenuates cell viability, 
compromises the bacterial cell wall, and exhibits hepatoprotective 
effects. These findings underscore SVE as a potent adjunct therapy 
against tuberculosis.
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