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ABSTRACT
Introduction. Nematode Caenorhabditis elegans is a key model for studying host–pathogen interactions. In our 
study, we explored the impact of extended-spectrum beta-lactamase (ESBL) and metallo-beta-lactamase (MBL) 
producing strains of Pseudomonas aeruginosa on C. elegans, examining survival, reproductive fitness, chemotaxis 
behaviour, and gene expression. Both ESBL and MBL-producing P. aeruginosa showed a slow killing phenotype in 
C. elegans, with prolonged gut colonization and reduced lifespan compared to worms fed Escherichia coli OP50. 
Materials and methods. C. elegans N2 strain was exposed to ESBL/MBL-producing P. aeruginosa strains, non-
resistant P. aeruginosa, and E. coli OP50. Survival, reproductive fitness, chemotaxis, and gene expression of 
daf-16 and age-1 were analyzed via assays and qRT-PCR.
Results. Resistant strains caused accelerated mortality, starting on day 2, while non-resistant strains had delayed 
mortality from day 5. This indicates that ESBL and MBL enzymes may boost P. aeruginosa's virulence. Worms 
exposed to these resistant strains had reduced fecundity, showing impaired reproductive fitness. Changes in 
chemotaxis behaviour suggested that virulence factors and quorum sensing might affect how worms seek food. 
Gene expression analysis revealed significant changes in daf-16, a gene involved in stress resistance and 
immunity, in response to ESBL and MBL strains. However, there were no significant differences in the expression 
of age-1, indicating other mechanisms at play besides insulin/insulin-like growth factor signalling. 
Conclusion. This study highlights the complex interactions between bacterial virulence, host survival, and 
reproductive behaviour. By exploring the effects of antibiotic resistance on C. elegans, we offer insights into the 
broader implications of antibiotic-resistant infections and potential strategies for managing them.
Keywords: Caenorhabditis elegans; Pseudomonas aeruginosa; extended-spectrum beta-lactamase; metallo-
beta-lactamase; аntimicrobial resistance
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АННОТАЦИЯ 
Введение. Нематода Caenorhabditis elegans является ключевой моделью для изучения взаимодей-
ствий между хозяином и патогеном. В нашем исследовании мы изучили влияние штаммов Pseudomonas 
aeruginosa, продуцирующих расширенный спектр бета-лактамаз (ESBL) и металло-бета-лактамаз 
(MBL), на выживаемость, репродуктивную способность, хемотаксическое поведение и экспрессию генов  
C. elegans. Как ESBL-, так и MBL-продуцирующие штаммы P. aeruginosa проявляли фенотип медленного 
убийства у C. elegans с продолжительной колонизацией кишечника и сокращённой продолжительностью 
жизни по сравнению с червями, питавшимися Escherichia coli OP50. 
Материалы и методы. Штамм C. elegans N2 подвергали воздействию штаммов P. aeruginosa, проду-
цирующих ESBL/MBL, нерезистентного штамма P.  aeruginosa и E. coli OP50. Выживаемость, плодо-
витость, хемотаксис и экспрессия генов daf-16 и age-1 были проанализированы с помощью тестов  
и qRT-PCR. 
Результаты. Антибиотикорезистентные штаммы вызывали ускоренную смертность, начиная с 2-го дня, 
в то время как нерезистентные штаммы вызывали  смертность позже, начиная с 5-го дня. Это указывает 
на то, что ферменты ESBL и MBL могут усиливать вирулентность P. aeruginosa. Черви, подвергшиеся 
воздействию антибиотикорезистентных штаммов, имели сниженную плодовитость, что указывает на ухуд-
шение репродуктивной способности. Изменения в поведении хемотаксиса предполагали, что факторы 
вирулентности и кворум-сенсинг могут влиять на то, как черви ищут пищу. Анализ экспрессии генов вы-
явил значительные изменения в гене daf-16, участвующем в сопротивляемости стрессу и иммунитете,  
в ответ на штаммы ESBL и MBL. Однако значительных различий в экспрессии age-1 не было, что указыва-
ет на наличие других механизмов, помимо сигнальных путей инсулина/инсулиноподобного фактора роста. 
Заключение. Данное исследование подчёркивает сложные взаимодействия между вирулентностью бак-
терий, выживанием хозяев и репродуктивным поведением. Изучая влияние антибиотикорезистентности 
на C. elegans, мы предлагаем понимание более широких последствий инфекций, устойчивых к антибиоти-
кам, и потенциальные стратегии их управления. 

Ключевые слова: Caenorhabditis elegans; Pseudomonas aeruginosa; ESBL; MBL; антимикробная рези-
стентность 
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and gain antibiotic resistance, P. aeruginosa infections 
are well known to dramatically raise a possibility of 
morbidity and mortality [7]. The pathogenicity of P. 
aeruginosa stems from its extensive array of virulence 
factors and antibiotic-resistant mechanisms encoded in 
its genome [8, 9]. This genetic diversity enables it to 
adapt to various environments, including host immune 
responses, leading to significant morbidity and mortal-
ity, particularly with the emergence of multidrug-re-
sistant strains [10, 11]. Recent studies have identified 
frequent occurrences of P. aeruginosa strains carrying 
ESBL and MBL genes, posing significant challenges 
for antibiotic treatment [12]. 

Understanding the interactions between P. aeru-
ginosa and the host is vital for developing effective 
treatments and vaccines. However, these interactions 
remain poorly understood, highlighting the need to 
delve into the pathogen-host interaction at the cellular 
and molecular levels [13, 14]. Employing a forthright 
and genetically tractable host like C. elegans, then we 
should be able to simulate some aspects of mammalian 
pathogenesis [2]. 

Introduction
The ongoing quest for novel targets in antimicro-

bial therapy has led to a growing demand for cost-ef-
fective [1] and high-throughput in vivo model systems, 
aimed at reducing reliance on animal models for pre-
clinical efficacy and toxicity evaluations. At a molecu-
lar level there is still a great deal to learn about interac-
tions between animals and pathogens [2]. Furthermore, 
when employing mammals as the hosts, it is difficult 
to genetically dissect the host routes that are especially 
targeted by bacterial virulence factors due to the lack of 
a genetically tractable metazoan system to research [3]. 
Therefore, a straightforward model host for examining 
the relationship between bacterial pathogens like Pseu-
domonas aeruginosa and the metazoan innate immune 
system is the worm Caenorhabditis elegans [4].

P. aeruginosa, known for its adaptability, is an 
opportunistic pathogen capable of causing both chron-
ic and acute infections, and is recognized as a leading 
cause of nosocomial infections [5, 6]. Because of the 
organism's proclivity to express a wide variety of viru-
lence factors, adapt quickly to environmental changes, 
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Significantly, C. elegans' tiny size and brief life-
time firmly establish its usefulness as a model organ-
ism. Most importantly, in comparison with fruit flies 
and mouse models, C. elegans is a self-fertilized organ-
ism, and all of its progeny are genetically identical [15]. 
C. elegans has been utilised as an in vivo infection para-
digm to examine the intricate host-pathogen interaction 
and the evolutionarily conserved processes employed 
by pathogens to infect and destroy the host [16]. The 
genome of the eukaryotic creature C. elegans was the 
first to be completely sequenced. C. elegans stands as 
the pioneer and sole multicellular organism to have its 
complete cell lineage mapped, encompassing 959 so-
matic cells, including 302 neurons [17]. C.  elegans is 
a 1 mm long, transparent, free-living worm that grows 
from an egg to adulthood in under three days at 20°C. 
The short lifetime and rapid generation time speed the 
antibacterial discovery process and greatly encourage its 
automation [18]. When given pathogenic bacterial cells, 
the C. elegans worms quickly display illness and death, 
mimicking human innate immunity [19, 20]. C. elegans 
is an outstanding model organism capable of traversing 
the discrepancy between in vitro experiments and the 
intricacies of vertebrate models [21]. Identification and 
study of bacterial virulence and host defence compo-
nents are made possible by potent genetic and molecular 
techniques in C. elegans and P. aeruginosa [18, 22].

This study endeavours to investigate the com-
bined impact of MBL and ESBL Pseudomonas isolates 
on host reproductive fitness, chemotaxis behaviour, 
and gene expression patterns. Through this method of 
analysis, we want to illustrate the intricate dynamics of 
host-pathogen relationships, highlighting the link be-
tween host vulnerability, host behaviour, and bacterial 
virulence. By uncovering the mechanisms behind the 
pathogenicity of ESBL and MBL-producing P. aerugi-
nosa isolates, our goal is to enhance our understand-
ing of antibiotic resistance and its implications for host 
health. Additionally, our results emphasize the impor-
tance of utilizing C. elegans as a model system to in-
vestigate these interactions and assess antimicrobial 
interventions.

Methods

Isolation of Pseudomonas aeruginosa  
and detection of virulence genes

Seven ESBL and MBL positive P. aeruginosa iso-
lates from patients with urinary tract infections (UTI) 
had been collected from tertiary care hospital. The 
samples had been subjected to virulence genotyping by 
polymerase chain reaction (PCR) analysis and antibio
tic sensitivity testing to confirm ESBL and MBL me-
diated resistance in P. aeruginosa isolates. This study 
evaluates the gene coding for one of the main virulence 
factors — toxA in P. aeruginosa isolates detected in 
UTI patients. DNA was extracted from ESBL and MBL 

positive P. aeruginosa uroisolates using the boiling  
lysis technique. 

Nematode strain
C. elegans (N2 Bristol) wild type strain was uti-

lized in this study. Worms were transferred to E. coli 
OP50 lawn plates using a worm picker and incubated 
at 20°C in a BOD incubator. Upon depletion of food, 
worms were transferred to fresh plates and allowed to 
grow for 3–4 days. Synchronized eggs were obtained 
following the protocol by Sulston and Hodgkin (1988). 
These synchronized eggs were seeded onto NGM 
plates with E. coli OP50 lawns and observed under a 
light microscope for verification before being incubated 
at 20℃ in a BOD incubator.

Preparation of NGM plates  
for C. elegans — P. aeruginosa assays

Agar-based “slow-killing” takes place on modified 
C. elegans NGM media and is the most commonly used 
C. elegans — P. aeruginosa assays. Isolated colonies 
were inoculated in NGM broth and incubated at 37°C 
for 24 hours. After 24 hours lawn culture was made on 
the NGM plates using 5 µl of culture that was adjusted to 
0.5 using McFarland standard and incubated at 37°C for  
24 hours. These were taken as the experimental P. aeru-
ginosa treatment plates. Similarly, the experimental con-
trol plates were prepared using the E. coli OP50 bacte-
rial strain. These plates were utilised for exposure of the 
worms to bacterial strains as their diet and then assayed 
for survival, colonization, CFU, reproductive ability 
and gene expression analysis in C. elegans.

Survival assay
Ten synchronized L4 worms were transferred to 

NGM plate containing the P.  aeruginosa and it was 
incubated at 20°C. The worms were monitored every 
24 hours. The worms were scored dead when they did 
not respond to gentle touch with a needle. Experiments 
were repeated three times for each isolate. Statistical 
analysis was done by using Kaplan–Meier survival plot.

Reproduction assay
One synchronized L4 worm were exposed to ES-

BL and MBL P. aeruginosa isolates, ATCC P. aerugi-
nosa and control E. coli OP50 for 48 hours at 20°C. Af-
ter 48 hours, the number of eggs laid by the worm was 
counted. The experiment was performed in triplicates. 

Chemotaxis assay
In an unseeded 30 mm NGM agar plate two spots 

containing the test pathogen and E.  coli OP50 were 
made from 5 µL of NGM broth culture and allowed to 
grow overnight the young adult worms were transferred 
to NGM plate with corresponding isolates for treatment 
(as shown in the figure below) and then incubated at 
20°C. After 24 hours the number worms that complete-
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ly crossed the start circle and reached the bacterial spots 
were counted. The chemo taxis index was calculated 
using the formula:

Chemotaxis Index (CI) = (A – B) / (A + B),
where A stands for number of worms in E. coli OP50 
and B stands for the pathogen.

RNA isolation and the detection of age-1 and daf-16 
genes

Synchronized L4 worms were placed on a 60mm 
petri plate containing ESBL and MBL P. aeruginosa 
isolates, ATCC P. aeruginosa, and control E. coli OP50 
lawn culture prepared from 10 µL NGM broth culture, 
and then incubated at 20°C for 24 hours. After incu-
bation, adult worms were washed three times with M9 
buffer to remove bacteria and suspended in 750 µL of 
Trizol solution (GCC Biotech) for RNA isolation, fol-
lowed by storage at –20°C overnight to several days. 
RNA isolation was performed using the Trizol method, 
and the isolated RNA was stored at –80°C until further 
use. The RNA was quantified using a NanoDrop 2000 
spectrophotometer (Thermo Scientific). Subsequent-
ly, 1 µg of total isolated RNA was reverse transcribed 
using the RevertAid First Strand cDNA Synthesis Kit 
(Thermo), and the obtained cDNA was stored at –20°C. 
The reaction was performed using SYBR Premix Ex 
Taq (RR041; Takara), and primers obtained from Euro-
fins (Table 1), were dissolved in milliQ water to obtain 
a working concentration of 5 Pmol/µl. Real-time PCR 
was conducted for age-1, daf-16, and actin as an in-
ternal control using the QuanStudio Real-Time PCR 6 
Flex System. The reaction included initial denaturation 
at 95°C for 30 seconds, followed by 40 cycles of dena-
turation at 95°C for 5 seconds, annealing, and exten-
sion at 58°C for 30 seconds.

Statistical analysis
The data collected from the experiments were pre-

sented as mean ± standard deviation. Statistical analy-
sis was conducted using one-way analysis of variance 
(ANOVA), followed by Newman–Keuls test for com-
parison between control and treated groups. GraphPad 
Prism v. 5 was employed for statistical analysis. A sig-
nificance level of p < 0.05 was used to determine statis-
tical significance.

Table 1. List of primers

Gene Primer sequence (5' to 3') Tm, °С GC content, % Product size, bp

age-1-F CGAAAGCGGATTTGGATCATTT 56.53 40.91
151

age-1-R TGTTTGACTGCGTGGAAGAG 57.30 50.0

daf-16-F GCGAATCGGTTCCAGCAATTCC 57.4 50
171

daf-16-R ATCCACGGACACTGTTCAACTC 57.4 50

act-F CCAGGAATTGCTGATCGTATGC 58 46
133

act-R TGGAGAGGGAAGCGAGGATAG 56.7 55

Fig. 1. Effect of P. aeruginosa on survival of C. elegans.

Results 

Survival Assay

ESBL and MBL P. aeruginosa isolates showed 
slow killing of C. elegans through gut colonization, 
leading to reduced lifespan compared to worms fed 
on E. coli OP50 (Fig. 1). Death was first recorded on 
day 2 in worms exposed to resistant isolates, where-
as worms exposed to non-resistant strains began dy-
ing from day 5, stabilizing by day 7 and continuing 
through day 12. Control worms fed on E. coli OP50 
remained viable throughout the experiment. Data 
analyzed by Kaplan–Meier survival plots showed 
significant differences in survival dynamics among 
groups.

Colonization Assay
ESBL and MBL isolates exhibited slow kill-

ing via gut colonization, likely mediated by quo-
rum sensing and virulence factor production (Fig. 2). 
Colony-forming units (CFUs) of ESBL, MBL, and 
drug-sensitive P. aeruginosa isolates were significant-
ly higher than in control worms. Statistical significance 
was determined using Newman–Keuls test (p < 0.05,  
p < 0.005, p < 0.001).

Time, days

Survival, % OP50

ATCC

P13

P53

P26

P18

P15

P17
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Reproduction assay

The reproductive fitness of C. elegans was sig-
nificantly impaired when exposed to ESBL and MBL 
isolates (Fig. 3). Affected isolates (P13, P15, P17, P26) 
significantly reduced reproductive output compared to 
control worms. No significant difference was observed 
in P12, P18, and P53. Statistical significance was eva
luated using the Newman–Keuls test.

Chemotaxis Assay

Worms exhibited avoidance behavior toward  
P. aeruginosa odorants compared to E.  coli OP50  
(Fig. 4). Chemotaxis assays demonstrated that most 
worms moved toward E. coli, indicating an aversion to 
virulent Pseudomonas strains. Statistical comparisons 
showed significant differences (p < 0.05, p < 0.005,  
p < 0.001).

Expression of daf-16
Expression of the daf-16 gene was significantly 

altered in worms exposed to P13, P15, and P18 isolates 
(Fig. 5). This gene, involved in stress resistance and 
longevity, showed upregulation in certain experimen-
tal groups. Statistical analysis confirmed significance 
across groups compared to controls.

Expression of age-1
No statistically significant differences were ob-

served in age-1 expression across most isolates, al-
though P18 showed a relatively increased expression 
level (Fig. 6). This gene plays a role in the insulin/IGF 
signaling pathway, influencing longevity and stress re-
sponse in C. elegans.

Discussion
The invertebrate model organism C. elegans of-

fers a unique blend of advantages from both whole ani
mal approaches and in vitro methods. This makes it a 
promising tool for bridging the inherent gap between 
in vitro and in vivo approaches [23]. Our study demon-
strated that ESBL- and MBL-producing P. aeruginosa 
isolates induce a slow-killing phenotype in C. elegans, 
consistent with the earlier findings of M.W. Tan et 
al., who reported two distinct mechanisms of killing:  
a "fast-killing" toxin-mediated pathway and a "slow-kill-
ing" pathway driven by intestinal colonization and bac-
terial accumulation [2, 3]. In our experiments, resis-
tant isolates (ESBL and MBL) initiated mortality from 
Day 2, while drug-sensitive strains began causing death 
only from day 5. This acceleration in mortality among 
resistant strains implicates enhanced virulence due to 
resistance-associated mechanisms—possibly through 
metabolic rewiring, quorum sensing amplification, or 
increased expression of virulence factors such as elas-
tases, rhamnolipids, and pyocyanin [24, 25].

Although direct extrapolation to human infec-
tion models is limited, our findings raise significant 
hypotheses for future translational research. For in-
stance, the observed enhanced colonization and mor-
tality suggest that resistance determinants like ESBL 
and MBL may confer fitness advantages beyond an-
tibiotic evasion, possibly facilitating persistent in-
fections in immunocompromised human hosts. This 
aligns with clinical reports of multidrug-resistant  
P. aeruginosa strains showing increased persistence 
and poorer outcomes in chronic infections, including 

Fig. 4. Chemotaxis behaviour of worms observed  
on exposure to P. aeruginosa along with control.

Fig. 2. Representative bar diagram for colonization assay.
Ordinate: colony-forming units per worm, × 106.

Fig. 3. Effect of P. aeruginosa on reproduction of C. elegans.

OP50 ATCC P12 P13  P15  P17  P18  P26  P53

OP50 ATCC  P12  P13  P15   P17   P18   P26   P53

P12    P13     P15      P17    P18     P26      P53
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those in cystic fibrosis, burn wounds, and ventila-
tor-associated pneumonia [26].

Further, the colonization assay confirmed that re-
sistant isolates persist and accumulate at higher levels 
in the C. elegans gut, indicating potential alterations in 
biofilm formation, motility, or immune evasion strate-
gies. Quorum sensing genes, which regulate many vir-
ulence traits in P. aeruginosa, may play a key role here, 
and future studies could evaluate the expression of lasR/
rhlR systems in this model. The reproductive fitness as-
say revealed that ESBL and MBL isolates significantly 
reduced fecundity in C. elegans, indicating a broader 
systemic effect of bacterial colonization or toxins on 
host physiology. This impairment mirrors host–microbe 
interactions in more complex organisms, where infec-
tions are known to disrupt endocrine signalling, repro-
duction, and energy metabolism [27]. Notably, strains 
P13, P15, P17, and P26 caused significant reductions, 
suggesting strain-specific virulence profiles. In human 
terms, these effects may correlate with increased mor-
bidity in vulnerable populations, particularly neonates 
and individuals with compromised immunity, where  
P. aeruginosa infection is linked to developmental de-
lays and systemic stress [28]. Our chemotaxis assay 
adds a behavioral dimension to host-pathogen dynam-
ics. The avoidance behavior exhibited by worms in 
response to P. aeruginosa odorants supports the hy-
pothesis that virulence factors (e.g., phenazines, sidero-
phores) serve not only as pathogenic tools but also as 

ecological signals perceived by the host [29]. In clinical 
settings, similar microbial metabolites may influence 
microbiota-host interactions in the gut, potentially alter-
ing host neural or immune responses. Gene expression 
analyses provided additional insight into host defense 
pathways. Notably, daf-16, a central regulator of stress 
responses, immunity, and longevity in C. elegans, was 
significantly modulated in response to certain resistant 
strains (P13, P15, P18). As a homolog of human FOXO 
transcription factors, DAF-16 modulation suggests that  
ESBL and MBL-producing strains may activate con-
served innate immune pathways. This finding raises 
potential for future host-targeted therapeutics aimed at 
modulating FOXO/DAF-16 pathways to boost resil-
ience during multidrug-resistant infections. In contrast, 
age-1, which acts upstream in the insulin-like signalling 
pathway, did not show significant expression changes, 
implying that ESBL/MBL-related pathogenicity may 
act independently of insulin-mediated longevity signal-
ling. This separation of pathway involvement hints at a 
more targeted activation of stress or immune-specific 
mechanisms rather than a global stress response. Fur-
ther investigation into other immune effectors such as 
lys-7, sod-3, or ctl-2 could provide a more compre-
hensive understanding. Although our study shows that 
ESBL- and MBL-producing P. aeruginosa markedly 
affected the survival, reproduction, chemotaxis, and 
daf-16 expression of C. elegans, we acknowledge cer-
tain limitations. We did not quantify β-lactamase ac-

Fig. 5. Expression of daf-16 gene on exposure of P. aeruginosa.

Fig. 6. Expression of age-1 gene on exposure of P. aeruginosa.

Cycle

Cycle
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tivity or determine minimum inhibitory concentration 
(MIC) values, which would allow a clearer correlation 
between enzyme activity and virulence. ESBL/MBL 
status was instead confirmed by PCR and antibiogram 
profiles. Additionally, a limitation of the present study 
is the absence of clinical P. aeruginosa isolates lack-
ing ESBL and MBL genes as a control group. While 
we included the ATCC P. aeruginosa strain as a 
drug-sensitive reference, it may not fully replicate the 
virulence characteristics of clinical isolates. Inclusion 
of non-ESBL/MBL clinical isolates in future studies 
would allow a more precise assessment of the impact 
of resistance determinants on virulence in C. elegans. 
Despite these limitations, our findings indicate that 
ESBL/MBL-positive isolates display enhanced patho-
genic traits compared to the reference strains, under-
scoring the broader role of resistance in host–pathogen 
interactions.

Conclusion
In conclusion, our study illuminates the intricate 

dynamics of host-pathogen interactions, highlighting 
the interplay between bacterial virulence, host suscep-
tibility, and host behaviour. By elucidating the mecha-
nisms driving the pathogenicity of ESBL and MBL-pro-
ducing P. aeruginosa isolates, we advance our compre-
hension of antibiotic resistance and its ramifications for 
host health. Moreover, our findings underscore the sig-
nificance of utilizing C. elegans as a model system for 
investigating these interactions and evaluating antimi-
crobial interventions. This research sheds light on the 
underlying mechanisms of the increased pathogenicity 
of ESBL and MBL Pseudomonas isolates, contributing 
to our broader understanding of antibiotic resistance 
and facilitating the development of targeted therapeutic 
strategies against multidrug-resistant infections.
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