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Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic bacterium that is widely distributed in 
aquatic environments and causes major economic losses in fish and public health hazards.This study 
aimed to identify the occurrence of P. aeruginosa in samples collected from fish and fish handlers, 
and to investigate the antimicrobial susceptibility, virulence determinants, and biofilm genes of P. 
aeruginosa isolates. A total of 276 samples were cross-sectionally collected from Nile tilapia (53), 
Golden grey mullet (52), Mediterranean horse mackerel (50), Striped red mullet (71), and fish handlers 
(50) at five different retail fish markets in Damietta Governorate, Egypt. Pseudomonas species (spp.) 
were biochemically identified in 57.9% of the total examined samples. Peudomonas aeruginosa were 
the most prevalent species isolated from the fish and human samples via PCR technique. Peudomonas 
aeruginosa isolates exhibited full resistance (100%) to tobramycin (TOB), gentamicin (CN), and colistin 
(CL), with a high level of susceptibility (88.5%) to imipenem (IPM) using the disk diffusion method. 
Most P. aeruginosa isolates (84.6%) exhibited drug resistance, with 61.5% were multidrug resistance 
(MDR) and 23.1% were extensive drug resistance (XDR). Most isolates had at least four virulence-
associated genes (lasB, toxA, exoU, and oprL) and three biofilm genes (psIA, peIA, and lasR) by using 
uniplex PCR. The lasI, and rhlR Quorum Sensing (QS) genes were identified in 84.6% and 61.5% in the 
examined P. aeruginosa isolates, respectively. The highest mortality rate in Nile tilapia experimentally 
infected with P. aeruginosa isolate encoding most of virulent genes. Multivariate analyses revealed 
high heterogeneity among the examined isolates. This study revealed the emergence of virulent 
and drug resistant P. aeruginosa isolates in fish, poses high risks to consumers and food. Thus, strict 
hygienic measures should be considered when catching, handling, and storing fish, in addition to the 
routine application of antimicrobial susceptibility testing.
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Fish are a source of high-quality protein and metabolic nutrients such as omega-3 fatty acids, iodine, selenium, 
and vitamin D 1,2. Similarly, compared with that of meat products, fish consumption has recently increased 
by 3.2% per year, especially in developing countries3. Fish are more susceptible to bacterial deterioration than 
other meats due to a decreased pH and moisture content4. Pseudomonas spp. are the most frequently isolated 
bacteria from spoiled fish that lead to low-quality fish products because they are part of the normal fish 
microbiota4. The Pseudomonas genus contains more than 200 species, including Pseudomonas aeruginosa (P. 
aeruginosa), Pseudomonas fluorescens (P. fluorescens), Pseudomonas lundensis (P. lundensis), Pseudomonas fragi 
(P. fragi), Pseudomonas anguilliseptica (P. anguilliseptica), and Pseudomonas putida (P. putida)5. These bacteria 
are widespread in aquatic environments, both in freshwater and marine water3. Fish transport microorganisms 
from their natural aquatic environment and contaminate utensils while handling and contacting fish handlers 
or workers with infected skin lesions6,7. Pseudomonas infection can be transmitted to humans, particularly 
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immunocompromised individuals, through contact or consumption of contaminated raw fish8. Pseudomonas 
aeruginosa is an opportunistic gram-negative food spoilage bacterium that leads to nosocomial infections, 
particularly respiratory tract infections, gastrointestinal infections, systemic infections, and wound infections, 
in immunosuppressed individuals9. These bacteria can change from a commensal to a virulent form, leading 
to subsequent chronic disease in individuals at risk9, and harboring multidrug resistance features that can be 
transported to other human and animal pathogens10.

The prevalence of multidrug resistance (MDR) bacteria, which are considered a public health threat, has been 
increased all over the world. Several recent investigations have reported the emergence of MDR and extensive 
drug resistance (XRD) from different origins, increasing the necessity of the proper use of antibiotics. In addition, 
antimicrobial susceptibility testing as well as the screening of the emerging MDR strains, is routinely applied 
to detect the antibiotic of choice11,12. These MDR bacteria can resist antimicrobial drugs through mutations in 
chromosomal genes or by horizontal acquisition of resistance genes13. In addition, this bacterium is MDR and 
has diverse virulence determinants; biofilms enhance the colonization of P. aeruginosa by the host, reduce the 
efficacy of antimicrobial treatments, and subsequently increase the severity of Pseudomonas infection13.Biofilm 
producing P. aeruginosa is the key for its chronic colonization in human and animal tissues14. Biofilms assist 
exchange of antibiotic resistance genes between bacteria by supporting a physical barrier to antimicrobial agents 
and host immune response15.

The pathogenicity of P. aeruginosa is primarily linked to a variety of virulence genes, such as lipopolysaccharide 
(LPS), exopolysaccharides (alginate, psl and pel), cytotoxins (exoU, exoT, exoS and exoY),, and toxin A (toxA), 
as well as elastase genes A and B (lasA and lasB), alkaline protease (aprA) LipC lipases, phospholipase C, and 
esterase A16. LPS can play a role in antibiotic tolerance and biofilm formation psl and pel, 20. Cytotoxins (exoU, 
exoT, exoS, and exoY) can block phagocytosis and bacterial clearance. Exotoxin A (ETA) can reduce host 
protein synthesis through ADP ribosylation17. These genes increase intracellular oxidative effects and play a 
role in the adhesion, attachment, and invasion of host cells18. Peudomonas aeruginosa produces three essential 
exopolysaccharides implicated in biofilm formation, such as alginate, the polysaccharide synthesis locus (PSL), 
the pellicle (PEL) polysaccharide, and Quorum Sensing (QS), which play a role in the formation of mutants 
deficient in the pellicle, maintaining interactions between cell surfaces in biofilms and controlling the production 
of las and rhl virulence genes19. Molecular techniques are essential for the rapid detection of P. aeruginosa by 
amplification of species-specific primers, especially 16 S rDNA gene sequencing20.

The purposes of this study were to (i) determine the prevalence of Pseudomonas spp. in Nile tilapia, Golden 
grey mullet, Mediterranean horse mackerel, Striped red mullet and fish handlers at different retail fish markets 
in Damietta Governorate, Egypt; (ii) identify the antimicrobial resistance profiles, serotypes, virulence genes, 
biofilm genes, and QS genes of the recovered P. aeruginosa isolates, (iii) illustrate the genetic relatedness of XDR 
isolate using 16 S rDNA gene sequencing, (iiii) assess the pathogenicity of virulent P. aeruginosa isolates on Nile 
tilapia with monitoring of morbidity and mortality rates, and (iiiii) investigate the diversity and correlation 
among P. aeruginosa isolates using multivariate statistical analyses.

Materials and methods
Study design and sampling
A cross-sectional study collected 276 apparently healthy fish samples with no clinical signs of infection from 105 
freshwater fish (53 Nile tilapia/Oreochromis niloticus and 52 grey mullet/Liza auratus), 121 marine water fish (50 
Mediterranean mackerel/Trachurus mediterraneus and 71 Striped red mullet/Mullus surmuletus), and 50 fish 
handlers at five different fish markets in Damietta governorate, Egypt as shown in Fig. 1, between January 2021 
and May 2022. Sterile cotton swabs were used to collect samples from the fish handlers. The swabs were gently 
rubbed through the human seller’s hand before being immersed in tubes containing 9 mL of sterile buffered 
peptone water (BPW; Oxoid Ltd.,Basingstoke, Hampshire, UK). The samples were labeled with the market 
ID, sample type, and date of immediate transport to the laboratory for further processing and bacteriological 
analysis. Fish samples (muscle and liver) were processed and prepared following the procedures standardized by 
the International Organization for Standardization21. Clinical examination of fish for the presence of external 
and internal lesions was carried out as described previously22. The study design and sampling procedures 
were approved by the Institutional Animal Care and Use Committee (IACUC) of Zagazig University, Egypt 
(Ref. No.:ZU-IACUC/3/F/14/2024). All procedures involving animals were performed in accordance with the 
ARRIVE guidelines (PLoS Bio 8(6), e1000412, 2010). However, procedures involving human participants were 
performed in accordance with the 1964 Declaration of Helsinki and its later amendments or comparable ethical 
standards. In addition, written informed consent was obtained from the fish handlers who participated in the 
study.

Isolation and identification of Pseudomonas spp.
The isolation procedures were performed according to ISO 372023. The prepared fish samples (liver, muscle) 
were processed. For every sample, the amount of one gram of sample was added into 9 mL of 1% (w/v) BPW. The 
mixture was then homogenized for 30 s using a homogenizer and fish samples (1 mL) and human hand swabs 
were aseptically inserted in 9 mL sterile BPW followed by incubation at 25 °C for 44 h ± 4 h. A loopful from the 
incubated broth was then streaked on Pseudomonas agar base supplemented with Pseudomonas cephalothin-
sodium fusidate-cetrimide (CFC) agar (Oxoid Ltd.,Basingstoke, Hampshire, UK), and incubated at 25 °C for 
44 h ± 4 h. The presence of blue‒green/brown pigmentation or fluorescence indicates presumptive evidence of 
Pseudomonas spp. Colony morphology was identified by Gram staining. Species identification was determined 
by standard biochemical tests; catalase, oxidase, urease, indole, methyl red, Voges Proskauer, citrate utilization, 
H2S production, mannitol fermentation, Arginine hydrolysis, gelatin hydrolysis, nitrate reduction test sugar 
fermentation test, proteolytic activity, lipolytic activity,  and motility test24. Pseudomonas aeruginosa isolates 
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were serologically identified by the slide agglutination technique using 4 commercially available polyvalent 
and 16 monovalent antisera according to the manufacturer’s recommendation (Bio-Rad®, France) according to 
Glupczynski et al.25, and serotypes were determined based on the International Antigen Typing Scheme (IATS) 
according to Legakis et al.26. All P. aeruginosa isolates were subsequently confirmed via PCR via 16 S rDNA 
gene amplification27. DNA was extracted using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) following 
the manufacturer’s instructions. The primer sequences (Metabion, Germany) and PCR cycling conditions are 
provided in Table S 1.

Antimicrobial susceptibility test of P. aeruginosa isolates
All molecularly identified P. aeruginosa isolates (n = 26) were tested for susceptibility to 15 antibiotics using the 
Kirby–Bauer disk diffusion method following the Clinical and Laboratory Standards Institute guidelines28. Fifteen 
antibiotic disks (Thermo Fisher Scientific, Oxoid Ltd., UK) included tobramycin (TOB, 10 µg), gentamicin (CN, 
10 µg), amikacin (AK, 30 µg), meropenem (MEM, 10 µg), doripenem (DOR, 10 µg), imipenem (IPM, 10 µg), 
ceftazidime (CAZ, 30 µg), cefepime (FEP, 30 µg), levofloxacin (LEV, 5 µg), ciprofloxacin (CIP, 5 µg), colistin 
(CT, 25 µg), piperacillin (PRL, 30 µg), Ampicillin (AMP, 10 µg), aztreonam (ATM, 30 µg) and amoxicillin – 
clavulanic acid (AMC, 30 µg). Briefly, the bacterial suspension was prepared in sterile saline and adjusted to 
the turbidity of the 0.5 McFarland standard. The suspension was then streaked on Muller–Hinton agar plates 
(Thermo Fisher Scientific, Oxoid Ltd., UK) using sterile swabs. Antibiotic discs were inserted on the surface of 
the plates, which were subsequently incubated at 35 °C ± 2 °C for 16–18 h. P. aeruginosa ATCC® 27853 was used 
as a quality control organism. The inhibition zone diameter was measured, and the susceptibility or resistance 
of the organism to each drug was determined based on CLSI guidelines28. Multiple antibiotic resistance (MAR) 
was determined using the formula: a/b (where “a” is the number of antimicrobial agents to which an isolate 
was resistant and “b” is the total number of antimicrobial agents tested) following the protocol proposed by 
Krumperman29.Interpretation of antibiotic susceptibility to evaluate MDR, XDR and pan drug resistance (PDR) 
isolates was grouped according to Magiorakos et al.30.

Phenotypic screening of biofilm-producing P. Aeruginosa
All P. aeruginosa isolates (n = 26) were tested for their ability to form biofilms using the microtiter plate assay31. 
In this assay, A bacterial suspension was prepared in Mueller Hinton broth supplemented with 1% glucose and 
adjusted to 0.5 McFarland (1.5 × 108 CFU/mL). A 100 µL of the bacterial suspension was inoculated into sterile 
polystyrene microtiter plates. The plate was incubated at 37 °C for 24 h. Three wells containing only broth were 
left as negative controls in the plate. To remove free-floating cells, the media from the plate wells were discarded 
and washed twice with 0.2 mL of phosphate-buffered saline (PBS, pH 7.2). The plate was inverted, and PBS was 
removed by blotting with paper towels. The biofilm was fixed by adding 150µL of ethanol for 20 min, and the 
cells adhered to the microtiter plate were stained with 150µL of crystal violet for 15 min at room temperature 
after removing the stain. The wells were washed twice with PBS and air dried for 1 h. Biofilm quantification 
was carried out by adding 150µL of 95% ethanol to each well for 45 min. The optical density (OD) was then 
measured at a wavelength of 570  nm (OD570) using an ELISA reader (Sunrise, Tecan) after adjusting to the 
negative control (ODc) at zero. Mean and standard deviation of OD values were recorded for all P. aeruginosa 
isolates and negative controls. The cut of values were calculated by using the following formula:

Fig. 1.  Map showing the sampling locations (fish markets) inside Damietta province, Egypt.
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ODc = mean ODc + (3 × standard deviation (SD) of negative control).
OD isolate = mean OD of isolate − ODc.
The isolates were then classified as negative (OD570 ≤ ODc), weak (ODc < OD570 ≤ 2 × ODc), moderate (2 × 

ODc < OD570 ≤ 4 × ODc), or strong (4 × ODc < OD570) biofilm formers32. P. aeruginosa ATCC® 27853 was used 
as the standard strain. The experiment was performed in triplicate.

Molecular identification of virulence-,  biofilm-associated genes and QS genes in P. 
aeruginosa
All P. aeruginosa isolates were amplified from the 16 S rDNA gene (n = 26) and were screened for the presence of 
virulence genes (lasB, toxA, exoU, oprL) using uniplex PCR20,33–35. In addition, uniplex PCR was also conducted 
to detect the presence of biofilm-associated genes (pslA, pelA, lasR)36,37 and QS genes (lasI, rhlR)37,38 in all 
the biofilm-producing P. aeruginosa isolates (n = 26). The primer sequences (Metabion, Germany) for all the 
tested genes are provided in Table S 1. The PCR mixture (25 µl) for each tested gene consisted of 2x premix 
Emerald Amp GT PCR master mix (12.5 µl) (Takara Bio Inc., Shiga, Japan), PCR grade water (4.5 µl), forward 
and reverse primers (µl, each) and template DNA (1 µl). DNA amplification was performed in a T3 thermal 
cycler (Biometra), and the PCR cycling conditions are provided in Table S 1. The amplified products, positive 
(P. aeruginosa ATCC® 27853) and negative controls for each target gene, along with a DNA ladder (Fermentas), 
were loaded onto an ethidium bromide (0.5 µg/ml)-stained agarose gel (1.5%) and run for 30 min. The resulting 
gel was photographed by a gel documentation system (Alpha Innotech), and the data were analyzed through 
computer software.

DNA sequencing and phylogenetic analysis
The DNA products amplified from five XDR and strong biofilm-forming P. aeruginosa isolates with keys of H22, 
R18, K9, M6 and N1 as provided in Table 2 were isolated with a QIAquick PCR Kit (QIAGEN, Valencia, CA, 
USA, cat-number 4336817), following the manufacturer’s guidelines. 16 S rDNA gene sequencing was carried 
out with primers (Table S 1) and an automated sequencer, as previously described27. The obtained sequences 
were resolved with the Basic Local Alignment Search Tool (BLAST® analysis) of Informative Biotechnology 
website on the National Center. Gene sequences of the isolates were submitted to the GenBank sequence 
database under accession numbers PQ252928, PQ252932, PQ256806, PQ256807, and PQ256808. Initial BLAST® 
analysis was performed to establish sequence identity with GenBank accessions39. These sequences were then 
aligned with others available in the GenBank sequence database. A comparative analysis of sequences was 
performed using the CLUSTAL W multiple sequence alignment program, version 12.1 of MegAlign module of 
Lasergene DNAStar software Pairwise (Madison, Wisconsin, USA) which was designed by Thompson et al.40. A 
phylogenetic tree was constructed using MEGA 6 41.

Pathogenicity testing
The pathogenicity of virulent P. aeruginosa isolates was assessed by the challenge of O. niloticus. A total of 120 
apparently healthy O. niloticus weighting 45 ± 3 g with no history of previous infections were collected randomly 
from Fish Research Unit, Zagazig University, Egypt, and left acclimated in a clean twelve 60 L glass tank (10 
fish / tank) with dechlorinated water flow, continuous aeration for 14 days prior to the challenge. Oreochromis 
niloticus was selected as a model for the present study due to its local availability and ease of cultivation, 
handling, and transportation. The tank was filled with sand-filtered, UV-sterilized, dechlorinated tap water with 
an average salinity of 0.3 ± 0.1  g L −1. Dissolved oxygen was monitored at 5 ± 1  mg L −1 using automatic air 
suppliers (RINA, Genova, Italy), while the water temperature was maintained at 27 ± 0.52  °C. Tank pH was 
regulated at 7.5 and 13 h light/11 h dark cycle was adopted. Water temperature, dissolved oxygen, and PH were 
monitored daily. Ammonia and nitrite were measured twice a week and never exceeded 0.05 and 0.25 mg L −1 
respectively. The fish were fed two times daily (09:00 and 20:00 h) until visual satiety on a commercial pellet of 
30% crude protein (Skretting, Alexandria, Egypt). The organic wastes and other debris were siphoned and 30% 
of the water was replaced daily to reduce the toxicity of ammonia. The experiment was divided into four tank 
groups (30 fish per group) labelled G1, G2, G3, and G4. In group G1, the fish were inoculated intraperitoneally 
(IP) with 0.1 ml of sterile phosphate-buffered saline (PBS) and served as a control, while the fish of the other 3 
groups (G2, G3 and G4) were injected IP with 0.1 ml of the overnight culture of virulent P. aeruginosa strains 
(M6, N1 and K10, respectively) at a concentration of 3 × 107CFU/ml42. The isolates were selected based on 
harboring variable virulence genes. One of these isolates (M6) harbored oprL, exoU, toxA, and lasB virulent 
genes, the other isolate (N1) encoded the oprL, exoU, and lasB genes, while the (K10) isolate encoded exoU, 
toxA, and lasB. For preparation of inoculum, the isolates were individually cultured in tryptic soy broth for 24 h 
at 37 °C. The growing bacteria were adjusted to 0.5 McFarland standards before IP injection. The clinical signs, 
cumulative mortalities, and postmortem lesions were recorded for each experimental groups daily for 2 weeks 
post-challenge. Mortalities were only considered by re-isolation of the injected isolates from the moribund and 
freshly dead fish. To compare the survivability of fish belonging to various virulence groups, Kaplan-Meier 
analysis (including the plot) was done. The overall and pairwise differences among the groups were determined 
for significance using both Log-rank (Mantel-Cox) and Log-rank for trend tests. This analysis was done using 
GraphPad Prism software v. 8. The fish experiment was carried out following guidelines and regulations for 
animal experiments, and was approved by the Institutional Committee of Animal Care and Use at Zagazig 
University (approval number: ZU-IACUC/3/F/14/2024).

Multivariate statistics and machine learning
To visualize the overall distribution of AMR phenotypes, virulence, biofilm genes, and bacterial serotypes in the 
isolates and thus estimate the clustering among isolates, we generated a heatmap supported by a dendrogram 
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using their binary data. This was performed using the R package heatmap43. To determine and visualize the 
dissimilarities of the associations among isolates from different hosts/organs, we performed a nonmetric 
multidimensional scaling analysis based on Bray‒Curtis (Sorensen) distances, using the R package vegan and 
the function metaMDS44. The significant differences among groups were estimated using the PERMANOVA 
test45. A random forest (RF) classification model was used to rank bacterial features that are discriminatory for 
isolates from various hosts (i.e., humans, freshwater fish, and marine fish) using the mean decrease in accuracy. 
In this model, prediction was based on the majority of votes in an ensemble of 500 trials and a bag error of 0.6. 
Fisher’s exact test was used to determine whether there were significant differences in the frequency of bacterial 
features between humans, freshwater fish, and marine fish. This analysis was performed using the metaboanalyst 
platform46 R software was used to detect correlations among various features using the R package Hmisc47.

Results
Phenotypic characteristics and occurrence of Pseudomonas spp. in fish and fish handlers
A total of 276 apparently healthy fish samples were examined for the presence of external and internal lesions. 
No signs of external or internal lesions were observed in all examined fish samples. All isolated Pseudomonas 
spp. were blue-green or brown pigmentation or fluorescence colonies on Pseudomonas agar base supplemented 
with Pseudomonas CFC agar on bacteriological examination. Biochemically, identified P. aeruginosa isolates 
(n = 160) were positive for oxidase, mannitol fermentation, gelatin hydrolysis, catalase, citrate utilization, 
and nitrate reduction test, but were negative for methyl red, H2 S production, indole, urease, and Voges-
Proskauer tests. Pseudomonas spp. were biochemically identified in 160 (57.9%) of the total examined samples, 
constituting 32 (60.4%) from Nile tilapia, 34 (65.4%) from Golden grey mullet, 29 (58%) from Mediterranean 
horse mackerel, 42 (59.2%) from Striped red mullet and 23 (46%) from fish handlers (Table S 2 and Table 1). 
All isolated Pseudomonas spp. were more frequently isolated from the liver samples of the total examined fish 
samples (37.6%) than from the muscle samples (23%), as presented in Table S 2. Twelve Pseudomonas spp. 
were identified as P. aeruginosa, P. fluorescens, P. alcaligenes, P. stutzeri, P. fragi, P. brenneri, P. psychrophila, P. 
oryzihabitans, P. putida, P. lundensis, P. proteolytica and P. luteola in this study using standard biochemical tests 
(Table 1). P. aeruginosa and P. fluorescens were the prevalent isolated species in the fish and human samples, as 
detailed in Table 1.

Serotyping of P. aeruginosa isolates
Seven different serotypes of the recovered P. aeruginosa were identified, representing six serogroups, as presented 
in Table 2. Serotype O11, which belongs to group E, was the most common isolated serotype (30.7%) (Table 2). 
However, serotype O10 belonged to Group H, serotype O2 belonged to Group B (19.2% each), serotype O4 
belonged to Group F (11.5%), serotype O5 belonged to Group B, serotype O8 belonged to Group C (7.7% each), 
and serotype O6 belonged to Group G (3.8%). These were the remaining isolated serotypes (Table 2).

Antimicrobial susceptibility of P. aeruginosa isolates
The patterns of antibiotic resistance of the P. aeruginosa isolates to the 15 antibiotics are presented in Tables 2 and 
3. P. aeruginosa isolates exhibited full resistance to TOB, CN, and CL (100%). Notably, the isolates demonstrated 
an elevated degree of resistance to AK (84.6%) and CAZ (73.1%). Reciprocally, the isolates displayed a high level 
of susceptibility to IPM (88.5%) and ATM (80.8%). Most isolates (84.6%) exhibited drug resistance. The MAR 
ranged from 0.2 to 0.933, with an average of 0.567 (Table 3). Among the 26 examined isolates, 61.5% were MDR, 
23.1% were XDR as detailed in Table 3.

Biofilm formation of P. aeruginosa isolates
All P. aeruginosa isolates (n = 26) exhibited biofilm-forming abilities, with 73.1% of the isolates exhibiting strong 
biofilm formation (Table  2). However, the remaining isolates exhibited moderate biofilm formation abilities 
(15.4%) and weak biofilm formation abilities (11.5%).

Molecular characterization ofP. aeruginosa isolates
The 16  S rDNA gene was molecularly identified in 26 biochemically suspected P. aeruginosa strains. Four 
virulence-associated genes, lasB, toxA, exoU, and oprL, were identified in the P. aeruginosa isolates (Table 2). The 
lasB virulence gene and ExoU virulence gene were detected in all the examined isolates (100%), followed by the 
oprL virulence gene (88.5%) and the ToxA virulence gene (76.9%) (Table 2). Three biofilm genes, pslA, peIA, and 
lasR, were identified among the P. aeruginosa isolates (Table 2). Most of the biofilm genes were identified in P. 
aeruginosa isolates, with a high frequency in pslA (96.2%). The recovered P. aeruginosa isolates possessed the lasI 
and rhlR QS genes in a prevalence of 84.6% and 61.5%, respectively.

Sequence analysis of XDR P. aeruginosa
The sequence analysis proved that the tested P. aeruginosa isolates in this study showed high genetic identity 
ranged from 99 to 100% with other P. aeruginosa strains isolated from different origins and geographical areas 
(Fig.  2). From the alignment profile, P. aeruginosa isolate under accession number PQ252928 showed high 
genetic identity (100%) with other P. aeruginosa strains under accession numbers CP034436 and EU381200. The 
tested P. aeruginosa isolates under accession numbers PQ256806 and PQ256808 showed high genetic identity 
(100%) with P. aeruginosa strain under accession number OR827712. Furthermore, the tested P. aeruginosa 
isolate under accession number PQ256807 showed high genetic identity (99.9%) with P. aeruginosa strain under 
accession number OR827712. Besides, P. aeruginosa strain under accession number PQ252932 proved 99.3% 
genetic identity with P. aeruginosa strain under accession numbers HM439971, CP034436, and EU381200 
(Fig. 2).
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Pathogenicity testing
The clinical signs, postmortem lesions and fish mortality were recorded for 14 days after the challenge in all 
experimental groups. Clinical examination for the most of experimentally infected fish revealed superficial 
hemorrhages, detached scales and erosion of fins, while the postmortem findings showed typical septicemic 
signs manifested by congested kidney and liver, serous bloody fluid filling the abdominal cavity, enlarged spleen 
and necrotic gills (Figure S 1). It was noted that mortality rate was associated relatively with encoded virulence 
genes, where no mortalities or pathological lesions observed on fish of the control group while the maximum 
rate of mortality (93.3%) was recorded in fish group challenged with P. aeruginosa isolate harboring 4 virulence 
genes (oprL, exoU, toxA, and lasB) followed in descending order by isolates containing oprL, exoU, and lasB genes 
(70%) and exoU, toxA, and lasB (63.3%). The survivability of challenged fish groups with variable isolates was 
significantly different (P-value < 0.0001) (Fig. 3). Cumulative mortality in O. niloticus infected with a virulent 
strain M6 reached the peak on day 7 of the challenge, being of a shorter time compared to challenged groups 
with strain N1 and K10 that showed delayed mortality up to 11 days after inoculation.

Hierarchical clustering (HC) of P. aeruginosa isolates
We ran (HC) on the isolates using the profile of each of the analyzed features (Fig. 4) and when all the features 
were combined (Fig. 5). As shown in Fig. 4, the AMR profile separated the 26 isolates into 7 clusters. The profiles 
of virulence genes and biofilm genes/degrees separated the isolates into 3 clusters, and the serotype profiles 
separated the isolates into 6 clusters. Although each of these clusters contained identical isolates, none of the 
isolates within each of the clusters belonged to the same host or sample type. As shown in Fig. 5, running the 
HCs on the isolates considering a combined profile of all features revealed the presence of 3 main clusters, with 
only 2 subclusters having identical isolates. One of these 2 subclusters included 2 human isolates, and the other 
cluster included a mixture of human and marine fish isolates. We then used the isolate features to obtain the 
Bray‒Curtis (Sorensen) distance, which is considered a dissimilarity indicator, and to generate the nMDS plot 
(Fig. 6). The nMDS plot showed that human, fresh fish and marine water fish isolates were not significantly 
separated (P value = 0.5) from fresh and that marine water fish lying further away from each other than human 
isolates were (Fig. 6A). Isolates from different types of fish were not significantly separated (P value = 0.2), with 
tilapia isolates exhibiting slight separation from other fish isolates, whereas isolates from gray mullet, red mullet, 
and mackerel overlapped (Fig. 6B). Liver and muscle isolates from all the fish were not significantly different (P 
value = 0.7) (Fig. 6C).

Using machine learning to discriminate isolates from different hosts
The ranked significance analyses of the random forest classification model (Fig.  7) revealed that phenotypic 
resistance to CAZ, the presence of toxA and pslA genes, and the O8 group C serotype were the features with 
the greatest dissimilarity among isolates from humans, freshwater fish, and marine fish. On the other hand, 
phenotypic resistance to AK, the presence of the OprL gene, the pelA gene, and the O10 group H serotype 
exhibited the most similar profiles among these isolates.

Correlations between antimicrobial resistance (AMR) phenotype, virulence and biofilm-related genes
The correlation coefficient (R) and its significance (p values) are shown in Fig. 8. Among all the isolates (n = 26), 
all the AMR phenotypes to all the antibiotics were positively correlated with one another, with the most significant 
correlation being observed between the MEM and DOR (R = 1, P value < 0.001). This was followed by a slightly 
lower positive correlation between CIP and MEM and between DOR and FEB (R = 0.9, P values < 0.01). We 
observed a nonsignificant negative or weak positive correlation among most of the virulence genes. For the 
biofilm genes, significant positive correlations were found between pelA and lasR (P value = 0.0002). There was 

Antibiotic class Antibiotic (µg/mL) Resistant Intermediate Susceptible

Aminoglycosides

TOB (10 µg) 26 (100) 0 (0.0) 0 (0.0)

CN (10 µg) 26 (100) 0 (0.0) 0 (0.0)

AK (30 µg) 22 (84.6) 0 (0.0) 4 (15.4)

Carbapenems

MEM (10 µg) 6 (23.1) 2 (7.7) 18 (69.2)

DOR (10 µg) 6 (23.1) 1 (3.8) 19 (73.1)

IPM (10 µg) 1 (3.8) 2 (7.7) 23 (88.5)

Cephalosporins
CAZ (30 µg) 19 (73.1) 0 (0.0) 7 (26.9)

FEP (30 µg) 9 (34.6) 0 (0.0) 17 (65.4)

Fluoroquinolones
LEV (5 µg) 11 (42.3) 2 (7.7) 13 (50.0)

CIP (5 µg) 8 (30.7) 1 (3.8) 17 (65.4)

Lipopeptides CT (25 µg) 26 (100) 0 (0.0) 0 (0.0)

Penicillins
PRL (30 µg) 10 (38.5) 2 (7.7) 14 (53.8)

AMP (10 µg) 10 (38.5) 16 (61.5) 0 (00.0)

Monobactams ATM (30 µg) 5 (19.2) 0 (0.0) 21 (80.8)

β-Lactam-β-lactamase-inhibitor combination AMC (30 µg) 14 (53.8) 12 (46.2) 0 (00.0)

Table 3.  Antibiotic susceptibility of 26 P. aeruginosa (%) isolated from fish and fish handlers.
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a nonsignificant correlation between any of the virulence and biofilm genes. The same is true for the correlation 
between AMR phenotypes and virulence genes. Interestingly, the pelA and lasR genes in the biofilm showed 
a strong positive correlation (R > 0.8) with phenotypic resistance to AK and CAZ and a moderate positive 
correlation (R = 0.5) with phenotypic resistance to the antibiotics LEV and PRL. The degree and significance of 
the previously mentioned correlations tended to be the same or slightly greater when the same analyses were 
performed on the isolates from each host.

Fig. 2.  Phylogenetic tree of P. aeruginosa isolated from grey mullet, fish handlers, Nile tilapia, striped red 
mullet and Mediterranean mackerel (red dot) based on 16 S rDNA gene sequences. A phylogenetic tree was 
generated using the neighbor-joining approach and 1000 bootstrap values.
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Fig. 4.  Heatmap supported by hierarchical clustering (dendrogram) showing the similarities among isolates 
from various hosts and organs based on the profile of each of the studied feature in the studied P. aeruginosa 
isolates. Black features. Annotation of isolates in relation to their hosts, host type and organs/samples are 
shown as color-coded categories.

 

Fig. 3.  Kaplan-Meier survival plot showing the survivability of Nile tilapia over a 14-days challenge with P. 
aeruginosa that have various variable virulence potential. Different curves indicate the percent survival of 
fish (n = 30 per group). Fish in the control group were inoculated with PBS and fish within other groups were 
inoculated with P. aeruginosa harboring combination of virulence genes. A significant P-value indicates the 
significance of differences between all survival curves.

 

Scientific Reports |        (2024) 14:24063 10| https://doi.org/10.1038/s41598-024-73917-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Discussion
Pseudomonas aeruginosa is a dangerous pathogen for public health, causes a variety of infections in humans, 
fish and animals, thus the identification of such pathogen should be considered in Pseudomonas studies10. In 
this study, Pseudomonas spp. were identified in 57.9% of the total examined samples, 49.6% and 8.3% of which 
originated from total fish samples and human samples, respectively, as detailed in Table S 2 and Table 1. These 
findings aligned with those of Abd-El-Maogoud et al.48, who isolated Pseudomonas spp. from frozen mackerel, 
frozen Saurus and tilapia in Egypt.

Table S 2 shows the higher frequency of Pseudomonas spp. in the fish liver samples. The liver was the most 
contaminated organ for Pseudomonas spp. infection, in contrast to the muscle in this study. These findings 
were consistent with the findings of Eissa et al.49, Abd ElTawab et al.5, and Algammal et al.12, who reported 
high contamination of Pseudomonas spp. in the liver. Among the identified Pseudomonas spp., P. fluorescens 
(34.4%) and P. aeruginosa (16.3%) were the most prevalent species in this study. Variation in the occurrence 
could be due to different geographical area, environment factors, fish species, host immunity state, and seasonal 
factor Algammal et al.42. The prevelance of P. aeruginosa in Nile tilapia and Golden grey mullet was 15.6% and 
8.8%, respectively, while the respective prevalence in Striped red mullet and mackerel was 17.2% and 19.1%. 
Pseudomonas aeruginosa was isolated in freshwater fish (29%) and (32%) by Mohamed et al.50 and El-Tarabili 
et al.51, while Shahrokhi et al.52 reported a lower prevalence in freshwater fish (5%). Abd El Magaogoud et 
al.48 identified P. aeruginosa at 33%, 30%, and 23% prevalence in frozen mackerel, frozen Saurus and tilapia 
samples, respectively, in Egypt. In addition, Benie et al.4 reported incidences of 33.1% and 20% P. aeruginosa in 
freshwater fish and smoked fish, respectively. Pseudomonas aeruginosa was isolated in 46% of fish handlers in 
this study, which is consistent with Abdelraheem et al.53 who showed a prevalence of P. aeruginosa (45%) among 
patients with burn and surgical infected wounds in Egypt. The difference in the prevalence of P. aeruginosa can 
be attributed to differences in susceptibility to infection among different fish species54; to the ability of fish to 
tolerate variable degrees of salinity, temperature and pH; to persist in the environment, even in the absence of 
nutrients55; and to differences in hygienic measures during the capture, handling, and storage of fish56.

Among the P. aeruginosa isolates, seven different serotypes were identified, and serotype O11 belonging to 
group E was the predominant serotype (30.7%), consistent with previous findings of Benie et al.4 and Darwish et 
al.57, who identified the prevalence of serotype O11.

The prolonged use of antimicrobial agents for the treatment of Pseudomonas infection results in the generation 
of multidrug-resistant strains in aquatic ecosystems due to the transfer of R-plasmids48. Pseudomonas aeruginosa 
exhibits resistance to a variety of antibiotics, such as aminoglycosides, quinolones and β-lactams58. Generally, 

Fig. 5.  Heatmap supported by hierarchical clustering (dendrogram) showing the similarities among 
isolates from various hosts and organs based on a combined profile of features (i.e. antimicrobial resistance 
phenotypes, serotypes, virulence and biofilm genes/degrees) in the studied P. aeruginosa isolates. Black 
features. Annotation of isolates in relation to their hosts, host type and organs/samples are shown as color-
coded categories.
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Fig. 7.  Random forest classification model showing the ranked significance (in a descending order) of various 
features they discriminate P. aeruginosa isolates from various hosts (i.e. humans, fresh water fish and marine 
fish). The discriminatory significance of a feature is shown as “mean decrease in accuracy”.

 

Fig. 6.  Non-metric multidimensional scaling plot showing the clustering of the isolates belonging to different 
hosts (A), fish types (B) and fish organs (C) based on the bray Curtis distance that were estimated among 
P. aeruginosa isolates.The center of each cluster are the centroid. The P-value represents the significance 
differences among clusters based on PERMANOVA test.
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Pseudomonas aeruginosa can counter antibiotic attack by major intrinsic and acquired resistance mechanisms. 
The intrinsic mechanisms of Pseudomonas resistance are low permeability of the outer membrane, expression 
of efflux pumps that expel antibiotics out of the cell and the production of antibiotic inactivating enzymes. The 
acquired mechanisms of Pseudomonas resistance are resistance genes’ horizontal transfer or cell mutation59. In 
this study, P. aeruginosa isolates exhibited increased susceptibility to IPM (88.46%) and ATM (80.76%), which 
was consistent with the findings of Mohamed et al.50 and inconsistent with the findings of Benie et al.4, who 
reported the primary resistance of P. aeruginosa isolates to imipenem and ciprofloxacin. All P. aeruginosa isolates 
in this study exhibited resistance to tobramycin (TOB), gentamicin (CN) and colistin (CL), which is similar 
to the findings of Akhi et al.60, who demonstrated the full resistance of P. aeruginosa isolates to colistin. This 
resistance assists P. aeruginosa in nosocomial infection, food poisoning, and biofilm formation61. A study by 
Abd El-Baky et al.62 revealed the complete resistance of P. aeruginosa isolates to amoxicillin/ clavulanic acid and 
high resistance to ampicillin/sulbactam (68%), ceftazidime (63%) and azetreonam (60%). This contradiction 
with our results could be due to the method used, sample type, and sample size60. Drug resistance Pseudomonas 
mostly appeared in P. aeruginosa isolates (84.6%) in this study (Table 2), with a MAR value above 0.2 indicating 
the survival capacity of P. aeruginosa strains in a contaminated environment, and this greater defilement seems 
to result from the presence of numerous antimicrobial residues in the examined samples63. A MAR above 0.2 in 
this study was consistent with the findings of Darwish et al.57 in Egypt. Of tested isolates, 61.5% exhibited MDR 
and 23.1% of the tested isolates exhibited XDR in this study. Peudomonas aeruginosa isolates were MDR to 5 to 8 
antimicrobial agents in four classes, 8 to 9 antimicrobial agents in six classes, and 12 antimicrobial agents in seven 
classes, besides, and were XDR to 11 to 13 antimicrobial agents in eight antimicrobial classes, 13 antimicrobial 
agents in seven classes, and 11 antimicrobial agent in 6 classes. However, Algammal et al.12 and El-Tarabili et 
al.51reported that the majorities of P. aeruginosa isolates were XDR to seven or eight antimicrobial classes. The 
prevalence of MDR P. aeruginosa varies from low (0–7.3%) in Saudi Arabia to high (50–75%) in Egypt due 
to heterogeneity in sample size and method of data collection64. PDR Pseudomonas was not detected in this 
study which was in consistent with Abd El-Baky et al.62. This study highlights the emergence of multiple drug-
resistant P. aeruginosa strains in fish samples with public health problems; therefore, good hygienic practices; 
appropriate handling, storage and transportation; and surveillance systems for antimicrobial drugs are essential 
for preventing food poisoning associated with fish consumption65.

Biofilm formation results in a microbial community that affects the persistence of bacterial infections and 
reduces the sensitivity of bacteria to antibiotics through the attachment of many planktonic cells to extracellular 
polymeric substances66. In this study, all P. aeruginosa isolates exhibited biofilm-forming abilities, with 19 (73.1%) 
isolates exhibiting strong biofilm formation, which is consistent with El-Tarabili et al.51 who reported that 87.5% 
of P. aeruginosa isolates were biofilm producers. On the other hand, this study was inconsistent with the findings 
of El-Sapagh et al.67, who reported that 17.39% of P. aeruginosa isolates were strongly formed biofilms in Kufr 
El-Sheikh Governorate, Egypt. The moderate biofilm-forming and weak biofilm-forming capacities of the P. 
aeruginosa isolates were low in this study (15.4% each), which is inconsistent with the findings of Samie et al.68 

Fig. 8.  Pairwise correlation (R) among various P. aeruginosa isolates. Red and blue colors indicate positive 
and negative correlation, respectively on a scale of correlation coefficient (R) that ranges from +1 (positive) to 
−1 (negative). More intense colors imply stronger positive or negative correlations. Stars indicate significant 
correlation (at any level of P-value that are less than or equal to 0.05). Hierarchical clustering of the features 
based on the correlation values is shown as a dendrogram. Variables that are identical among all strains were 
excluded from this analysis and thus are not shown in the figure.
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and Abdulhaq et al.69, who reported more moderate biofilm-forming P. aeruginosa isolates than strong biofilm-
forming P. aeruginosa isolates. The rates of variation in the biofilm-forming capacity of P. aeruginosa in this study 
compared with those in other previous investigations may be due to the difference in the number of P. aeruginosa 
isolates examined from different sources and localities70.

The diversity of virulence factors in P. aeruginosa is responsible for its pathogenicity in the host. The lasB 
gene increases IL-8 production and decreases the innate immune response immunoglobulins, and complement 
compounds71,72. However, the ExoU gene is cytotoxic and acts as a marker for invasive P. aeruginosa71. In this 
study, LasB and ExoU virulence-associated genes were identified in all P. aeruginosa isolates, while the oprL and 
toxA genes were mostly identified (Table 2). In line with this study, Darwish et al.57 reported the full prevalence 
of the LasB gene in P. aeruginosa isolates from marine fish samples, whereas Farag et al.73 and Suresh et al.74 
isolated oprL and toxA from most P. aeruginosa isolates from the examined fish. In studies by Algammal et al.12 
reported that all P. aeruginosa isolates harbored oprL and toxA gene in the examined fish and El-Tarabili et al.51 
revealed that all P. aeruginosa isolates harboured oprL gene and most isolates were positive for the toxA (87.1%) 
and pelA genes (84.3%). Consistent with our results, Benie et al.4 and Roy et al.75 reported the absence of the 
ExoU gene in P. aeruginosa isolates from examined fish. The variation in the frequency of virulence genes among 
these studies may be attributed to differences in the source of the isolates, the host, the geographic location, the 
number of isolates studied, the variation in sample types, degree of contamination, individual’s immune status 
and the ability of some P. aeruginosa strains to adapt to the unique circumstances present in enticing locations76. 
The lasR and pelA biofilm genes have role in the formation of the carbohydrate-rich structure of the biofilm 
matrix, enhance resistance to aminoglycoside antibiotics in the biofim population, and the up-regulation and 
production of virulence determinants15,53. The psyA, peIA, and lasR biofilm genes were mostly identified in P. 
aeruginosa isolates, with a high frequency in pslA (96.2%) in this study. All P. aeruginosa isolates were biofilm 
producers, consistent with the presence of biofilm-associated genes in this study. A previous study in India by 
Suresh et al.74 reported the prevalence of the pslA gene in 91.5% of P. aeruginosa isolates. Moreover, Ramazani et 
al.77 reported frequencies of 65.5% and 37.9% for the pslA and pelA genes, respectively.

In this study, the majority of P. aeruginosa isolates had the lasI and rhlR QS genes. Consistent with our 
results, Algammal et al.12 and Sabharwal78 reported the presence of the lasI and rhlR QS genes in the examined P. 
aeruginosa isolates. The las and rhl QS genes have role in the expression of virulence-related genes, antimicrobial 
resistance, and biofilm formation in P. aeruginosa. Quorum Sensing molecules are regulated by the las and 
rhl genes79,80. The differences in bacterial origins, genetic characteristics, isolation sources, and environmental 
conditions could also explain the differences observed between the present study and other previous 
investigations81.

In the present study, all retrieved isolates of P. aeruginosa from fish and human tested positive for the 16 S 
rDNA gene. Likewise, the 16 S rDNA sequence analyses emphasized that the tested P. aeruginosa strains were 
associated with the lineage of other P. aeruginosa strains from GeneBank originating from various sources and 
areas; accentuating the public health impact of P. aeruginosa.

Regarding the pathogenicity of P. aeruginosa in fish, the reported characteristic lesions of P. aeruginosa 
infection in this study were likewise with Derwa et al.82 demonstrated that O .niloticus challenged with P. 
aeruginosa showed clinical and postmortem lesions including external hemorrhages, loss of scales, fins erosion, 
necrotic gills, enlargement, and congestion of liver, kidney and spleen. Mortality rates showed direct relation to 
the encoded virulence genes as the obtained results matched with Algammal et al.42 who recorded the highest 
mortality rate (87.5%) in Nile tilapia infected with P. aeruginosa isolate encoding most of virulent genes and also 
reported the importance of both oprL and toxA virulence genes in the pathogenicity of P. aeruginosa strains. 
Our findings were also consistent with the results reported by Ghosh et al.83. who recorded similar pathological 
lesions of highly virulent P. aeruginosa strain as well over 90% mortality rates on infected fish.

In the present study, we utilized the power of multivariate statistics (particularly HC and nMD analyses) to 
obtain deeper insights into the diversity and colonicity of P. aeruginosa within hosts or samples. Our group has 
successfully applied these analyses to characterize Aeromonas hydrophila84, and Salmonella spp85. in various 
hosts, samples and localities. The HC analyses applied herein showed that none of the formed clusters contained 
isolates that belonged to the same host or sample, albeit all had identical profiles. This was also visualized by the 
nMD plot, where isolates from various hosts, fish, and samples considerably overlapped. This initially suggested 
increased heterogeneity of P. aeruginosa and a lack of adaptability in certain hosts or infection niches. This 
also indicates that the host or the infection site is not a driving factor for P. aeruginosa heterogeneity. Previous 
studies on these bacteria in Egypt identified various profiles of fitness traits, but they did not link this to the 
heterogeneity of the isolates at the host or sample level. Our study thus represents the first study to uncover these 
overlooked aspects of P. aeruginosa in Egypt. To answer the question of which of the analyzed features would 
best discriminate isolates from different hosts, we ran a random forest classification model, which best suits this 
task, as shown previously84. The observation that phenotypic resistance to CAZ, the presence of toxA and pslA 
genes and the O8 group C serotype were the most dissimilar features among the analyzed hosts suggested their 
usefulness in determining the host or sample origin of a particular isolate and hence could be used to track 
the source of infection during outbreaks. To generalize these data, additional wide-scale analyses need to be 
performed. The survival of bacteria is a reflection of the co-occurrence of various fitness traits, which are usually 
correlated86. The high positive correlation between the MEM and DOR is likely due to their shared evolution, as 
they belong to the same antimicrobial group, carbapenems. The high correlation among biofilm genes observed 
in our study suggested that these genes might be carried on the same mobile genetic element or be present in the 
same location on the bacterial chromosome.
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Conclusion
In this study, P. aeruginosa was frequently prevalent Pseudomonas spp. isolated from Nile tilapia, Golden grey 
mullet, Mediterranean horse mackerel, Striped red mullet, and fish handlers at different retail fish markets in 
Damietta Governorate, Egypt. The recovery of MDR and XDR strains of P. aeruginosa indicate improper use of 
antibiotics. LasB and ExoU genes were the most prevalent virulence genes associated with P. aeruginosa.

IPM was considered the drug of choice in this study. All P. aeruginosa isolates were biofilm producers with 
a high prevalence of the pslA biofilm gene. The lasI and rhlR QS genes were identified in majority of biofilm 
forming P. aeruginosa isolates. Therefore, good hygienic practices, appropriate handling during the storage 
and transportation of fish, and routine antimicrobial susceptibility testing should be considered to prevent the 
emergence of drug-resistant P. aeruginosa strains at risk of hazard public risk associated with fish consumption. 
To the best of our knowledge, this study is the first to apply multivariate statistics to evaluate the fitness features 
of P. aeruginosa isolated from multiple human and fish hosts in Damietta Governorate, Egypt. A further 
research that in plan is to expose the recovered isolates to whole genome sequencing and bioinformatics to 
reveal the antimicrobial resistance, biofilm and virulence genes at the genome-level. This will enable performing 
more focused pathogenicity experiments, and to assess the use of alternative natural antimicrobial agents and 
antibiofilm agents against strong biofilm-forming and MDR P. aeruginosa strains.

Data availability
The datasets for this study can be found in the article/ supplementary materials, further inquiries can be directed 
to the corresponding author.
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