
 
 

 

 
Aquac. J. 2026, 6, 35 https://doi.org/10.3390/aquacj6030035 

Article 

Phenotypic and MALDI-TOF MS Characterization of  
Presumptive Antimicrobial-Resistant Bacteria from Hungarian 
Aquatic Environments 
Elshafia Ali Hamid Mohammed 1,2,3,*, Gábor Kardos 4,5, Renáta Bőkényné Tóth 6 and Károly Pál 7 

1 Department of Animal Science, Institute of Animal Science, Biotechnology and Nature Conservation,  
Faculty of Agricultural and Food Sciences and Environmental Management, University of Debrecen,  
4032 Debrecen, Hungary 

2 Doctoral School of Animal Science, University of Debrecen, 4032 Debrecen, Hungary 
3 Agricultural Research Corporation, Integrated Pest Management Research Center,  

Wad Madani P.O. Box 126, Sudan 
4 Centre for Metagenomics, Multidisciplinary Health Industry Coordination Institute,  

University of Debrecen, 4032 Debrecen, Hungary; kg@med.unideb.hu 
5 Department of Planetary Health, One Health Institute, Faculty of Health Sciences, University of Debrecen, 

4032 Debrecen, Hungary 
6 Department of Infection Control and Hospital Epidemiology, One Health Institute, Faculty of Health  

Sciences, University of Debrecen, 4032 Debrecen, Hungary; btoth.renata@etk.unideb.hu 
7 Institute of Food Sciences, Faculty of Agricultural and Food Sciences and Environmental Management, 

University of Debrecen, 4032 Debrecen, Hungary; pal.karoly@agr.unideb.hu 
* Correspondence: elshafia@agr.unideb.hu 

Abstract 

Antimicrobial resistance (AMR) in aquaculture environments has become an increasing 
concern due to the dissemination of antibiotic-resistant bacteria in aquatic ecosystems. 
This study investigated the occurrence of presumptive antimicrobial-resistant bacteria in 
commercial fish farms in Hajdú-Bihar county, Hungary. Between 2023 and 2024, water 
samples were collected from fishponds from Hajdúszoboszló, Biharugra, and Debrecen, 
followed by membrane filtration with 0.45 µm pore size mixed cellulose ester membrane 
filters, bacterial isolation using selective media including vancomycin-resistant entero-
cocci (VRE) agar, Eosin Methylene Blue (EMB) agar, and Endo’s medium. The phenotypic 
characterization revealed the presence of diverse bacterial populations that could be as-
sociated with potential antimicrobial resistance. Bacterial identification using Matrix-As-
sisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS) 
showed several bacterial genera, predominantly Acinetobacter, Pseudomonas, Enterococcus, 
Bacillus, and Escherichia. A total of 16 presumptive antimicrobial-resistant bacterial iso-
lates recovered from selective media were identified using MALDI-TOF MS. Several de-
tected species, including Acinetobacter baumannii, Pseudomonas aeruginosa, Enterococcus fae-
cium, and Enterococcus faecalis, are recognized as opportunistic bacteria associated with 
antimicrobial resistance dissemination. The findings demonstrate that aquaculture waters 
in Hajdú-Bihar county may serve as reservoirs of antimicrobial-resistant bacteria. 
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1. Introduction 
Aquaculture is one of the fastest-growing food production sectors worldwide and plays 

an essential role in global food security and increasing fish production [1–3]. However, the 
rapid expansion and intensification of aquaculture practices, characterized by accelerated pro-
duction cycles, high stocking densities, and broadened species diversification, systematically 
increase exposure to pathogens and opportunities for disease transmission. Across bacterial, 
viral, and fungal threats, the literature converges on mechanisms driven by high crowding, 
stress, water quality deterioration, and movement of animals and products, which together 
elevate incidence, severity, and economic losses from infectious diseases and bacterial out-
breaks in cultured fish species [4–9]. To reduce the losses caused by bacterial infections, anti-
biotics have frequently been applied in aquaculture systems for both therapeutic and prophy-
lactic purposes [10–12]. The use of antibiotics in aquaculture has been reported by several 
studies from different countries. For example, in 2019, a review by Lulijwa et al. [11] reported 
that 11 of the top 15 fish-producing countries used 67 antibiotic compounds, 73% of which 
used sulphadiazine, oxytetracycline, and florfenicol. The extensive, and sometimes uncon-
trolled, use of antimicrobial agents in fish farming has contributed to the emergence and dis-
semination of antimicrobial-resistant bacteria and facilitated horizontal gene transfer (HGT) 
of resistance determinants within and between aquatic and terrestrial ecosystems [13–17]. As 
a result, aquaculture systems are increasingly recognized as important reservoirs and vectors 
for antimicrobial resistance (AMR) dissemination, raising concerns regarding fish health, en-
vironmental sustainability, and public health [16]. 

In the European Union (EU), the use of antibiotics is strictly regulated under the Veteri-
nary Medicinal Products Regulation (EU 2019/6) [18]. Although therapeutic use under veteri-
nary prescription remains permitted, the use of antibiotics for growth promotion is prohibited. 
These measures have contributed to a remarkable reduction in veterinary antimicrobial sales, 
by approximately 43% between 2019 and 2023 [19,20]. Despite strict European regulations on 
antibiotic use, antimicrobial resistance remains a challenge in aquatic environments. Although 
Europe shows relatively low antibiotic contamination of water (11.36 ng/L) compared with 
Asia (193.10 ng/L) and Africa (381.87 ng/L), the persistence of antibiotic resistance determi-
nants continues to cause ecological and public health concerns [21]. The aquatic environments 
still provide favorable conditions for the persistence and horizontal transfer of antibiotic re-
sistance genes (ARGs) among bacterial communities, even when the selective pressure from 
environmental antibiotic residues disappears [22,23]. Antimicrobial-resistant infections re-
main a major public health concern in Europe. According to recent estimates from the Euro-
pean Centre for Disease Prevention and Control (ECDC), antimicrobial resistance is associated 
with more than 35,000 deaths annually in the EU/EEA, highlighting the urgent need for coor-
dinated surveillance and stewardship efforts across human, animal, and environmental sec-
tors [23]. Additionally, modeling studies have projected that, by 2050, antimicrobial resistance 
could increase the annual death from 700,000 to 10 million and result in losses of up to USD 
100 trillion [24–26]. According to Murray et al. [27], resistance involving fluoroquinolones and 
β-lactam antibiotics (including carbapenems, cephalosporins, and penicillins) accounted for 
more than 70% of deaths attributable to antimicrobial resistance globally. ARB in aquatic sys-
tems has gained increasing scientific attention due to their potential role in environmental dis-
semination of resistance determinants and possible transmission to humans and animals [14]. 

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry 
(MALDI-TOF MS) has emerged as a rapid, accurate, and cost-effective method for bacterial 
identification in aquatic environments and aquaculture systems, enabling genus- and species-
level identification based on unique protein spectral fingerprints generated from microbial 
cells [28,29]. In aquaculture, MALDI-TOF MS has been successfully applied for the rapid iden-
tification of bacterial pathogens, particularly Vibrio spp. and other members of Vibrionaceae 
isolated from fish, thereby facilitating disease diagnosis and epidemiological investigations 
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[30–32]. In routine microbiological workflows, bacterial colonies obtained through culture-
based methods can be rapidly analyzed using MALDI-TOF MS, providing reliable species-
level identification and demonstrating high concordance with conventional biochemical and 
molecular method [28,29,31]. Despite its advantages, this technique may exhibit limited dis-
criminatory power when distinguishing closely related bacterial species, particularly among 
environmental isolates that are underrepresented in reference databases. 

The objective of this study was to isolate presumptive antimicrobial-resistant bacteria 
from selected Hungarian aquaculture environments using VRE, EMB, and Endo media, and 
to identify the recovered isolates by MALDI-TOF MS analysis. The findings of this study con-
tribute to the understanding of presumptive antimicrobial-resistant bacterial communities in 
Hungarian aquaculture environments and emphasize the importance of continuous microbi-
ological monitoring and responsible antimicrobial management in sustainable aquaculture 
production systems. 

2. Materials and Methods 
2.1. Sample Collection 

Water samples were collected as grab samples from each sampling site during the re-
spective campaigns. One bottle (500 mL) sample was collected from each pond under aseptic 
conditions and transported to the University of Debrecen’s microbiology laboratory in Hun-
gary for microbiological analysis. Where possible, samples were collected from areas that were 
accessible and representative of the wider water body. The aim of this preliminary survey was 
to determine the presence of presumptive antimicrobial-resistant bacteria in different aqua-
culture environments in Hajdú-Bihar County, Hungary (Figure 1). 

 

Figure 1. Geographic location of the sampling sites in eastern Hungary. (A) Map of Hungary high-
lighting Hajdú-Bihar County and the distribution of sampling locations within the county. (B) De-
tailed view of sampling sites at commercial fishponds in Hajdúszoboszló. (C) Aquaculture pond 
sampling sites in Biharugra. 
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A total of 23 water samples were collected during the study from different locations; 
ten of these samples were obtained from 10 fishponds in Hajdúszoboszló (~47.45° N, 
21.40° E) (April 2023), including R1, R2, R6, R7, RA, R1T, U1, U2, U5 and the Eastern Main 
Canal. A further ten samples were collected from aquaculture ponds in Biharugra (~46.97° 
N, 21.60° E) (October, 2023). In September 2024, supplementary samples (3 samples) were 
collected from various fish sites within Hajdú-Bihar county, Debrecen (~47.53° N, 21.63° 
E). The investigated sites include Vezér lakes, the Great Park/Nagyerdő, and fish tanks of 
RAS at the Fish Laboratory, University of Debrecen. Water samples were collected inde-
pendently from each pond, with one sample obtained per fishpond. All samples were 
aseptically collected in sterile containers and transported to the laboratory for microbio-
logical analysis, in order to determine the possibility of occurrence of antibiotic-resistant 
bacteria. 

Sampling was conducted during two consecutive years to facilitate access to multiple 
aquaculture sites and to expand the geographical coverage of the survey. The study was 
designed as a qualitative assessment of bacterial occurrence, rather than a temporal com-
parison; therefore, environmental parameters were not statistically compared between 
sampling periods 

2.2. Filtration and Culture Conditions 

The samples were transported to the laboratory of microbiology, University of De-
brecen. The samples were kept under refrigerated conditions at 4 °C for a maximum of 24 
h prior to analysis. Water samples were processed using the membrane filtration tech-
nique, whereby each sample was mixed thoroughly, and a measured volume of 100 mL 
was filtered through sterile 0.45 µm pore size mixed cellulose ester membrane filters (Mil-
lipore, Merck KGaA, Darmstadt, Germany) using a vacuum filtration apparatus. Follow-
ing filtration, the membranes were aseptically placed onto selective and differential cul-
ture media for the isolation of presumptive antibiotic-resistant bacteria. Three types of 
selective media were used for bacterium isolation, including Vancomycin-Resistant En-
terococci (VRE) medium (chromID™ VRE, bioMérieux, Marcy-l’Étoile, France) and Eosin 
Methylene Blue (EMB) agar (Merck KGaA, Darmstadt, Germany), supplemented with 2 
mg/L cefotaxim. In addition, Endo agar (Merck KGaA, Darmstadt, Germany) was used 
for the isolation and characterization of coliform and other Gram-negative bacteria pre-
sent in the water samples. All inoculated media were incubated aerobically for 48 to 72 h 
at 37 °C; the colonies were noticed and phenotypically characterized. The selected bacte-
rial colonies were cultured on blood agar plates for 24 h at 37 °C and then submitted to 
MALDI-TOF analysis. 

2.3. MALDI-TOF Mass Spectrometry Analysis of Cultured Bacteria 

The MALDI-TOF MS (Matrix-Assisted Laser Desorption/Ionization Time-of-Flight 
Mass Spectrometry) Biotyper (Bruker Daltonics, Bremen, Germany) identification method 
(Figure 2) was used to identify 23 bacterial isolates. The isolates were individually sub-
cultured on blood agar plates (prepared in the laboratory) and, after a 24 h incubation at 
37 °C, pure bacterial colonies were used for identification. Small amounts of bacteria were 
transferred to single spots on the target plate by plastic inoculating loops, then topped 
with 1 µL 70% formic acid. After drying, 1 µL matrix solution was pipetted onto the sam-
ples. Generation of spectra and analysis were conducted as defined by Kačániová et al. 
[33]. MALDI-TOF MS score values were interpreted according to the modified criteria 
proposed by Smith et al. [34] for environmental bacterial isolates. Scores between 2.00 and 
3.00 were considered high-confidence identifications, scores between 1.70 and 1.99 indi-
cated low-confidence identifications, and scores below 1.70 were considered unreliable. 
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Figure 2. Schematic overview of the MALDI-TOF MS workflow for the isolation, preparation, and 
identification of presumptive antibiotic-resistant bacteria from aquaculture water samples. The pro-
cedure includes sample collection, bacterial isolation on selective media, colony selection, MALDI 
target plate preparation, mass spectrometry analysis, and bacterial identification based on protein 
spectral fingerprinting. 

3. Results 
3.1. Phenotypic Characteristics 

The bacterial isolates obtained from the water samples, Hajdú-Bihar County, Hun-
gary, exhibited phenotypic characteristics on selective media that could reflect the pres-
ence of presumptive antimicrobial-resistant, and potentially pathogenic, strains. Colonies 
on vancomycin-resistant agar (Figures 3 and 4) showed growth patterns that are typical 
of Enterococcus spp. This was suggestive of presumptive vancomycin tolerance or re-
sistance, which is a significant indicator of multidrug resistance among enterococci. 
Growth on EMB (Figure 3A) and Endo agar (Figure 3C) indicated the presence of Gram-
negative enteric bacteria, including lactose- and non-lactose-fermenting isolates and coli-
form bacteria. These phenotypic traits suggest the presence of diverse presumptive anti-
biotic-resistant bacterial populations in the sampled aquatic environment, which high-
light the relevance of these results for further antimicrobial resistance testing in aquacul-
ture-associated environments. 
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Figure 3. Bacterial colonies recovered from water samples collected in Hajdú-Bihar County, Hun-
gary, and cultivated on selective media: (A) Eosin methylene blue (EMB) agar, showing character-
istic colony growth of Gram-negative enteric bacteria; (B) vancomycin-resistant agar (VRA), show-
ing bacterial growth under selective conditions for the presumptive recovery of vancomycin-re-
sistant enterococci; and (C) Endo agar, showing characteristic colony growth of Gram-negative en-
teric bacteria. 

 

Figure 4. Detection matrix of presumptive vancomycin-resistant bacterial isolates recovered from 
water samples on VRE medium and subsequently identified by MALDI-TOF MS. Yellow boxes in-
dicate the occurrence of bacterial isolates recovered under the selective conditions of VRE medium. 

3.2. MALDI-TOF MS Analysis 

MALDI-TOF MS analysis identified 23 bacterial isolates from fish pond samples col-
lected from two sites in Hajdú-Bihar County, Hungary, between April and October 2023 
(Table 1). The isolates belonged to several genera, including Acinetobacter, Pseudomonas, 
Enterococcus, Bacillus, Escherichia, Lactobacillus, Pediococcus, Stenotrophomonas, Ochrobac-
trum, and Comamonas. Members of the genus Acinetobacter were the most prevalent (eight 
isolates), followed by Pseudomonas spp. (five isolates). Several of the identified bacterial 



Aquac. J. 2026, 6, 35 7 of 13 
 

https://doi.org/10.3390/aquacj6030035 

species are known to be associated with antimicrobial resistance, including E. coli, Entero-
coccus casseliflavus, Enterococcus gallinarum, and Acinetobacter baumannii. 

Table 1. Bacterial isolates identified from two different sampling sites in Hajdú-Bihar county (Haj-
dúszoboszló and Biharugra, April and October 2023, respectively), Hungary, using MALDI-TOF 
MS analysis. 

No. Location Organism (Best Match) Medium MALDI Score Value 
1 H + B Acinetobacter baumannii N/A 2.18 
2 H + B Enterococcus casseliflavus VRE 2.04 
3 B Enterococcus gallinarum VRE 2.30 
4 H + B Stenotrophomonas maltophilia N/A 2.08 
5 B Lactobacillus plantarum VRE 2.40 
6 B Acinetobacter junii N/A 2.24 
7 B Pseudomonas alcaligenes N/A 2.32 
8 B Pediococcus pentosaceus VRE 2.15 
9 H + B Escherichia coli N/A 2.03 

10 B Pseudomonas mendocina N/A 2.15 
11 B Pseudomonas otitidis N/A 2.42 
12 B Acinetobacter junii N/A 2.27 
13 B Pseudomonas aeruginosa N/A 2.24 
14 B Ochrobactrum intermedium N/A 2.45 
15 H + B Acinetobacter pittii N/A 2.03 
16 B Acinetobacter tandoii N/A 2.22 
17 B Bacillus pumilus N/A 1.82 
18 B Pseudomonas putida N/A 1.99 
19 B Comamonas aquatica N/A 1.96 
20 H + B Acinetobacter baumannii N/A 1.87 
21 B Bacillus pumilus N/A 1.75 
22 B Acinetobacter tandoii N/A 1.76 
23 H + B Acinetobacter pittii N/A 1.75 

Scores of ≥ 2.0 indicate a high-confidence identification, while scores ranging from 1.7 to 1.99 indi-
cate a low-confidence identification. H: Hajdúszoboszló, B: Biharugra, VRE: vancomycin-resistant en-
terococci, N/A: not available. 

MALDI score values ranged from 1.75 to 2.45, with 16 bacterial isolates producing 
scores ≥ 2.0. However, the highest identification scores were recorded for Ochrobactrum 
intermedium (2.45), Pseudomonas otitidis (2.42), and Lactobacillus plantarum (2.40). In contrast, 
a total of 30 bacterial isolates were identified from four sampling sites in Hajdú-Bihar 
County, Hungary, in 2024 (Table 2). The isolates comprised 10 genera, including Acineto-
bacter, Pseudomonas, Enterococcus, Pediococcus, Staphylococcus, Bacillus, Enterobacter, Coma-
monas, Achromobacter, and Chryseobacterium. The most frequently detected genera were 
Acinetobacter (seven isolates), Pseudomonas (nine isolates), and Enterococcus (five isolates). 
Acinetobacter pittii was the most common species, occurring at three sampling sites with 
scores ≥ 2.05. 

Table 2. Bacterial isolates identified from 4 sampling sites from Hajdú-Bihar, Hungary (2024). 

Sample ID No. Organism (Best Match) MALDI Score Value 
Debrecen 1 Acinetobacter junii 2.17 

(Vezér lake) 2 Acinetobacter soli 2.10 
 3 Pseudomonas otitidis 2.17 
 4 Pseudomonas aeruginosa 2.25 
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 5 Pseudomonas mendocina 2.11 
 6 Staphylococcus pasteuri 1.96 

Debrecen 7 Enterococcus casseliflavus 1.81 
(The Great Park, 

Nagyerdő) 
8 Pseudomonas mendocina 2.03 
9 Acinetobacter pittii 2.05 

 10 Pseudomonas alcaliphila 1.85 
Debrecen 11 Staphylococcus sciuri 2.04 

(Fish laboratory) 12 Enterococcus casseliflavus 2.35 
 13 Acinetobacter pittii 2.16 
 14 Acinetobacter baylyi 2.34 
 15 Pseudomonas aeruginosa 2.28 
 16 Bacillus cereus 1.94 

Hajdúszoboszló 17 Pediococcus acidilactici 2.07 
 18 Pediococcus pentosaceus 2.20 
 19 Enterococcus gallinarum 2.12 
 10 Pseudomonas otitidis 2.22 
 21 Enterobacter bugandensis 2.27 
 22 Acinetobacter soli 2.24 
 23 Enterococcus faecium 2.27 
 24 Enterococcus faecalis 2.28 
 25 Acinetobacter pittii 2.33 
 26 Achromobacter insulitus 2.00 
 27 Comamonas aquatica 2.21 
 28 Chryseobacterium arthrosphaerae 2.11 
 29 Pseudomonas alcaliphila 2.28 
 30 Pseudomonas monteilii 1.85 

Scores of ≥ 2.0 indicate a high-confidence identification, while scores ranging from 1.7 to 1.99 indi-
cate a low-confidence identification. 

Several species of clinical and environmental importance were identified, including 
Pseudomonas aeruginosa, Enterobacter bugandensis, Enterococcus faecium, and Acinetobacter 
spp. MALDI score values ranged from 1.81 to 2.35, with 25 isolates yielding ≥ 2.0, indicat-
ing high-confidence species identification. The highest score was obtained for Enterococcus 
casseliflavus isolated from the fish laboratory (2.35), followed by Acinetobacter baylyi (2.34) 
and Acinetobacter pittii (2.33). 

4. Discussion 
Aquaculture has been recognized as a potential source for the dissemination of anti-

microbial-resistant bacteria and ARGs in aquatic environments [14,35–37]. Although the 
use of antibiotics as growth promoters in aquaculture has been banned or increasingly 
restricted in many countries, and alternative strategies, including probiotics [38–40] and 
prebiotics [41–43], have been adopted to reduce dependence on antimicrobial treatments 
to improve growth performance and the intestinal architectures of different fish species, 
the occurrence of antibiotic-resistant bacteria remains a persistent concern. Previous stud-
ies have demonstrated that aquatic ecosystems can act as reservoirs of resistant bacteria 
and ARGs, allowing resistance determinants to persist and circulate within microbial 
communities, even when direct antimicrobial selection pressure is reduced. 

The present study demonstrates that aquaculture environments in Hajdú-Bihar 
County, Hungary, harbor diverse bacterial communities that include several bacterial spe-
cies associated with AMR or ARGs. The growth of bacterial colonies on selective media, 
particularly VRE agar, may indicate the presence of bacterial populations that are capable 
of surviving under the presence of antibiotics. These findings are somewhat consistent 



Aquac. J. 2026, 6, 35 9 of 13 
 

https://doi.org/10.3390/aquacj6030035 

with a previous report from Hungary suggesting that aquatic environments can act as 
reservoirs and dissemination pathways for antibiotic-resistant bacteria or ARGs, even in 
regions where antimicrobial use is strictly regulated [44]. The detection of presumptive 
antimicrobial-resistant bacteria in both commercial fishponds and aquaculture-associated 
waters highlights the ecological importance of monitoring aquaculture systems as part of 
a One Health approach to AMR surveillance. 

MALDI-TOF MS analysis revealed a predominance of Acinetobacter and Pseudomonas 
species across the investigated sites. Members of these genera are frequently reported in 
aquatic environments and are recognized for their remarkable adaptability and capacity 
to acquire resistance determinants. The repeated isolation of Acinetobacter baumannii [45–
47], Acinetobacter pittii [48], and Pseudomonas aeruginosa [49] is of particular interest because 
these species are considered opportunistic pathogens with documented roles in the dis-
semination of antimicrobial resistance genes. Their occurrence in aquaculture waters sug-
gests that environmental reservoirs may contribute to the persistence and circulation of 
resistant bacterial populations. An unexpected finding of the present study was the isola-
tion of Meyerozyma guilliermondii from VRE medium. Although this medium is formulated 
for the selective recovery of vancomycin-resistant enterococci, selective media are not en-
tirely specific and may permit the growth of non-target microorganisms, particularly in 
environmental samples. M. guilliermondii is a ubiquitous environmental yeast that has 
been reported from aquatic habitats and may exhibit tolerance to the selective conditions 
of the medium. Its recovery in the present study should therefore be interpreted as an 
incidental finding, rather than evidence of vancomycin resistance. 

More importantly, the presence of Acinetobacter baumannii, Pseudomonas aeruginosa, 
and Enterococcus gallinarum in Hajdúszoboszló and Biharugra, 2023 with MALDI scores ≥ 
2.0 is relevant to antimicrobial resistance surveillance because these taxa have previously 
been associated with antimicrobial resistance and resistance determinants. For example, 
a recent study by Libisch et al. [44] detected multiple acquired ARGs in the intestinal mi-
crobiome of common carp in Békés County, Hungary using metagenomic sequencing, in-
cluding genes conferring resistance to β-lactams, tetracyclines, quinolones, sulfonamides, 
and trimethoprim. The occurrence of bacterial taxa commonly associated with antimicro-
bial resistance in the present study, together with the detection of acquired ARGs in Hun-
garian carp populations reported by Libisch et al. [44], highlights the importance of aqua-
culture environments as potential reservoirs of resistance determinants and underscores 
the need for molecular investigations and genetic analysis to determine whether the de-
tected isolates in our study harbor intrinsic or acquired resistance mechanisms. 

Interestingly, A. baumannii, found in the current study, is considered as a major cause 
of concern for causing significant problems due to its ability to acquire antimicrobial drug 
resistance [50]. Similarly, Pseudomonas aeruginosa is naturally resistant to a broad range of 
antimicrobial agents [51,52]. On the other hand, E. coli is an increasingly worrying prob-
lem to humans and animals. Although E. coli is intrinsically susceptible, this species has a 
high ability to acquire resistance genes through HGT [53]. 

The results also demonstrate the effectiveness of MALDI-TOF MS as a rapid and reliable 
tool for bacterial identification in environmental microbiology studies. Most isolates yielded 
score values above 2.0, indicating high-confidence species-level identification. The ability of 
MALDI-TOF MS to rapidly characterize diverse bacterial communities represents a valuable 
advantage for routine surveillance programs and epidemiological investigations in aquacul-
ture. Culture-based isolation combined with MALDI-TOF MS can provide a useful prelimi-
nary approach for taxonomic screening of bacterial populations in aquaculture environments; 
however, antimicrobial susceptibility testing and/or molecular characterization of resistance 
determinants are required for subsequent assessment of antimicrobial resistance. 
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A major limitation of the present study is that the study was designed as a qualitative 
survey to identify representative bacterial isolates recovered from selective and differen-
tial culture media, rather than to quantify bacterial abundance in the investigated aquatic 
environments. Therefore, quantitative ecological parameters, such as bacterial counts 
(CFU), isolation frequencies, and prevalence at individual sampling sites, were not deter-
mined. Although the identification of bacterial species provides valuable baseline infor-
mation on the occurrence of microorganisms of potential relevance to antimicrobial re-
sistance surveillance, future studies should integrate quantitative microbiological anal-
yses with antimicrobial susceptibility testing, PCR-based screening of resistance genes to 
obtain a more comprehensive understanding of the distribution, and ecological signifi-
cance of these bacteria in aquaculture environments in Hungary. 

5. Conclusions 
The current study investigated bacterial communities associated with commercial fish 

farms and aquaculture-related aquatic environments in Hajdú-Bihar County, Hungary. Using 
selective and differential culture media in combination with MALDI-TOF MS, this work pro-
vides a preliminary characterization of bacterial species recovered from these environments. 
Several of the identified taxa have previously been reported in the literature as being associ-
ated with antimicrobial resistance, underscoring their potential relevance for environmental 
surveillance within a One Health framework. However, as antimicrobial susceptibility testing 
and molecular characterization were beyond the scope of the present study, the recovered 
isolates should not be interpreted as confirmed antimicrobial-resistant bacteria. Future studies 
integrating phenotypic susceptibility testing, molecular detection of resistance determinants, 
and genomic approaches are warranted to provide a more comprehensive understanding of 
antimicrobial resistance dynamics in aquaculture ecosystems 
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