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Abstract: This study investigates the prevalence of resistance and virulence genes in Klebsiella
isolates from surface waters in Northern Portugal, within the broader context of freshwater quality
challenges in Southern Europe. The aim of this research is to explain how Klebsiella dynamics,
antibiotic resistance, and biofilm formation interact in surface waters. Antimicrobial susceptibility
was examined using the Kirby–Bauer disk diffusion method against 11 antibiotics and screening for
Extended-Spectrum Beta-Lactamase (ESBL) production using the double-disk synergy. PCR was
employed to detect resistance and virulence genes, while biofilm production was assessed using the
microplate method. Out of 77 water isolates, 33 Klebsiella (14 Klebsiella spp. and 19 K. pneumoniae
strains) were isolated. ESBL production was observed in 36.8% of K. pneumoniae and 28.6% of Klebsiella
spp. High resistance rates to blaCTX-U were observed in both. The papC gene was prevalent, signifying
potential environmental risks. Biofilm production averaged 81.3% for K. pneumoniae and 86.9% for
Klebsiella spp. These findings underscore the intricate interplay between Klebsiella’s dynamics and
freshwater quality, with ESBL’s prevalence raising concerns about waterborne dissemination and
public health implications. This work supports the need for vigilance of Klebsiella in surface waters in
Southern Europe.

Keywords: Klebsiella spp.; K. pneumoniae; surface waters; aquatic environment; ESBL; biofilms

1. Introduction

The global rise in antimicrobial-resistant bacteria (ARB) poses a formidable medical
challenge, emerging as one of the most concerning issues of our era. It is estimated that by
2050, without sustained efforts, the global mortality attributed to diseases caused by ARB
could potentially exceed 10 million, surpassing the mortality rate caused by cancer [1]. The
decline in new antibiotic development and the increased prevalence of multidrug-resistant
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bacteria, some of which are resistant to all antibiotic families, pose a major threat to global
public health, potentially leading us back to a pre-antibiotic era [2]. Antimicrobial resistance
(AMR) represents an ecological challenge, characterized by intricate interactions among
diverse microbial populations that impact human, animal, and environmental health [3].
The assessment of the role of the environment in the development and transmission of
AMR is a relatively recent approach, with actions in the environmental sector being the
least implemented within the scope of public policies [4]. In recent times, there has been a
growing acknowledgment of the environment as a critical source and significant pathway
for the dissemination of resistance. The limited understanding of the environment’s role
in resistance development presents challenges in mitigating the emergence and spread
of mobile resistance factors [5]. Water systems are a major focus of research as they
receive high levels of ARBs and antibiotic resistance genes (ARGs) from human and
animal waste. The increased concentration of antibiotic residues in wastewater fosters the
development of antibiotic resistance in bacteria. Numerous studies have demonstrated
that wastewater serves as a reservoir of ARGs, persisting in the effluents of wastewater
treatment plants, even after filtration and disinfection [6,7]. The presence of ARB in
water is becoming an increasingly pressing concern. Moreover, the presence of antibiotic-
resistant bacteria serves as an indicator of antibiotic contamination in the respective aquatic
environment. Overall, water quality and safety are paramount for social development and
ecological sustainability [8]. The ESKAPE pathogens (Enterococcus faecium, Escherichia coli,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and some of the Enterobacter species) have been detected in ecosystems influenced by
anthropogenic or agricultural factors. Klebsiella spp. is an opportunistic pathogen found in
various environments, including surface waters, plants, soil, and wastewater, among others,
with its presence dependent on the phylogroup [9,10]. This bacterium demonstrates the
ability to thrive in both oxygenated and non-oxygenated environments. This adaptability,
coupled with its considerable resistome, poses a risk of transferring genetic determinants of
antimicrobial resistance to other bacteria [11]. Numerous species and subspecies of Klebsiella
have been identified, with K. pneumoniae regarded as the most clinically significant in both
human and animal health, closely followed by K. oxytoca [12,13]. Extended-Spectrum
β-Lactamase (ESBL)-producing strains of Klebsiella spp. are a common source of AMR
in animals, humans, and the environment. These are bacterial enzymes that degrade
antibiotics from the β-lactam class, such as penicillin and third- and fourth-generation
cephalosporins [14]. The exploration of surface freshwater and groundwater in the context
of AMR is crucial due to the global rise of AMR bacteria. Studies have identified various
antibiotics and antibiotic resistance genes in surface water and groundwater, indicating
that these water bodies can act as reservoirs and conduits for the spread of AMR [15,16].
Projections of decreased water levels and quality in both surface and groundwater bodies
underscore the environmental, societal, political, and economic changes that have potential
implications for global health [17]. In lentic water bodies, where the impact of droughts
and warmer temperatures can lead to life-threatening events within local communities,
the urgency of addressing freshwater quality becomes even more apparent. The potential
effects on groundwater quality highlight the critical need for the preservation of freshwater
quality as an urgent and crucial issue [18,19]. Thus, with the ultimate goal of contributing
to a better understanding of the spread of Klebsiella spp. and K. pneumoniae in surface
water, this work’s aim is to investigate the presence and diversity of these pathogens in
lotic (streams, rivers, fountains, irrigation ditches, and springs) and lentic (dams, water
wells, water tanks, and a water mine) water bodies in Northern Portugal. Moreover,
the prevalence of antibiotic-resistant phenotypes, genetic determinants of resistance and
virulence, as well as biofilm formation were investigated in all isolates under study.
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2. Materials and Methods
2.1. Geographical Location and Sample Collection

Seventy-seven locations across the Portuguese region of Trás-os-Montes and Alto
Douro (Figure 1) were investigated. All rivers under consideration exclusively pertained to
the Douro River Basin, an international hydrographic region spanning an aggregate area of
approximately 97,000 km2, of which 18,643 km2 is situated within the confines of Portugal.
This hydrological basin is demarcated by the eastern border with Spain and the western
boundary adjacent to the Atlantic Ocean.
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Figure 1. Geographical location of surface water sampling points in Trás-os-Montes and Alto Douro
(Portugal). Each number corresponds to a specific number of water sample described in Table S1.

Samples from 18 rivers, 33 streams, 1 irrigation ditch, 1 dam, 12 fountains, 7 water
wells, 2 water tanks, 1 water mine, and 2 springs were collected between October 2022
and April 2023 (Table S1). Water was sampled in 500 mL sterile plastic bottles containing
sodium thiosulfate and, subsequently, preserved at 4–8 ◦C. The filtration of all samples
occurred on the day of collection.

2.2. Bacterial Isolation

The water samples collected were filtered for Klebsiella spp. isolation. Approximately
100 mL of the water samples was filtered using a 0.45 µm cellulose nitrate pore membrane
filter (Whatman, UK). Subsequently, the filters were immersed into tubes containing 5 mL
of BHI (Brain Heart Infusion) broth and incubated at 37 ◦C for 24 h. After the incubation
period, the samples were seeded onto Chromogenic Coliform Agar, supplemented and not
supplemented with cefotaxime (CTX). The colonies that were pink in color were picked
for the isolation of Klebsiella spp. and were subsequently sown on HiChrome Klebsiella
Selective Agar Base. The plates were incubated for 24 h at 37 ◦C. All isolates that turned
purple on HiChrome Klebsiella selective media were considered presumptive Klebsiella spp.
The K. pneumoniae species identification of all isolates was carried out by polymerase chain
reaction (PCR) to amplify the 428 base pairs (bps) of the khe gene using specific primers, as
previously described [20].
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2.3. Antimicrobial Susceptibility/Resistance Assessment

The Kirby–Bauer disk diffusion method was employed to evaluate antimicrobial
susceptibility according to the EUCAST guidelines, with the exception of ceftazidime,
tetracycline, and streptomycin, for which the CLSI guidelines were employed as stan-
dards. The following 11 antimicrobials (µg/disc) were used: amoxicillin + clavulanic
acid (20 + 10), cefoxitin (30), ceftazidime (30), cefotaxime (30), meropenem (10), tetra-
cycline (30), gentamicin (10), streptomycin (10), tobramycin (10), ciprofloxacin (5), and
trimethoprim–sulfamethoxazole (1.25 + 23.75). Screening for phenotypic ESBL production
was conducted through the double-disk synergy test utilizing cefotaxime, ceftazidime, and
amoxicillin/clavulanic acid disks. Isolates showing resistance to three or more antibiotic
classes were considered as multi-resistant (MDR).

2.4. Antimicrobial Resistance Genes and Virulence Factors

For DNA extraction, isolates were seeded on BHI agar and incubated at 37 ◦C for
18–24 h. After the incubation, genomic DNA from Klebsiella strains was extracted using
the “Boiling Method” [21]. The extracted DNA was preserved at −20 ◦C until further
analysis. All isolates were screened for the presence of antimicrobial resistance genes
based on their phenotypic resistance profiles. The presence of antimicrobial-resistant genes
encoding resistance to cefotaxime and β-lactams (blaCTX-U, blaCTX-M3, blaCTX-M9, blaSHV,
blaTEM, ampC), tetracyclines (tetA, and tetB), gentamicin (aac(3)-II, aac(3)-IV, and ant(2)),
streptomycin (strA, strB, aadA1, and aadA5), trimethoprim–sulfamethoxazole (sul1, sul2,
and sul3), carbapenems (blaOXA, blaOXA-48, blaVIM, blaIMP, and blaKPC), ciprofloxacin (parC),
and colistin (mcr-1) was investigated by PCR, as previously reported. The presence of
virulence genes, including Pap pili (papC), pilus associated with pyelonephritis G allele III
(papG-III), cytotoxic necrotizing factor 1 (cnf 1), aerolysin gene (aer), and bundle-forming
pili (bfp), was also tested using PCR. Positive and negative controls used in all experiments
were derived from the strain collection of the University of Trás-Os-Montes and Alto
Douro [22,23]. The specific primer sequences used in this study and the amplified product
size are shown in Table S2.

2.5. Biofilm Production

Biofilm production was conducted using the microtiter assay, following a previously
described protocol with certain modifications [24]. In short, each Klebsiella isolate was
streaked on BHI agar plates and incubated at 37 ◦C for 24 h. After the incubation period, a
few colonies were transferred to tubes containing 3 mL of Tryptic Soy Broth (TSB, Oxoid
Ltd., Basingstoke, UK) and incubated at 37 ◦C for 16 ± 1 h, with continuous shaking at
120 rpm (ES-80 Shaker-incubator, Grant Instruments, Cambridge, UK). Then, the bacterial
suspension was adjusted to an optical density of 1 × 106 colony forming units, and 200 µL
of bacterial suspension was added to each well of the 96-well flat-bottom microplate. To
standardize the results, the biofilm formation of each isolate was given as percentage from
the results obtained for the positive control strain, Klebsiella spp. ATCC® 13883. Isolates
were characterized as strong, moderate, or weak biofilm producers when the percentages
obtained were, respectively, >100%, 70–100%, or <70%. TSB without bacterial inoculum
was used as a negative control. The plates were incubated at 37 ◦C for 24 h without
shaking under aerobic conditions. All experiments were performed in duplicate and had
7 technical replicates.

To quantify biofilm biomass, the Crystal Violet (CV) staining method was used, follow-
ing the procedure established by Peeters et al., with some adaptations [25]. After incubation,
the medium was carefully removed from each well, and the plates were washed twice
with distilled water to remove non-attached bacterial cells. The plates were allowed to
dry at room temperature. To fix the biofilms, 100 µL of methanol (VWR International) was
added to each well and incubated for 10 min. Methanol was then removed, the plates were
air-dried at room temperature for 15 min, and 100 µL of CV at 1% (v/v) was added to
each well for 15 min. Then, the CV was removed, and the plates were washed twice with
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distilled water to remove the excess dye. Next, 150 µL of acetic acid 33% (v/v) was added
to solubilize the CV, and the absorbance was measured at 570 nm using a microplate reader
BioTek ELx808U (BioTek, Winooski, VT, USA).

2.6. Statistical Analysis

Statistical analyses were performed using GraphPad Prism Version 8.0.2. (GraphPAD
Software Inc., San Diego, CA, USA) to compare the biofilm formation capacity of surface
waters and MDR isolates. Results were expressed as mean values and standard deviation.
The level of significance was determined using the Student t-test. Moreover, a principal
components analysis (PCA) was carried out using the JMP®, Version 17 (SAS Institute
Inc., Cary, NC, USA, 1989–2023) between source and genotype and between source and
virulence genes.

3. Results
3.1. Distribution of Klebsiella in Surface Waters

Bacterial growth was observed in nearly all analyzed water samples, although only 33
(70.2%) out of the 77 samples were positive for Klebsiella. The distribution of Klebsiella spp.
and K. pneumoniae among the different sources is shown in Table 1. Klebsiella was isolated
from 54 lotic (streams, rivers, fountains, irrigation ditches, and springs) and 23 lentic (dams,
water wells, water tanks, and water mines) water samples. Klebsiella spp. was detected in
14 (18.1%) of the 77 water samples, whereas K. pneumoniae was found in 19 (24.7%) samples.

Table 1. Prevalence of Klebsiella spp. and K. pneumoniae water samples collected from
different sources.

Source Number of Samples Klebsiella spp. K. pneumoniae

Rivers 18 7 8
Streams 33 3 6

Irrigation ditches 1 - -
Dams 1 - 1

Fountains 11 2 3
Water wells 7 1 1
Water tanks 2 - -
Water mines 1 - -

Springs 2 1 -
Total: 77 14 19

3.2. Antimicrobial Resistance Phenotype in Klebsiella spp. and K. pneumoniae Strains

Seven (36.8%) K. pneumoniae isolates were ESBL producers. Most K. pneumoniae isolates
were resistant to amoxicillin-clavulanic acid (n = 11; 57.9%), trimethoprim–sulfamethoxazole
(n = 10; 52.6%), cefoxitin (n = 7; 36.8%), cefotaxime (n = 8; 42.1%), and streptomycin (n = 8;
42.1%). Moreover, the MDR phenotype was observed in seven (36.8%) of the K. pneumoniae
isolates. However, resistance to meropenem and tetracycline was detected in only one
isolate. Regarding the 14 Klebsiella spp. isolates, 28.6% (n = 4) were ESBL producers. A high
rate of antibiotic resistance was found in these isolates for amoxicillin + clavulanic acid
(n = 4; 28.6%), trimethoprim/sulfamethoxazole (n = 4; 28.6%), and cefoxitin (n = 3; 21.4%).
Nevertheless, only one (7.1%) Klebsiella spp. isolate was categorized as MDR. Table 2 details
the antimicrobial resistance profiles of the isolates under study.
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Table 2. Characteristics of the isolates recovered from surface waters from Northern Portugal.

Isolate Species ESBL
Production

Antimicrobial Resistance Virulence
GenesPhenotype Genotype

VS3296 K. pneumoniae N CN, S, TOB, CIP, SXT aac(3)-IV, aac(3)-II, sul2, strA, aadA1, aadA5 -

VS3297 K. pneumoniae N AUG, FOX, CAZ, CTX,
MRP, CN, S, SXT

aac(3)-IV, aac(3)-II, blaCTX-U, blaCTX-M9,
blaSHV, sul2, strA, ampC, aadA1, parC, blaTEM

-

VS3298 K. pneumoniae P AUG, CAZ, CTX, CN,
S, TOB, CIP, SXT

aac(3)-IV, aac(3)-II, blaCTX-U, blaCTX-M9,
blaSHV, sul2, strA, ampC, blaTEM

-

VS3299 K. pneumoniae N AUG, CAZ, CTX, TE,
SXT tetA, blaSHV, sul2, ampC, blaTEM papC

VS3300 K. pneumoniae N SXT sul2 papG-III,
papC

VS3301 K. pneumoniae P AUG, CTX, S, SXT blaCTX-U, blaCTX-M9, blaSHV, sul2, strA, ampC,
aadA1 -

VS3302 K. pneumoniae N SXT sul2 -

VS3303 K. pneumoniae N AUG, FOX blaCTX-U, blaCTX-M9 papC

VS3304 K. pneumoniae N AUG blaCTX-U, blaCTX-M9 -

VS3305 K. pneumoniae N CIP - papG-III

VS3306 K. pneumoniae P CAZ, CTX, S, SXT blaCTX-U, blaCTX-M9, blaSHV, sul2, strA,
aadA1, aadA5, blaTEM

-

VS3307 K. pneumoniae P AUG, FOX, CAZ, CTX blaCTX-U, blaCTX-M9, ampC -

VS3308 K. pneumoniae P FOX, CAZ, CTX blaCTX-U, blaCTX-M9, ampC -

VS3309 K. pneumoniae N AUG, FOX blaCTX-U, blaCTX-M9, ampC -

VS3310 K. pneumoniae N - - papC

VS3311 K. pneumoniae N - - -

VS3312 K. pneumoniae P CTX, S, SXT blaCTX-U, blaCTX-M9, blaSHV, sul2, strA,
aadA1, blaTEM

-

VS3313 K. pneumoniae P CAZ, CTX, S, SXT blaCTX-U, blaCTX-M9, blaSHV, sul2, strA,
aadA1, blaTEM

papC, bfp

VS3314 K. pneumoniae N - - bfp
VS3315 Klebsiella spp. N TE, S, SXT sul2, strA, aadA1 papC

VS3316 Klebsiella spp. P CTX blaCTX-U, blaCTX-M9 -

VS3317 Klebsiella spp. N CAZ - -

VS3318 Klebsiella spp. N CTX, SXT blaCTX-U, blaCTX-M9, sul2 aer

VS3319 Klebsiella spp. N AUG, FOX, CAZ, CTX blaCTX-U, blaCTX-M9 -

VS3320 Klebsiella spp. N - - papC

VS3321 Klebsiella spp. N - - -

VS3322 Klebsiella spp. N AUG, FOX, CTX blaCTX-U, blaCTX-M9 papC, bfp
VS3323 Klebsiella spp. N SXT sul2 -

VS3324 Klebsiella spp. N AUG - -

VS3325 Klebsiella spp. P - - -

VS3326 Klebsiella spp. N S, CIP, SXT sul2 aer

VS3327 Klebsiella spp. P AUG, CTX blaCTX-U, blaCTX-M9 -

VS3328 Klebsiella spp. P CTX blaCTX-U, blaCTX-M9 aer

Notes: Trimethoprim–sulfamethoxazole (SXT), Ciprofloxacin (CIP), Tobramycin (TOB), Streptomycin (S), Gentam-
icin (CN), Tetracycline (TE), Meropenem (MRP), Cefotaxime (CTX), Ceftazidime (CAZ), Cefoxitin (FOX), and
Amoxicillin-clavulanic acid (AUG).
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3.3. Characterization of Resistance Genes and Virulence Factors

Data on the resistance and virulence phenotypes and genetic determinants are given
in Table 2. A high diversity of resistance genes was detected among the 19 K. pneumoniae
isolates, namely, blaCTX-U (n = 11), blaCTX-M9 (n = 12), blaTEM (n = 7), aac(3)-II (n = 3), aac(3)-IV
(n = 3), strA (n = 7), aadA1 (n = 5), aadA5 (n = 2), sul2 (n = 10), and parC (n = 1). The majority
of Klebsiella spp. isolates with phenotypic resistance to β-lactams and cefotaxime (n = 5;
100%) harbored the blaCTX-M9 gene. Furthermore, the diversity of other resistance genes
was detected among these isolates, namely, blaCTX-U (n = 6) and strA (n = 1). The most
frequently found virulence gene in K. pneumoniae isolates was papC (n = 6; 30%), while in
Klebsiella spp. Isolates, a high prevalence of papC (n = 3; 21.4%) and aer (n = 3; 21.4%) was
observed. A low prevalence of papG-III and bfp virulence genes was detected in both K.
pneumoniae and Klebsiella spp.

3.4. Biofilm Production

Biofilm production was measured by a microtiter plate assay for the Klebsiella spp. and
K. pneumoniae isolates from surface waters. The results were standardized using Klebsiella
spp. ATCC® 13883 (biofilm producer) to enhance the consistency of result comparisons.
Figure 2 shows the percentage of biofilm production by each of the isolates in this study.
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Figure 2. Ability of K. pneumoniae and Klebsiella spp. strains from surface waters to form biofilm,
expressed as percentage of the positive control strain (Klebsiella spp. ATCC® 13883). The symbols (•)
represent the average biomass of the biofilm formed in independent tests of each individual isolate
tested for each surface water sample. The red lines represent the average of biofilm biomass formed
by all isolates of each surface water sample. Statistical significance was determined using the Student
t-test.

Isolates of Klebsiella spp. and K. pneumoniae produced a moderate amount of biofilm
biomass, with very similar averages of biofilm formation percentages (83.1% and 86.9%,
respectively). Among K. pneumoniae strains, 13 (65%) were confirmed as weak producers,
2 (10%) were moderate, and 5 (25%) were strong biofilm producers. Similarly, regarding
Klebsiella spp., five isolates (35.7%) were weak producers, eight (57.1%) were moderate,
and the remaining isolate (7.1%) was a strong biofilm producer. The weakest biofilm
producer (60.2%) was one K. pneumoniae isolate from the river Rio Corgo (Vila Real), while
the strongest biofilm producer (118.6%) was isolated from a stream located in Valpaços.
For a more complete analysis of the prevalence of biofilm-producing species, we compared
the formation of biofilms in multi-resistant and non-multi-resistant species. Among MDR
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isolates, one (14.3%) was a strong biofilm producer and six (85.7%) were weak biofilm
producers. Additionally, of the 26 non-MDR Klebsiella isolates, 5 (19.2%) had a high capacity
to form biofilms, 9 (34.6%) were moderate biofilm producers, and 12 (46.1%) were weak
biofilm producers. Comparing the results obtained in the MDR and non-MDR isolates
under study, the difference between the means was not statistically significant, since the
isolates produced approximately the same amount of biofilm (Figure 3). In addition,
among 11 ESBL-producing Klebsiella strains, all were confirmed as biofilm producers;
8 isolates (72.7%) were weak producers, 2 (18.2%) were moderate, and 1 (9.1%) was a high
biofilm producer. On the other hand, of the 21 non-ESBL-producing Klebsiella strains, 9
isolates (42.9%) were weak producers, 7 (33.3%) were moderate biofilm producers, and the
remaining 5 (23.8%) were high biofilm producers.
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3.5. Principal Component Analysis (PCA)

Regarding the relationship between source and genotypes, the first two main compo-
nents do not explain most of the variability in the data (component 1—9.34%; component
2—10.2%). On the other hand, regarding the relationship between source and virulence, the
first two main components explain around 37% of the total variability (component 1—19%;
component 2—18%) (Figure 4).
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4. Discussion

The environment, particularly the aquatic environment, is recognized as a reser-
voir for antimicrobial resistance (AMR) and antimicrobial resistance genes (ARGs), even
within highly confined habitats, like drinking water sources. Surface waters constitute
one of the main sources of potable water for human and animal consumption. Therefore,
when contaminated, they can become an important contributor to the dissemination of
antimicrobial-resistant Klebsiella and its resistance and virulence factors [7]. However, data
on the prevalence of antimicrobial resistance in Klebsiella from surface waters are scant.
Therefore, studies on Klebsiella’s prevalence, antibiotic resistance, and virulence are of the
utmost importance for evaluating the potential roles of different aquatic environments in
the spread of these pathogens, as well as their impact on human and animal exposure to
these pathogens.

Klebsiella spp. Is a frequent member of the environmental microbiota, including that
of surface water bodies. The presence of Klebsiella spp. in freshwater systems, such as
drinking water, rivers, lakes, and streams, as well as in seawater, has been demonstrated
in several studies [26–30]. In this study, a total of 77 surface water samples were collected,
and 33 Klebsiella strains were isolated (42.9%). When comparing different surface water
sources, it became evident that rivers exhibited a higher prevalence of both Klebsiella spp.
and K. pneumoniae. Specifically, among the 18 isolates from rivers, 33.3% were identified
as Klebsiella spp., while 50% were characterized as K. pneumoniae. These findings are in
line with several other studies, in which a higher prevalence of both Klebsiella spp. and K.
pneumoniae in rivers was noted, with K. pneumoniae being the most prevalent [29,31].

K. pneumoniae shows resistance to a wide array of antibiotics as well as the produc-
tion of β-Lactamase enzymes and the capacity to form biofilms [32]. Given that many
β-Lactamase genes are plasmid-borne, or located in other mobile genetic elements, re-
sistant strains can spread fast, leading to increased illness, death rates, and healthcare
expenses. In this study, most isolates were resistant to the tested antibiotics, includ-
ing amoxicillin-clavulanic acid, cefoxitin, cefotaxime, ceftazidime, streptomycin, and
trimethoprim–sulfamethoxazole, belonging, respectively, to the penicillin, cephalosporin,
aminoglycoside, and sulfonamide antibiotic classes. However, among these isolates,
meropenem (carbapenems) was the antibiotic with the lowest resistance rate, followed by
tetracycline (tetracyclines) and gentamicin (aminoglycosides). The penicillin antibiotic class
exhibited the highest prevalence of resistance (44.1%) among the studied surface water
isolates. Notably, isolates of Klebsiella spp. displayed lower resistance rates to ciprofloxacin
(fluoroquinolones) and meropenem (carbapenems), with no instances of resistance ob-
served. However, antibiotics with higher resistance rates were consistent across both
taxonomic groups. Numerous reports on penicillin resistance in Klebsiella species from
surface waters in Portugal [33] and elsewhere [30,34] align with the elevated resistance
rates found in this study. Of particular concern is the alignment of these results regarding
ceftazidime resistance and those of Teixeira et al. (2020), who also reported a high number
of ceftazidime-resistant Klebsiella spp. isolates from a Portuguese river [33]. These results
raise concerns, both from the environmental and public health perspectives. Ceftazidime
is a third-generation cephalosporin that should be more effective against Gram-negative
bacteria than both the first and second generations of antibiotics in this family. Third-
generation cephalosporins are also more active against bacteria that may be resistant to
previous generations of cephalosporins. These are important antibiotics, mostly used in
hospital settings to treat severe infections involving multidrug-resistant Gram-negative
pathogens, such as Klebsiella spp. and K. pneumoniae [35]. Moreover, third-generation oral
cephalosporins, such as ceftazidime, can be combined with amoxicillin × clavulanic acid
to tackle urinary tract infections involving ESBL-producing Klebsiella spp. [36], further
enhancing the concerns these findings raise. Regarding the prevalence of Klebsiella spp.
with the MDR phenotype, these findings differ from the results of other studies carried out
in surface waters, in which high prevalences of Klebsiella spp. with the MDR phenotype
were reported [37,38]. On the basis of antibiotic susceptibility results, it is evident that
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Klebsiella spp. and K. pneumoniae present a significant therapeutic challenge. The slightly
higher resistance rates observed in the environment raise concerns, especially regarding the
potential spread of multidrug-resistant bacteria responsible for infections like pneumonia
and meningitis to both humans and animals. Notably, the β-Lactam and carbapenem
classes of antibiotics have garnered increased interest and concern due to the observed
high rates of resistance in isolated Klebsiella spp. [31], which this study also shows.

Less than 50% of the isolates were ESBL producers. These results agree with the
findings of Caltagirone et al., in which only 7/33 (21.2%) K. pneumoniae isolated from
surface waters were ESBL producers [30]. However, Falgenhaeur et al. reported a higher
prevalence (83.3%) of ESBL-producing Klebsiella spp. in surface waters, contrary to what
was found in this study [39]. Several reports on the prevalence of ESBLs in surface waters
report that they are frequently associated with MDR [40]; however, in this study, there was
a higher prevalence of ESBL-producing Klebsiella in non-MDR isolates (n = 8; 24.2%) than
in MDR isolates (n = 3; 9.1%). Furthermore, the most common resistance gene, both in K.
pneumoniae and Klebsiella spp., was blaCTX-M9, followed by sul2. However, in K. pneumoniae,
a high prevalence of blaTEM, blaSHV, ampC, and strA was also observed. These findings
diverge from those of several studies, where a high prevalence of blaCTX-U, blaKPC, tet(A),
and sul2 genes was reported. In this study, the most prevalent gene was blaCTX-M9, which
was not reported in other studies from surface waters. However, the prevalence of sul2
in those studies aligns with the prevalences reported in this study [33,41,42]. In studies
carried out by Caltagirone et al., Muller et al., Teixeira et al., and Hoffman et al., in Italy,
Germany, and Portugal, respectively, a high prevalence of blaKPC and blaOXA-48 genes was
detected [30,33,43,44]. However, in this study, none of the isolates from surface waters
possessed these genes.

As previously mentioned, papC—an operon that is an outer membrane protein, es-
sential for the regulation of P fimbriae biogenesis—was the most prevalent virulence gene
in both Klebsiella spp. and K. pneumoniae. This result may be related to the virulence of
the isolated strains, since adhesion is the most important determinant of pathogenicity in
the Klebsiella genus [45]. These results are quite concerning, since this genetic virulence
determinant may increase the pathogenicity in Klebsiella strains, and we demonstrated its
high prevalence in the environment. To our knowledge, the presence of these virulence
genes has not been previously reported in environmental samples, including surface waters.
This study represents a pioneering effort in this regard, and it highlights the importance of
water as a potential reservoir of virulence genes.

The high environmental prevalence of papC we found makes it important to check
whether a high prevalence of this gene has also been reported in clinical samples. The
results obtained in studies on hospital patients, in which the presence of these genes was
investigated in isolates of Klebsiella spp. of diverse clinical samples, were divergent from
those in the present study. In the reports of Liu et al. and Düzgün et al., papC was the gene
with the lowest prevalence in Klebsiella spp. isolates [46,47]. Nevertheless, they showed a
high prevalence of aer, which aligns with what was observed in the Klebsiella spp. isolates
from surface waters in this study. Moreover, in the aforementioned studies, the bfp and
papG-III genes demonstrated the lowest prevalence among hospital patients, mirroring
these results. Contrastingly, Hassan et al. described a notable prevalence of the papC gene
in K. pneumoniae isolates obtained from clinical infection specimens [48], a finding that
concurs with the outcomes observed in this study. The alignment of these results on the
prevalence of aer and, in some cases, papC may suggest a plausible transfer of these genes
between environmental sources, such as water bodies and human hosts.

Biofilm formation represents a crucial virulence trait in Klebsiella and serves as an
adaptative response to diverse stressors, such as alterations in the physical environment
and exposure to drugs (particularly antibiotics) [49]. In addition, bacteria present in surface
waters can also produce biofilms, promoting an ideal environment for horizontal gene
transfer that can lead to the accumulation of genetic mobile elements. The accumulation
of biofilm-producing bacteria in ecosystems may pose environmental and public health
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concerns [50]. Changes in water levels have been demonstrated as among the most relevant
stressors affecting the structure and function of biofilms [51]. As biofilms play a crucial
role in aquatic environments, studying the prevalence of biofilm production isolates is
essential for preventing the spread of pathogens in the environment and ensuring the
biosafety of drinking water. To the best of our knowledge, no studies have yet been
conducted on environmental samples (including surface waters) on the biofilm production
ability of Klebsiella strains. In this study, all Klebsiella isolates were confirmed as biofilm
producers, similar to the very high (99%) rates of biofilm production reported by Türkel
et al. in clinical samples. In addition, in the same study, a higher prevalence of strong
biofilm producers was found in ciprofloxacin-susceptible isolates [52], similar to these
results, in which 6/30 (20%) of the ciprofloxacin-susceptible Klebsiella had a high capacity to
produce biofilms. Nevertheless, in contrast with these results, other studies have reported
a correlation between multidrug resistance (MDR) and biofilm production, indicating a
higher prevalence of high biofilm producers among MDR isolates [53], a concerning trend
when the results on water bodies are considered.

In this study, considerable rates of weak biofilm-producing isolates were found, both
among ESBL-producing (72.7%) and non-ESBL-producing Klebsiella isolates (43.5%). While
the majority of studies suggest that β-Lactamase-producing strains are usually high biofilm
producers [54], others have observed no correlation between the capacity to form biofilms
and ESBL production [55].

PCA showed that the environmental variables (type of water body) under study only
account for a low extent of the observed gene distribution patterns. However, in spite of
the low eigenvalues observed (Table S3), the presence of sul2 correlated positively with
“fountain” and “spring” and negatively with “water well”, while blaCTX-U and blaCTX-M9
correlated positively with “water well” but negatively with “fountain” and “spring”. Re-
garding virulence determinants, papC correlated positively with “water well” and “stream”
but negatively with “dam”. On the other hand, papC and bfp correlated positively with
“dam” but negatively with “water well” and “stream”. Furthermore, aer correlated posi-
tively with “fountain” but negatively with “water well” and “stream”. Moreover, it was
observed that some virulence genes exhibited positive and negative associations with lotic
and lentic waters. This was the case with papC, which exhibited positive associations with
“streams” and negative associations with “fountains”, both lotic waters. Additionally, aer
presented positive associations with “fountains” and negative associations with “streams”,
both lotic waters. Furthermore, the papC and bfp genes also demonstrated positive associa-
tions with “dam” and negative associations with “water well”, both lentic waters.

The distinctive patterns of antibiotic resistance, coupled with the incidence of virulence
factors and biofilm-forming capacity found in this study, may raise concerns about the
dissemination potential of pathogenic Klebsiella strains through surface waters. A further
cause for concern is that individuals, both animal and human, engaging in recreational
activities or using these waters for potable purposes, may belong to risk groups with in-
creased susceptibility to Klebsiella infections or colonization. However, it must be taken into
account that the available information on the connection between Klebsiella-contaminated
waters and the onset of infections in humans is still scarce.

In the present context of the critical importance of surface freshwater, these findings
underscore the urgent need for integrated research on freshwater quality. The unexpectedly
high prevalence of Klebsiella spp. and K. pneumoniae in surface waters, coupled with the
concerning presence of resistance and virulence genes, highlights the complex interplay
between microbial dynamics and environmental factors. To address such challenges, the
One Health perspective is paramount, emphasizing the interconnectedness of human,
animal, and environmental health. This study supports the urgency for collaborative,
multidisciplinary solutions to tackle freshwater monitoring, especially in Southern Europe,
where severe water quality issues are expected to increase under extreme precipitation
and droughts derived mainly from climate change. Comprehensive research on freshwater
ecology, toxicity, hydrochemistry, and monitoring approaches is essential.
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5. Conclusions

This work demonstrates that surface waters may act as reservoirs of Klebsiella, with
higher prevalences of K. pneumoniae in river samples than in the other types of surface
waters tested. In terms of phenotypic resistance to a wide range of antibiotic classes,
ceftazidime (a third-generation cephalosporin), the high prevalence of blaCTX-M9, and
biofilm production are causes for concern. This study constitutes, to our knowledge, the
first report on the presence of the papC virulence determinant in Klebsiella isolates from
surface waters. When compared to the findings of studies on hospital isolates, these
results may suggest a plausible transfer of genetic determinants of antibiotic resistance
(particularly aer but, also, in some cases, papC) between surface waters and the human host.
Thus, they highlight both the need for including these sources of pathogens under the One
Health effort and the need for vigilance of Klebsiella in lentic and lotic water bodies to assess
their distribution and dissemination in these habitats.
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