
lable at ScienceDirect

Research in Microbiology 174 (2023) 104056
Contents lists avai
Research in Microbiology

journal homepage: www.elsevier .com/locate/resmic
Original Article
Biofilm formation and antibiotic resistance profiles of water-borne
pathogens

Kursat Koskeroglu*, Mukaddes Barel, Harun Hizlisoy, Yeliz Yildirim
Erciyes University, Faculty of Veterinary Medicine, Department of Veterinary Public Health, Kayseri, Turkey
a r t i c l e i n f o

Article history:
Received 7 January 2023
Accepted 24 March 2023
Available online 31 March 2023

Keywords:
Antimicrobial resistance
Biofilm
Water
* Corresponding author.
E-mail address: kursatkoskeroglu@gmail.com (K. K

https://doi.org/10.1016/j.resmic.2023.104056
0923-2508/© 2023 Institut Pasteur. Published by Else
a b s t r a c t

Water sources (surface water, drinking water, rivers, and ponds) are significant reservoirs for trans-
mitting antibiotic-resistant bacteria. In addition, these waters are an important public health problem
because they are suitable environments for transferring antibiotic resistance genes between bacterial
species. Our study aimed to assess the prevalence of Extended-spectrum beta-lactamase (ESBL) pro-
ducing isolates in water samples, the susceptibility of the isolates to the specified antibiotics, the
determination of biofilm ability, antibiotic resistance genes, and the molecular typing of the isolates. For
this purpose, Polymerase chain reaction (PCR) and Matrix-assisted laser desorption ionization-time of
flight (MALDI-TOF) analyses were used. Out of 70 isolates, 15 (21%) were ESBL producing, and sent for the
MALDI-TOF analysis, where Escherichia coli, Acinetobacter calcoaceticus, Enterobacter bugandensis, Acine-
tobacter pittii, Pseudomonas aeruginosa, Acinetobacter junii, Pseudomonas oleovorans, and Enterobacter
ludwigigii were identified. Moreover, colistin resistance genes (mcr 1/2/6, mcr 4, mcr 5, mcr 3/7, and mcr
8), ESBL-encoding genes (blaSHV, blaTEM, and blaCTX-M) and carbapenemase genes (blaNDM, blaOXA-48, and
blaKPC) using molecular analysis (PCR) were confirmed. The colistin resistance gene was detected at 80%
(12/15) in the isolates obtained. The distribution of these isolates according to resistance genes was
found as mcr 1/2/6 4 (20%), mcr 3/7 3 (13%), and mcr 5 (40%). Additionally, the isolates harbored
blaSHV(6.6%) and blaTEM (6.6%) genes. However, blaNDM, blaOXA-48, blaKPC, and blaCTX-M genes were not
detected in any isolates. According to the Congo red agar method, seven (46.6%) isolates showed negative
biofilm ability, and eight (53.3%) showed moderate biofilm ability. However, the microplate method
detected weak biofilm in 53.3% of the isolates. In conclusion, this study provides evidence for the ex-
istence of multidrug-resistant bacteria that co-exist with mcr and ESBL genes in water sources. These
bacteria can migrate to other environments and pose increasing threats to public health.

© 2023 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction genes are not fully understood. Antibiotic-resistant Gram-negative
Studies show that 10 million people will die annually by 2050
due to increased in antibiotic resistance, and an economic loss of
100 trillion US dollars will be experienced [1]. The unconscious or
uncontrolled use of antibiotics is recognized as essential to the
emergence and spread of antibiotic-resistant pathogenic bacteria
[2,3]. Antibiotics are widely used to promote weight gain in food-
producing animals, control zoonotic pathogens, and treat bacte-
rial and fungal diseases in humans and animals [4]. Antibiotics are
scarcely absorbed in human and animal guts, with their generality
being excreted unchanged in feces and urine [5]. They are even-
tually released into the environment through sewage water and
wastewater [6,7]. However, the ability of antibiotic-resistant bac-
teria to survive in the aquatic environment and their resistance
oskeroglu).
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bacteria are favored as the subject of investigation because many
species are native inhabitants of water environments. Colistin
resistance bacteria have shown omnipresence (e.g., in the envi-
ronment, food, water, and plants) in the last decade [8]. Another
risk in pathogens bacteria is biofilm-forming ability. Biofilms are
defined as clusters of microorganisms that adhere to a specific
surface and are surrounded by extracellular matrix components. Its
biofilm-forming ability protects pathogenic microorganisms from
environmental factors such as heat, detergents, and inhibitors. In
addition to facilitating cellular connectivity and horizontal gene
transfer, biofilms provide definitive protection for the bacterial
community by complicating the diffusion of antimicrobials through
the matrix [9]. Bacteria with biofilm properties continue to spread
in waters, creating a potential epidemic risk [10,11]. The present
study aims to determine the antibiotic resistance profiles, antibiotic
resistance gene distribution, and biofilm formation abilities of
isolates isolated from water sources.
d.
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2. Material and method

2.1. Sampling

Between 2020 and 2022, a total of 300 water samples were
collected from various water bodies, including surface water
(n ¼ 113), pools (n ¼ 77), and drinking water (n ¼ 110). The water
samples were randomly taken each month, and the sampling sites
were approximately 200 m apart. From each site, samples were
collected in sterile 500 ml containers and transferred to the labo-
ratory in a cool box on the same day.

2.2. Isolation of bacteria

Bacteria were obtained using the standard membrane filter
procedure outlined in SM 9222 [12]. In brief, water samples (both
undiluted and diluted) were filtered through sterile 0.45 mm poly-
ethersulfone membranes (Mo Bio Laboratories, Carlsbad, CA, USA),
and themembraneswere then inoculated onto Chromogenic™ CCA
(Merck, Germany) agar plates supplemented with cefotaxime
(4 mg/ml). They were incubated at 37 �C for 24 h, and all resulting
colonies were received. All isolates were sent to Hatay Mustafa
Kemal University for matrix-assisted laser desorption ionization-
Table 1
Primers used in the study and PCR amplification conditions.

Genes Forward References

trpA F CGGCGATAAAGACATCTTCAC Clermont et al. [1
trpAR GCAACGCGGCCTGGCGGAAG

P8 F CGTGATGATGTTGAGTTG Sarimehmetoglu
P8 R AGATTGGTTGGCATTACTG

Bla KPC F CGTCTAGTTCTGCTGTCTTG Poirel et al. [16]
Bla KPC R CTTGTCATCCTTGTTAGGCG
Bla NDM F GGTTTGGCGATCTGGTTTTC
Bla NDM R CGGAATGGCTCATCACGATC
Bla OXA48 F GCGTGGTTAAGGATGAACAC
Bla OXA48 R CATCAAGTTCAACCCAACCG

Bla SHV F TCGGGCCGCGTAGGCATGAT Gundran et al. [1
Bla SHV R AGCAGGGCGACAATCCCGCG
Bla TEM F ATAAAATTCTTGAAGACGAAA
Bla TEM R GACAGTTACCAATGCTTAATCA
Bla CTX-M F ACGCTGTTGTTAGGAAGTG
BlaCTX-MR TTGAGGCTGGGTGAAGT

mcr1/2/6 F GTCGTCGGTGAGACGGC Wang et al. [18]
mcr1/2/6 R GTATTTGGCGGTATCGACATCA
mcr3/7R AACACATGCTATGACGAGTTT
mcr3/7F GGTGTAGCGGATGGTGTTGTC
mcr 4 F TGCGAAGAATGCCAGTCGTA
mcr 4 R GCCGCATGAGCTAGTATCGT
mcr 5 F TGCGCAACTACGGGGTTTAT
mcr 5 R CGAATGCCCGAGATGACGTA
mcr 8 F CCTGCATGTTCTCGCGAATG
mcr 8 R GCATCCCGGAATAACGTTGC
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time-of-flight mass spectrometry (MALDI-TOF) analysis to iden-
tify the bacterial species.

2.3. Antimicrobial susceptibility testing

The current study used the disk diffusion method according
to the Clinical and Laboratory Standards Institute [13] to eval-
uate the results of eleven antimicrobial agents: piperacillin/
tazobactam, amoxicillin/clavulanic acid, gentamicin, cefotaxime,
cefoxitin, amikacin, ciprofloxacin, cefazolin, ceftazidime, mer-
openem, and sulfamethoxazole/trimethoprim. ESBL-producing
isolates were evaluated using the double disk synergism
(DDS) method with cefotaxime and ceftazidime plus amoxi-
cillin/clavulanic acid (Table 3). The minimum inhibitory con-
centration (MIC) for Colistin of each isolate was determined
using the broth microdilution (BMD) method following the CLSI
procedure.

2.4. DNA extraction process

DNA extraction was performed on each isolate using the insta-
Gene Matrix (Bio-Rad, USA), and the extracted DNAwas used for all
subsequent PCRs.
Bp PCR amlification conditions

4] 489 94oC for 2 min
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72oC for 1 min

72oC for 10 min
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Table 3
Antibiotics resistance profiles distributed of isolates.

Name of Antibiotics S I R

TPZ 7 (47%) 7 (47%) 1 (6%)
AMC 6 (40%) 3 (20%) 6 (40%)
CN 12 (67%) 1 (6%) 2 (27%)
FOX 7 (47%) e 8 (53%)
AK 15 (100%) e e

CIP 10 (67%) e 5 (33%)
CZ 1 (7%) 2 (13%) 12 (80%)
CAZ 13 (87%) e 2 (13%)
MEM 15 (100%) e e

SXT 8 (53%) e 7 (47%)
CTX 3 (10%) 5 (33%) 7 (47%)

S: Susceptible; I: Intermediate; R: Resistance, TPZ: Piperacillin/tazobactam, AMC:
Amoxicillin/clavulanic acid; CN: Gentamicin; FOX: Cefoxitin, AK: Amikacin, CIP,
Ciprofloxacin; CZ: Cefazolin, CAZ: Ceftazidime, MEM: Meropenem; SXT: Sulpha-
methoxazole/trimethoprim, CTX: Cefotaxime.

Table 4
Antibiotic resistance profiles of each isolates.

ID of
Isolates

Name of bacteria Antibiotics

W11 Escherichia coli FOX, CIP, CZ, SXT, CTX
W12 Escherichia coli FOX, CZ, SXT, CTX
W13 Escherichia coli CZ
W14 Escherichia coli CZ, CTX
W15 Escherichia coli AMC, FOX, CZ, SXT, CTX
W3 Acinetobacter pittii AMC, FOX, CZ
W2 Enterobacter bugandensis CN, CIP, CZ, SXT, CTX
W6 Pseudomonas oleovorans AMC, FOX, CZ
W1 Acinetobacter calcoaceticus CAZ
W4 Pseudomonas aeruginosa TPZ, AMC, CN, FOX, CZ, SXT, CTX, CIP
W7 Enterobacter ludwigii AMC, CN, FOX, CIP, CZ, SXT, CTX
W9 Comamonas aquatica AMC, FOX, CIP
W8 Enterobacter bugandensis CIP, CZ, CAZ, SXT, CTX
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2.5. Confirmation of Escherichia coli

DNA samples of E. coli were analyzed using PCR with DreamTaq
Hot Start PCR (2x) (Thermo Fisher, USA) following the manufac-
turer's instructions. PCR amplification conditions are provided in
Table 1.

2.6. PCR analysis of antimicrobial resistance genes

PCR was used to detect genes related to ESBL (blaSHV, blaTEM,
and blaCTX-M) and carbapenemase genes (blaNDM, blaOXA-48, and
blaKPC). DreamTaq Hot Start PCR (2x) from Thermo Fisher (USA)
was used for the PCR analyses. The resulting PCR products were
evaluated by electrophoresis on a 1.5% agarose gel containing
ethidium bromide (0.1 mg/ml) in 1X TBE buffer. Electrophoresis
was carried out at 100 V for 45 min, and the DNA bands were
visualized with an ultraviolet transilluminator from Vilber Lour-
mat (Marne La Vallee, France). The primers and amplification
details are shown in Table 1.

2.7. Colistin genes identification withReal-Time PCR

Colistin resistance genes were confirmed using the Sybr Green
(Bio-Rad, USA) procedure with Real-Time PCR. The primers used
were mcr 1/2/6, mcr 3/7, mcr 4, mcr 5, and mcr 8. PCR amplification
conditions and primers are given in Table 1.

2.8. Determination of biofilm characteristics of isolates

Fifteen isolates were inoculated on Congo Red Agar (Merck,
Germany) and incubated for 24e48 h at 37 �C. The colonies
were evaluated as having strong, weak, and negative biofilm-
forming capacities based on their color (black, dark-brown,
and pinkish-red, respectively) [19,20]. Biofilm formation was
measured at a mean absorbance of 570 nm (ODc). The biofilm-
forming ability of the isolates was qualified as follows:
OD � ODc for biofilm-negative, ODc < OD � 2X ODc for weak
biofilm, 2X ODc < OD � 4X ODc for moderate biofilm, and
OD > 4X ODc for strong biofilm formation using the microplate
method [21]. The positive control used was the E. coli ATCC
25922 strain.

3. Results

In this study, 70 isolates were inoculated on Chromogenic™ CCA
(Merck, Germany) agar plates supplemented with cefotaxime
(4 mg/ml), afterward 15 (21%) isolates obtained were identified
Table 2
Antibiotic resistance gene profiles of positive samples.

ID of Isolates Name of Bacteria mcr 1/2/6 mcr 3/7 mcr 4 m

W1 Acinetobacter calcoaceticus e e e e

W2 Enterobacter bugandensis e þ e þ
W3 Acinetobacter pittii þ e e e

W4 Pseudomonas aeruginosa þ e e e

W5 Acinetobacter junii þ e e e

W6 Pseudomonas oleovorans e e e þ
W7 Enterobacter ludwigii þ þ e þ
W8 Enterobacter bugandensis e e e e

W9 Comamonas aquatica e e e þ
W10 Escherichia coli e þ e þ
W11 Escherichia coli e e e þ
W12 Escherichia coli e e e e

W13 Escherichia coli e e e e

W14 Escherichia coli e e e e

W15 Escherichia coli e e e e
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using the MALDI-TOF. The analysis showed that 40% of the isolates
were E. coli and 6.6% Acinetobacter calcoaceticus, Enterobacter
bugandensis, Acinetobacter pittii, Pseudomonas aeruginosa, Acineto-
bacter junii, and Pseudomonas oleovorans, and Enterobacter ludwi-
gigii were identified. The Antibiotic susceptibility with disc
diffusion testing was identified. According to testing, isolates
showed resistance to CZ 12 (80%), FOX 8 (53%), CTX 7 (47%), SXT 7
(47%), AMC 6 (40%), CIP 5 (33%), CN 2 (27%), TPZ1 (6%) while the
isolates showed susceptible to TPZ 7 (47%), AMC 6 (40%), CN 12
(67%), FOX 7 (47%), AK 15 (100%), CIP 10 (67%), CZ 1 (7%), CAZ 13
(87%), MEM 15 (100%), SXT 8 (53%), and CTX 3 (10%). The results
also showed that the isolates have multi-drug resistance (Tables 4
cr-5 mcr 8 blaSHV blaTEM blaCTX-M blaKPC blaNDM blaOXA-48

e e þ e e e e

e e e e e e e

e þ e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e

e e e e e e e
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and 5). Broth microdilution testing was performed for the colistin.
As a result of brothmicrodilution testing, most of the isolates (9/15)
exhibited MIC values of MIC �4 mg/ml. Antimicrobial resistance
genes: mcr 1/2/6, mcr 4, mcr 5, mcr 3/7, mcr 8 (for colistin), blaSHV,
blaTEM, blaCTX-M (for beta-lactamase) and blaNDM, blaOXA-48, and
blaKPC (for carbapenemase) confirmed by molecular analyzes
(mPCR and Real-Time PCR). The isolates harbored colistin resis-
tance genes mcr 1/2/6 4 (20%), mcr 3/73 (13%), and mcr 5 (40%).
Additionally, the isolates harbored beta-lactamase blaSHV (6.6%)
and blaTEM (6.6%). However, blaNDM, blaOXA-48, blaKPC and blaCTX-M
genes were not detected in any isolates (Table 2). The Congo red
agar method and the microplate method showed different results
in determining the biofilm production abilities of the bacterial
isolates. While the Congo red agar method indicated that 46.6% of
the isolates were biofilm negative and 53.3% had moderate biofilm
abilities, the microplate method showed that 53.3% of the strains
had weak biofilm production and 46.6% had no biofilm production
(Table 6).

4. Discussion

In this study, samples were inoculated on Chromogenic™ CCA
(Merck, Germany) agar plates supplemented with cefotaxime
(4 mg/ml), afterward 15 (21%) isolates were identified using the
MALDI-TOF. The analysis showed that 40% of the isolates were
E. coli and 6.6% A. calcoaceticus, E. bugandensis, A. pittii, P. aeruginosa,
A. junii, and P. oleovorans, and E. ludwigigii were identified.

Acinetobacter spp. Is a globally recognized opportunistic
pathogen responsible for nosocomial infections, with extreme
drug resistance to many chemotherapeutics, making it an ongoing
public health threat. A study by [22] reported 10.34% positivity of
A. pittii using the MALDI-TOF analysis, while [23] found A. junii
positive at 21.8%. Enterobacteriaceae have been detected in
various environments, including wastewater, surface water, soil,
and food, and have been known to play a significant role in food
corruption. In a study by [24]; Enterobacter ludwigii was detected
at a level of 11%.
Table 5
Multidrug resistance profiles of isolates.

Name of Antibiotics Number of Positive Isolates

CN, CIP, CZ, SXT, CTX 1
FOX, CIP, CZ, SXT, CTX 1
AMC, FOX, CZ, SXT, CTX 1
AMC, CN, FOX, CIP, CZ, SXT 1
AMC, CN, FOX, CIP, CZ, SXT, CTX 1

Table 6
Biofilm-Forming ability of the obtained isolates.

ID of Isolates Congo Red Agar Microplate Method

W1 None-biofilm Weak
W2 Moderate Weak
W3 Moderate Weak
W4 None-biofilm Weak
W5 None-biofilm Weak
W6 None-biofilm Weak
W7 None-biofilm None-biofilm
W8 None-biofilm Weak
W9 None-biofilm Weak
W10 Moderate None-biofilm
W11 Moderate None-biofilm
W12 Moderate None-biofilm
W13 Moderate None-biofilm
W14 Moderate None-biofilm
W15 Moderate None-biofilm

4

Pseudomonas, a diverse bacterial species known for its metabolic
adaptability and genetic and physiological abilities, were found to
survive in various environmental conditions including marine
habitats [25]. reported 24.5% positivity of P. aeruginosa in drinking
water. The genus Comamonas, assigned to Comamonadaceae, was
proposed by [26] and later updated and published as Comamonas
terrigena by [27]. [28] also isolated Comamonas aquatilis in pond
waters.

In our study, isolates showed resistance to CZ 12 (80%), FOX 8
(53%), CTX 7 (47%), SXT 7 (47%), AMC 6 (40%), CIP 5 (33%), CN 2
(27%), TPZ 1 (6%) antibiotics [29]. reported isolates susceptible to
AMP and IPM (45%), AMX (43%), and AMC (31%) antibiotics. Also,
another study by [30] on antibiotic susceptibility revealed that
isolates found high resistance to AMC (100%), AM (81%), and CTX
(81%). Besides, the alarming rise of antibiotic resistance and the
scarcity of new drugs have led to a lack of effective antibiotics. Thus,
despite its toxicity, colistin has been reintroduced in human med-
icine as a last-resort antibiotic. The colistin resistance gene was
detected in 80% (12/15) of the obtained isolates. The distribution of
these isolates according to resistance genes was: mcr 1/2/6 in 4
(20%), mcr 3/7 in 3 (13%), and mcr 5 in 2 (40%) of the isolates.
Additionally, the isolates harbored ESBL genes blaSHV (6.6%) and
blaTEM (6.6%). A study conducted by [31] with Enterobacteriaceae
found a rate of 92.3% for blaTEM,blaCTX-M, and blaSHV. Another study
stated an 11.9% rate of colistin resistance gene in P. aeruginosa
isolates [32]. [33] reported colistin resistance genes and ESBL genes
in all Enterobacteriaceae (E. coli, K. pneumoniae, Citrobacter freundii,
Citrobacter koseri, Enterobacter kobei, Enterobacter cloacae, E. lud-
wigii, and Enterobacter asburiae) isolates. However, blaNDM, blaOXA-
48, blaKPC, and blaCTX-M genes were not detected in any isolates in
our study.

The Congo red agar is used to increase the production of exo-
polysaccharides, which allows for the quantitative assessment of
biofilm formation in Gram negative microorganisms. In one study,
90% of the isolates showed biofilm-producing activity [34]. Using
the Congo red agar method in the current study, seven isolates
(46.6%) were found to be biofilm-negative, and eight isolates
(53.3%) showed moderate biofilm abilities. This study determined
strains eight (53.3%) weakly and seven (46.6%) non-biofilm pro-
duction with the microplate method. Contrary to this study, [34];
only one Enterobacter strain determined moderate biofilm pro-
duction detected with the microplate method.

5. Conclusion

This study aims to identify the antibiotic resistance profiles,
genes, and biofilm-forming abilities of isolates from different water
sources in Turkey. Given the increase in antimicrobial resistance, it
is crucial to determine the importance of antibiotic-resistance
genes in waters for public health, regardless of the income level
of the countries. Further research is necessary to understand the
risk, better characterize the problem and develop solutions to
combat antimicrobial-resistant bacteria in water. Antimicrobial
resistance monitoring programs in all reservoirs and strategic ac-
tion plans are required to reduce antimicrobial resistance in ani-
mals and humans and encourage the prudent use of antimicrobials.
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