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ABSTRACT — The prevalence of antibiotic residues and antibiotic-resistant bacteria in natural environ-
ments due to human and livestock waste emissions, pesticide runoff, and pharmaceutical effluents pos-
es a serious threat to public health. Therefore, in this study, we aimed to examine the characteristics,
including antibiotic susceptibility, biofilm formation ability, and virulence genes, of levofloxacin (LVFX)-
resistant Escherichia coli isolated from the Tone River. Liquid chromatography-tandem mass spectrom-
etry analysis revealed that the upstream, midstream, and downstream river water samples contained 2.2,
19.5, and 15.7 ng/L LVFX, respectively. Despite the very low concentration of LVFX, LVFX-resistant
E. coli were isolated from the midstream and downstream regions. Based on the antibiotic sensitivity
patterns, the following representative strains were selected: TLR101 and TLR104 (from midstream) and
TLR105 and TLR108 (from downstream). These four isolates were LVFX and multidrug-resistant, with
TLR101 showing high resistance to ampicillin and the others showing high resistance to chloramphenicol
and tetracycline. Biofilm formation assays revealed that TLR104 and TLR108 exhibit very strong biofilm-
forming abilities. One-step multiplex polymerase chain reaction (PCR) assays were used to detect vari-
ous virulence genes, including eaed, bfpA, invE, ipaH, stxl1, stx2, elt, sth, aggR, and astA. A 100-bp ast4
gene product was detected in TLR104, and DNA sequence analysis confirmed this amplified PCR prod-
uct, identifying it as a diarrheagenic E. coli strain. Overall, this study revealed the presence of multidrug-
resistant diarrheagenic E. coli in the Tone River, underscoring the need for effective public health meas-
ures to prevent the release of untreated sewage and industrial waste into the river.

Key words: Tone River, Levofloxacin-resistant Escherichia coli, Pharmaceutical,
Pathogenic Escherichia coli, Biofilm-forming activity, ast4 gene

INTRODUCTION

Recently, various drug-resistant bacteria, such as
methicillin-resistant Staphylococcus aureus, vancomycin-
resistant Enterococcus, multidrug-resistant Pseudomonas
aeruginosa, and carbapenem-resistant Enterobacteriace-
ae, have emerged, posing a serious threat to public health

owing to the difficulty in their treatment. Therefore, a
comprehensive approach based on the One Health con-
cept is essential for controlling drug-resistant bacterial
infections (CDC, 2019).

Antibiotics absorbed by humans are excreted and
released into rivers through sewage treatment plants
(STPs). Additionally, large amounts of antibiotics used
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to prevent infections and promote animal growth in the
livestock and fishery industries are discharged into riv-
ers. The river water is used for drinking and agricultur-
al purposes. Therefore, the contamination of river water
with antibiotics and resistant bacteria poses a major pub-
lic health concern.

Fluoroquinolones (FQs), such as levofloxacin (LVFX)
and ciprofloxacin, are an important class of antibiot-
ics widely used in both human and veterinary medicine
(Pharm et al., 2019). However, the prevalence of FQ
resistance has also increased with the increasing use of
FQs (World Health Organization, 2019). Approximately
70% of these antibiotics are excreted from the environ-
ment after being administered to humans and animals.
FQs are environmental contaminants that pose a high risk
of antibiotic resistance.

Many environmental microorganisms do not exist
as planktonic cells but remain attached to surfaces and
form biofilms (Costerton et al., 1999; Davey and O’toole,
2000). Bacterial biofilms are dense bacterial commu-
nities enclosed in polymeric matrices (Costerton ef al.,
1999). Biofilms adhere to both inert and living surfaces,
and the bacterial communities within them exhibit phe-
notypes distinct from those of free-floating cells, includ-
ing increased tolerance to antibiotics (Van Acker et al.,
2014). Notably, bacteria within biofilms are up to 1,000
times more resistant to antimicrobial agents than those in
planktonic cultures (Furuno et al., 2008). Furthermore,
these bacterial communities can be pathogenic owing to
their virulence and antibiotic resistance. Biofilms promote
infection through complex interactions between virulence
factors and antibiotics (Schroeder et al., 2017).

Escherichia coli is a major bacterium in the intestinal
flora of humans and animals. It easily contaminates the
surrounding environment when discharged through fec-
es and is often used as an indicator of antibiotic resist-
ance worldwide (Korzeniewska et al., 2013; Kostyla et
al., 2015). Most strains of E. coli are harmless and rare-
ly cause disease. However, pathogenic strains, particular-
ly diarrheagenic E. coli (DEC), can cause food poison-
ing in humans. To date, six categories of pathogenic E.
coli have been reported: enteropathogenic E. coli (EPEC),
enteroinvasive E. coli (EIEC), enterohaemorrhagic
E. coli (EHEC), enterotoxigenic E. coli (ETEC), enter-
oaggregative E. coli (EAEC), and diffusely adherent
E. coli (DAEC) (Nataro and Kaper, 1998; Kaper ef al.,
2004). Additionally, other E. coli strains, such as enter-
oaggregative E. coli heat-stable enterotoxin 1 gene-pos-
sessing E. coli (EASTEC), adherent-invasive E. coli,
and cell-detaching E. coli, can cause diarrhea (Wakush-
ima et al., 2010). Each pathotype possesses specific vir-
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ulence genes that are associated with the disease symp-
toms. For example, bfpA encodes a bundle-forming pilus
in EPEC; ipaH encodes the invasive plasmid antigen H
in EIEC; and stx/ and stx2 encode Shiga toxins I and II,
respectively, in EHEC. DEC can be rapidly identified by
multiplex polymerase chain reaction (PCR) of virulence
genes (Zhou et al., 2002; Hegde et al., 2012; Yandag et
al., 2023).

Several studies have reported an association among
bacterial phylotypes, virulence, and antibiotic resistance
in many countries, including Denmark, Switzerland, Por-
tugal, Mexico, and China (Bukh ef al., 2009; Chen et al.,
2011; Pereira et al., 2013; Ramirez Castillo et al., 2013;
Zurfluh et al., 2014). However, little is known about river
water contamination with drug-resistant bacteria in Japan.
Therefore, we determined the amount of pharmaceutical
residues in the Tone River flowing through the metropol-
itan area and revealed the presence of antibiotics, such as
clarithromycin (CAM) (Murahashi ef al., 2024). Here, we
report the microbiological characteristics of LVFX-resist-
ant E. coli isolated from the Tone River.

MATERIALS AND METHODS

Chemicals and media

Tetracycline (TC) and chloramphenicol (CP) were
purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan). CAM and LVFX were pur-
chased from Tokyo Chemical Industry Co. Ltd. (Tokyo,
Japan). Ampicillin (ABPC) was purchased from Merck
(Darmstadt, Germany). All other reagents were purchased
from FUJIFILM Wako Pure Chemical Corporation unless
otherwise indicated. Soybean casein digest (SCD) agar
and AccuDia Blue Light Broth were purchased from
Shimadzu Diagnostics Corporation (Tokyo, Japan).
MacConkey Agar Medium was purchased from FUJI-
FILM Wako Pure Chemical Corporation. Mueller—Hinton
broth was purchased from BD Difco (Tokyo, Japan).

River water sampling

Fig. 1 shows the sampling sites along the Tone River.
On April 10, 2023, sampling was performed at three sites:
upstream (Taisho Bridge, 36°29°48"N, 139°70°51"E;
Site A), midstream (Tonegawa Bridge, 36°14°33"N,
139°42°18"E; Site B), and downstream (Joso-ohashi
Bridge, 35°52°57"N, 140°20°53"E; Site C). Water sam-
ples (500 mL, three bottles) were collected from the
center of each bridge using a HEYROHT water sampler
(SIBATA Scientific Technology Ltd., Saitama, Japan).
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Fig. 1. Sampling locations along the Tone River.

Detection of pharmaceuticals

Pharmaceuticals were extracted from river water using
a Waters Oasis HLB Plus cartridge (Milford, MA, USA).
The filtered water samples (100 mL) were passed through
a cartridge, and the analytes were eluted using methanol
(3 mL). The methanol in the extract solution was evap-
orated to dryness, and the residue was dissolved in 1 mL
of ethanol. This solution was subjected to liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS; SCI-
EX QTRAP 6500; Framingham, MA, USA).

Bacterial counting and isolation of LVFX-resistant
E. coli

To count the viable bacteria, 100 pL of river water
sample diluted with sterile water was smeared on the
SCD plate, cultured at 28°C for two weeks, and the num-
ber of colonies formed was counted. The number of E.
coli was determined using the agar plate mixture method:
sample (2 mL) was plated on the MacConkey agar medi-
um, cultured at 36°C for two days, and the number of col-
onies was counted.

Enrichment cultures were prepared before the isolation

of LVFX-resistant E. coli. River water (100 mL) collected
at three sampling sites was added to the double-concen-
trated SCD broth and cultured at 33°C for three days. This
culture medium was further diluted 10'-107 times. LVFX-
resistant E. coli strains were isolated on MacConkey
agar medium supplemented with an LVFX concentration
four times higher than the minimum inhibitory concentra-
tion (MIC) of susceptible E. coli NBRC3972.

Drug susceptibility test

MICs were determined on Miiller—Hinton medium
using the two-fold agar dilution method recommended by
the Clinical and Laboratory Standards Institute (Wayne,
2023).

Biofilm formation assay

The biofilm formation assay was performed as previ-
ously described (O’Toole, 2011), with some modifica-
tions. Overnight cultures were prepared to an optical den-
sity (OD) of 1.0 using sterile water. The bacterial solution
and SCD broth supplemented with 0.25% glucose-add-
ed SCD broth were added to each well of a 96-well flat-
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bottomed polystyrene microtiter plate at a ratio of 1:40
(4 pL:156 pL). The plates were incubated at 36°C for
48 hr. After incubation, the supernatant from the liq-
uid cultures was gently removed. The wells were gently
washed with phosphate-buffered saline. To fix the biofilm
on the plate, 25 uL of methanol was added to each well
and incubated for 10 min. After removing methanol, the
plate was dried at 30°C for 30 min, and 150 pL of 0.1%
crystal violet was added. After 10 min, the plate was
washed thrice with sterile water, turned upside down, and
dried overnight. Finally, 150 pL of 30% acetic acid was
added to each well to dissolve the biofilm. The solutions
were transferred to a fresh 96-well plate, and the absorb-
ance was measured at 560 nm using an ARVO MX 1420
Multilabel Counter (Perkin Elmer, Yokohama, Japan).
The biofilm-forming abilities of the isolates were scored
as follows (Aguila-Arcos et al., 2017): OD,,, < 0.120,
no biofilm formation; 0.120 < OD, < 0.240, weak bio-
film formation; OD,,, > 0.240, strong biofilm formation;
OD,, > 1.5, very strong biofilm formation. Biofilm-form-
ing assay results are represented as the mean + standard
error of the mean (SEM) of at least two independent bio-
logical experiments performed in quintuplicate for each
strain.

Preparation of genomic and plasmid DNAs

E. coli genomic and plasmid DNAs were extract-
ed using commercial DNA extraction kits (NucleoSpin
Tissue, Takara Bio, Shiga, Japan) according to the manu-
facturer’s instructions and subjected to PCR.

One-step multiplex PCR assay

PCR was performed as previously described
(Ohmura-Hoshino et al., 2022) with slight modifications.
E. coli isolates were evaluated for the presence of 10 viru-
lence genes: astA, bfpA, elt, aggR, ipaH, stx1, stx2, eaeA,
sth, and invE (Kaper et al., 2004; Boerlin ef al., 2005).
An internal control (IC) was used with DNA amplifica-
tion primers for the E. coli 16S rRNA gene to prevent
false negatives. The primer sequences, PCR conditions,
and product sizes are listed in Table 1. The predict-
ed product sizes of the virulence genes were as follows:
eaeA (1001 bp) and bfpA (326 bp) in EPEC, elt (494 bp)
and sth (172 bp) in ETEC, aggR (407 bp) in EAEC, invE
(235 bp) and ipaH (596 bp) in EIEC, stx! (693 bp) and
stx2 (794 bp) in EHEC, and ast4 (100 bp) for EASTEC.
All primers used for DNA sequencing and PCR were syn-
thesized by FASMAC Inc. (Tokyo, Japan). PCR was per-
formed using a T100 Thermal Cycler (Bio-Rad, Tokyo,

Table 1. Primers used in the one-step multiplex polymerase chain reaction and the resultant amplicon size.

Pathotypesdiarrheagenic E. coli  Target genes Primers(5'-3") * Product size (bp)
ot F CTTCAGTCGCGATCTCTGAACG 1001
EPEC R GGTAGTCTTGTGCGCTTTGGCT
ot T CTACCAGTCTGCGTCTGATTCC iy
: R CGTAGCCTTTCGCTGAAGTACC
. GAAATTCTGGATGGCACTCGTAGAAG 235
— R CTTTCGCGCGAGACAGATTCTCTT
ipatl F CTTTCCGATACCGTCTCTGC 505
R CACCCTCTGAGAGTACTCATTCTCC
w1 F AGAGGGATAGATCCAGAGGAAGGG 693
EHEC R AATTGCCCCCAGAGTGGATG
oy GTATACGGACAGAGATATCGACCCC 204
R CGCTGCAGCTGTATTACTTTCCC
o F TATACCGTGCTGACTCTAGACCCC 404
ETEC R CGGTGGGAAACCTGCTAATC
i F CTTTCTGTATTGTCTTTTTCACCTTTC 7
R GCAGGATTACAACACAATTCACAGC
F GCCTAAAGGATGCCCTGATG
EAEC ageR  p TGCTGCTTTGCTCATTCTTG 407
F TATATCCGAAGGCCCGCATCCAG
EASTEC asid g CAGGTCGCGAGTGACGGCTTTG 100
© F GTTTGATCATGGCTCAGATTGAACGC 1205
R CGTAAGGGCCATGATGACTTGAC

EPEC, enteropathogenic Escherichia coli; EIEC, enteroinvasive E. coli; EHEC, enterohaemorrhagic E. coli; ETEC, enterotoxigenic
E. coli; EAEC, enteroaggregative E. coli; EASTEC, enteroaggregative E. coli heat-stable enterotoxin 1 gene-possessing E. coli; IC,

internal control (E. coli 16S rRNA).

aSequences obtained from the study of Ohmura-Hoshino ef a/., 2022.
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Table 2. Various pharmaceutical concentrations in the Tone River.

Sampling site LVFX CAM Carbamazepine Bezafibrate Diphenhydramine
A 22 22 2.6 4.7 1.6
B 19.5 27.4 21.1 29.4 5.6
C 15.7 38.7 59.2 35.7 4.2

Unit, ng/L. LVFX, levofloxacin; CAM, clarithromycin.

Japan) and Quick Taq HS DyeMix kit (TOYOBO, Tokyo,
Japan). The PCR mixture (reaction volume: 50 pL) con-
tained the PCR buffer, 1.5 mM MgCl,, 200 uM (each)
dNTP, 10 uM primers, 2.5 U rTaq DNA polymerase, and
2 uL DNA extract. PCR was performed for 35 cycles
(10 sec at 94°C for denaturation, 30 sec at 60°C for
annealing, and 1 min at 72°C for polymerization). The
PCR products (10 pL) were resolved electrophoretical-
ly using a 2.0% horizontal agarose gel in Tris-acetate-
EDTA buffer. The gel was stained with Midori Green
Advance Solution (Nippon Genetics, Ltd., Tokyo, Japan)
and visualized using a Gel Doc 2000 Documentation
System (Bio-Rad). The band sizes of the PCR products
were determined using an ExcelBand 100 bp DNA ladder
(COSMO BIO, Tokyo, Japan).

Sequence analysis of PCR products

Next, the identities of the representative PCR products
of E. coli TLR104 were verified via nucleotide sequence
analysis using the Big Dye Terminator v3.1 Cycle
Sequencing kit (Thermo Fisher Scientific K. K., Tokyo,
Japan).

Nucleotide sequence accession numbers

The identified nucleotide sequence of the astA4 gene of
E. coli TLR104 was deposited in the DNA Data Bank of
Japan (DDBJ, http://www.ddbj.nig.ac.jp/) under acces-
sion number LC834846.

RESULTS AND DISCUSSION

Determination of pharmaceutical concentrations
in the Tone River

Water samples were collected upstream (Site A), mid-
stream (Site B), and downstream (Site C) of the Tone
River. LVFX and CAM, which pose high environmen-
tal risks, were analyzed by LC-MS/MS after pretreat-
ment with solid-phase extraction. LVFX and CAM were
detected at concentrations of 2.2—-19.5 and 2.2-38.7
ng/L, respectively (Table 2). The concentrations at the
midstream and downstream sites were approximately
10 times higher than those at the upstream site. Because
carbamazepine, bezafibrate, and diphenhydramine were

Table 3. Numbers of bacteria at the Tone River sampling
sites.

Number of bacteria (CFU/mL)

Sampling site

Total viable bacteria E. coli
A 1.3 x10* 2.2
B 1.7 x10* 2.3
C 9.0 x 10° 0.8

CFU, colony forming unit.

also detected at concentrations similar to those of LVFX
and CAM, many pharmaceuticals, including antibacteri-
al agents, may exist in river water. We demonstrated the
antibacterial activity of the Tone River water extract using
a disk diffusion assay (Murahashi ez al., 2024), while oth-
er researchers have reported the presence of resistant
bacteria at concentrations much lower than their MICs
(Gullberg et al., 2011; Chow et al., 2021; Pereira et al.,
2023). These findings suggest that microorganisms may
acquire drug resistance in river water. We then inves-
tigated the presence of LVFX-resistant bacteria in Tone
River water.

Isolation of antibiotic-resistant E. coli strains

Viable bacterial counts from upstream to downstream
of the Tone River were approximately 104 CFU/mL, with
no significant variation observed across sites. E. coli
counts were below 3 CFU/mL at all sampling points,
indicating relatively low E. coli contamination (Table 3).
Based on these findings, LVFX-resistant £. coli strains
were isolated from sites B and C, and 10 colonies from
each site were randomly selected. The selected LVFX-
resistant E. coli strains exhibited brick-red colony mor-
phology on MacConkey agar plates and fluorescence in
AccuDia blue light broth. The strains were further iden-
tified using matrix-assisted laser desorption/ionization
time-of-flight MS with a MALDI Biotyper Smart (Bruker
Japan, Yokohama Japan). Despite the low concentration
of LVFX in the Tone River, LVFX-resistant E. coli strains
were isolated from both midstream (site B) and down-
stream (site C) sites.
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Table 4. Drug susceptibilities of the Escherichia coli strains identified in this study.

0.5 1

4= a5tA(100 bp)

. MIC (pg/mL)
E. coli strain
LVFX ABPC CAM CP TC
LR101 16 >128 64 8 1
LR104 0.5 8 64 >128 64
LR105 0.5 8 64 >128 64
LR108 0.5 8 64 >128 64
NBRC3972 0.016 2 64 8 0.5
MIC, minimum inhibitory concentration; LVFX, levofloxacin; ABPC, ampicillin; CAM, clarithromycin; CP, chloramphenicol; TC,
tetracycline.
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Fig. 2. Biofilm-forming abilities of the bacteria isolated from

the Tone River. 3972: Escherichia coli NBRC3972;
101: E. coli TLR101; 104: E. coli TLR104; 105: E.
coli TLR105; and 108: E. coli TLR108. Biofilm for-
mation assay results are represented as the mean +
standard error of the mean (SEM) of at least two in-
dependent experiments performed in quintuplicate for
each strain.

Antimicrobial resistance phenotypes of E. coli
isolates

Next, the antimicrobial susceptibility of the isolat-
ed LVFX-resistant E. coli strains was analyzed. Based
on the antibiotic sensitivity patterns, the following repre-
sentative strains from each sampling point were selected:
TLR101 and TLR104 (midstream isolates) and TLR105
and TLR108 (downstream isolates). These isolates exhib-
ited high resistance to LVFX (Table 4). In addition to
LVFX, TLR101 is highly resistant to ABPC, whereas
TLR104, TLR105, and TLR108 are highly resistant to
TC and CP. Gram-negative bacteria such as E. coli exhib-

Vol. 12 No. 2

Multiplex polymerase chain reaction analysis of the
bacteria isolated from the Tone River. Lanes 1 and 6:
DNA molecular size marker (100 bp ladder); Lane 2:
E. coli TLR101; Lane 3: E. coli TLR104; Lane 4: E.
coli TLR105; and Lane 5: E. coli TLR108. IC, internal
control (E. coli 165 rRNA gene).

Fig. 3.

it intrinsic resistance to CAM. The Multiple antibiotic
resistance (MAR) index of an individual isolate was cal-
culated by dividing the number of antibiotics to which
the isolate was resistant by the total number of antibiot-
ics it was exposed to (Krumperman, 1983). Four isolates
(MAR index > 0.2) were considered to have originated
from a highly contaminated source. Multidrug-resistant
E. coli strains were detected at different sampling points
in the midstream and downstream sites of the Tone River,
which are close to densely populated areas. These find-
ings were consistent with those reported by Hata et al.
(Hata et al., 2015).
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Biofilm-forming ability of multidrug-resistant E.
coli isolates

Biofilm-forming bacteria are up to 1000 times more
antibiotic-resistant than their planktonic counterparts
(Mah and O’Toole, 2001; Stewart and Costerton, 2001)
and are responsible for chronic or persistent infections
(Costerton et al., 1999). Biofilm formation is a cru-
cial aspect of pathogenicity that combines virulence and
antibiotic resistance (Davey and O’toole, 2000; Sauer et
al., 2002). Therefore, we investigated the biofilm-form-
ing ability of the four isolates. As shown in Fig. 2, the
mean optical density of E. coli NBRC3972 was 0.79 +
0.03. TLR104 (2.0 £ 0.03) and TLR108 (1.9 + 0.19) pro-
duced twice as much biofilm, whereas TLR101 (0.18 +
0.01) and TLR105 (0.29 £ 0.03) produced less biofilm
than NBRC3972. According to the criteria described by
Aguila-Arcos et al. (Aguila-Arcos et al., 2017), the iso-
lates and NBRC3972 were classified into three groups
based on their biofilm-forming abilities: non-biofilm-
forming (TLR101 and TLR105), weak biofilm-form-
ing (NBRC3972), and very strong biofilm-forming
(TLR104 and TLR108) isolates. These results revealed
that TLR104 and TLR108 exhibited very high biofilm-
forming abilities, indicating that they may pose a threat
to public health.

Detection of pathogenesis gene from multidrug-
resistant E. coli isolates

The four isolates were subjected to one-step multiplex
PCR, and the following virulence genes were detected:
eaeA and bfpA from EPEC, invE and ipaH from EIEC,
stx1 and stx2 from EHEC, elt and sth from ETEC, aggR
from EAEC, and ast4 from EASTEC. IC (E. coli 16S
rRNA gene) was also used for all analyzed isolates. As
shown in Fig. 3, the ast4 gene product of 100 bp was
detected in TLR104, and DNA sequence analysis con-
firmed this amplified PCR product. ast4 encodes enter-
oaggregative E. coli heat-stable enterotoxin 1 (EAST1),
one of the main pathogenic factors in diarrheagenic E.
coli (Nataro and Kaper, 1998). Although the diarrheagen-
ic potential of EAST1 remains unknown, food poison-
ing outbreaks caused by E. coli strains possessing only
the ast4 gene have been reported in various Japanese cit-
ies, including Osaka, Hiroshima, Himeji, and Yashio in
Saitama Prefecture (IASR, 2015, 2019, 2022). Addition-
ally, virulence genes (eaed in EPEC, invE in EIEC, stx/
and stx2 in EHEC, elt and est in ETEC, aggR in EAEC,
and /ysP in E. alberii) were analyzed using a commer-
cial Cica Geneus Pathogenesis Gene Detection PCR
Kit (Kanto Kagaku, Tokyo, Japan); however, none were
detected in the isolates.

Our data indicated that the residual amount of LVFX
at the midstream and downstream sites of the Tone
River was approximately 20 ng/L, and the number of E.
coli was low (approximately 2 CFU/mL). The detected E.
coli strains, including diarrheagenic E. coli carrying astA,
were multidrug-resistant and had high biofilm-forming
abilities.

In conclusion, this study demonstrated the presence of
multidrug-resistant pathogenic E. coli strains in the Tone
River. River ecosystems and human and animal health are
significantly affected by pathogenic and multidrug-resist-
ant E. coli strains. The excessive use of broad-spectrum
antibiotics in human and veterinary medicine for live-
stock management has contributed to the emergence of
antibiotic resistance. Future studies should investigate
LVFX resistance mechanisms in E. coli isolates to under-
stand better the prevalence of antibiotic-resistant micro-
organisms in the Tone River ecosystem. Assessment and
control of antibiotic resistance are important for the pres-
ervation of river ecosystems.

ACKNOWLEDGMENTS

This study was conducted under the Cooperative
Research Program of the Network Joint Research Center
for Materials and Devices (MEXT).

Conflict of interest---- The authors declare that there is
no conflict of interest.

REFERENCES

Aguila-Arcos, S., Alvarez-Rodriguez, 1., Garaiyurrebaso, O.,
Garbisu, C., Grohmann, E. and Alkorta, I. (2017): Biofilm-form-
ing clinical Staphylococcus isolates harbor horizontal transfer
and antibiotic resistance genes. Front. Microbiol., 8, 2018.

Boerlin, P., Travis, R., Gyles, C.L., Reid-Smith, R., Janecko, N.,
Lim, H., Nicholson, V., McEwen, S.A., Friendship, R. and
Archambault, M. (2005): Antimicrobial resistance and virulence
genes of Escherichia coli isolates from swine in Ontario. Appl.
Environ. Microbiol., 71, 6753-6761.

Bukh, A.S., Schenheyder, H.C., Emmersen, J.M., Sggaard, M.,
Bastholm, S. and Roslev, P. (2009): Escherichia coli phylogenet-
ic groups are associated with site of infection and level of anti-
biotic resistance in community-acquired bacteraemia: a 10 year
population-based study in Denmark. J. Antimicrob. Chemother.,
64, 163-168.

CDC (2019): Antibiotic Resistance Threats Report.

Chen, B., Zheng, W., Yu, Y., Huang, W., Zheng, S., Zhang, Y.,
Guan, X., Zhuang, Y., Chen, N. and Topp, E. (2011): Class 1
integrons, selected virulence genes, and antibiotic resistance
in Escherichia coli isolates from the Minjiang River, Fujian
Province, China. Appl. Environ. Microbiol., 77, 148-155.

Chow, L.K., Ghaly, T.M. and Gillings, M.R. (2021): A survey of
sub-inhibitory concentrations of antibiotics in the environment.

Vol. 12 No. 2



48

T. Murahashi et al.

J. Environ. Sci. (China), 99, 21-27.

Costerton, J.W., Stewart, P.S. and Greenberg, E.P. (1999): Bacterial
biofilms: a common cause of persistent infections. Science, 284,
1318-1322.

Davey, M.E. and O’toole, G.A. (2000): Microbial biofilms: from
ecology to molecular genetics. Microbiol. Mol. Biol. Rev., 64,
847-867.

Furuno, J.P., Hebden, J.N., Standiford, H.C., Perencevich, E.N.,
Miller, R.R., Moore, A.C., Strauss, S.M. and Harris, A.D.
(2008): Prevalence of methicillin-resistant Staphylococcus
aureus and Acinetobacter baumannii in a long-term acute care
facility. Am. J. Infect. Control, 36, 468-471.

Gullberg, E., Cao, S., Berg, O.G., Ilbidck, C., Sandegren, L.,
Hughes, D. and Andersson, D.I. (2011): Selection of resistant
bacteria at very low antibiotic concentrations. PLoS Pathog., 7,
€1002158.

Hata, A., Sekine, K. and Fujitani, N. (2015): Multidrug-resistant
Enterobacteriaceae strains in the Tone River, Japan. Int. J. Biol.
Sci., 3, 47-57.

Hegde, A., Ballal, M. and Shenoy, S. (2012): Detection of diar-
rheagenic Escherichia coli by multiplex PCR. Indian J. Med.
Microbiol., 30, 279-284.

IASR. (2015): Infectious Agents Surveillance Report., 36, 89-90.

TASR. (2019): Infectious Agents Surveillance Report., 40, 220-221.

TIASR. (2022): Infectious Agents Surveillance Report., 43, 117-118.

Kaper, J.B., Nataro, J.P. and Mobley, H.L. (2004): Pathogenic
Escherichia coli. Nat. Rev. Microbiol., 2, 123-140.

Korzeniewska, E., Korzeniewska, A. and Harnisz, M. (2013): Anti-
biotic resistant Escherichia coli in hospital and municipal sew-
age and their emission to the environment. Ecotoxicol. Environ.
Saf., 91, 96-102.

Kostyla, C., Bain, R., Cronk, R. and Bartram, J. (2015): Season-
al variation of fecal contamination in drinking water sources in
developing countries: a systematic review. Sci. Total Environ.,
514, 333-343.

Krumperman, P.H. (1983): Multiple antibiotic resistance indexing
of Escherichia coli to identify high-risk sources of fecal contam-
ination of foods. Appl. Environ. Microbiol., 46, 165-170.

Mabh, T.F. and O’Toole, G.A. (2001): Mechanisms of biofilm resist-
ance to antimicrobial agents. Trends Microbiol., 9, 34-39.

Murahashi, T., Yamagishi, J., Igarashi, T., Kawai, M., Yamasaki, S.,
Nishino, K. and Higuchi, T. (2024): Evaluation of pharmaceuti-
cal concentrations and antimicrobial activity in river water from
the Tone River system in Gunma Prefecture, Japan. Fundam.
Toxicol. Sci., 11, 149-157.

Nataro, J.P. and Kaper, J.B. (1998): Diarrheagenic Escherichia coli.
Clin. Microbiol. Rev., 11, 142-201.

Ohmura-Hoshino, M., Miyaki, Y. and Yashima, S. (2022): A one-
step multiplex PCR-based assay for simultaneous detection and
classification of virulence factors to identify five diarrheagenic
E. coli pathotypes. Heliyon, 8, e10231.

O’Toole, G.A. (2011): Microtiter dish biofilm formation assay. J.
Vis. Exp., (Video), http://www.jove.com/details.php?id=2437.

Pereira, A., Santos, A., Tacdo, M., Alves, A., Henriques, 1. and

Vol. 12 No. 2

Correia, A. (2013): Genetic diversity and antimicrobial resist-
ance of Escherichia coli from Tagus estuary (Portugal). Sci.
Total Environ., 461-462, 65-71.

Pereira, C., Warsi, O.M. and Andersson, D.I. (2023): Pervasive
selection for clinically relevant resistance and media adaptive
mutations at very low antibiotic concentration. Mol. Biol. Evol.,
40, msad010.

Pharm, TDM., Ziora, ZM. and Blaskovich, MAT. (2019): 10, 1719-
1739.

Ramirez Castillo, F.Y., Avelar Gonzélez, F.J., Garneau, P., Marquez
Diaz, F., Guerrero Barrera, A.L. and Harel, J. (2013): Pres-
ence of multi-drug resistant pathogenic Escherichia coli in the
San Pedro River located in the State of Aguascalientes, Mexico.
Front. Microbiol., 4, 147.

Sauer, K., Camper, A.K., Ehrlich, G.D., Costerton, J.W. and Davies,
D.G. (2002): Pseudomonas aeruginosa displays multiple pheno-
types during development as a biofilm. J. Bacteriol., 184, 1140-
1154.

Schroeder, M., Brooks, B.D. and Brooks, A.E. (2017): The complex
relationship between vilulence and antibiotic resistance. Genes
(Basel), 8, 39.

Stewart, P.S. and Costerton, J.W. (2001): Antibiotic resistance of
bacteria in biofilms. Lancet, 358, 135-138.

Van Acker, H., Van Dijck, P. and Coenye, T. (2014): Molecular
mechanisms of antimicrobial tolerance and resistance in bacteri-
al and fungal biofilms. Trends Microbiol., 22, 326-333.

Wakushima, M., Wang, L., Hidaka, A., Fujihara, S., Nakajima,
R., Shi, J. and Nishikawa, Y. (2010): A tupical diarrheagen-
ic Escherichia coli, Partl, Enteroaggregative E. coli heat-sta-
ble toxin 1 (EAST1) gene possessing E. coli. Seikatsu Eisei, 54,
271-284.

Wayne, P. (2023): Clinical and Laboratory Standard Institute
(CLSI). Performance standards for antimicrobial susceptibility
testing, 33" ed., Pennsylvania.

World Health Organization. (2019): WHO list of critically impor-
tant antimicrobials for human medicine. https//apps.who.int/iris/
handle/10665/325036.

Yandag, M., Tsend-Ayush, A., Gunregjav, N., Erdenebayar, O.,
Byambadorj, B., Juniichiro, N. and Jav, S. (2023): Detection
and antibiotic resistance of diarrheagenic Escherichia coli from
patients with diarrhea in Ulaanbaatar, Mongolia. J. Infect. Dev.
Ctries., 17, 202-209.

Zhou, Z., Ogasawara, J., Nishikawa, Y., Seto, Y., Helander, A., Hase,
A., Iritani, N., Nakamura, H., Arikawa, K., Kai, A., Kamata,
Y., Hoshi, H. and Haruki, K. (2002): An outbreak of gastro-
enteritis in Osaka, Japan due to Escherichia coli serogroup
0166:H15 that had a coding gene for enteroaggregative E. coli
heat-stable enterotoxin 1 (EAST1). Epidemiol. Infect., 128, 363-
371.

Zurfluh, K., Abgottspon, H., Héchler, H., Niiesch-Inderbinen, M.
and Stephan, R. (2014): Quinolone resistance mechanisms
among extended-spectrum beta-lactamase (ESBL) producing
Escherichia coli isolated from rivers and lakes in Switzerland.
PLoS One, 9, ¢95864.



