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Abstract: The increasing antimicrobial resistance (AMR) of pathogens is a significant threat to human
and animal health, but it is also an environmental challenge for water resources. The present study
aimed to quantify heterotrophic bacteria resistant to five groups of antibiotics (ABs) in a selected
Yantra River stretch (including its tributary, the Belitsa River); to assess AMR prevalence among
Enterobacteriaceae; and to assess the impact of urban effluents or rural runoff on AMR prevalence along
the river course at eight sampling points. Culture-dependent methods were used in a population-
based study of total AMR and for AB susceptibility testing of Enterobacteriaceae isolates. The data
reveal significant differences in AMR dissemination and a lower (up to 10%) proportion of different
types of antibiotic-resistant bacteria (ARB) in the Yantra River water compared to the Belitsa River
(up to 20%). The incidence of resistant Enterobacteriaceae isolates was in the range of 1% to gentamicin
to 36% to ampicillin, including multidrug resistance of 19%, and different AMR patterns of isolates
from each river. The prevalence of AMR among aquatic bacteria highlights the need for adequate
waste water treatment and for management, monitoring and control of treatment processes to limit
anthropogenic pressure through discharge of untreated or incompletely treated waste water and to
ensure the ecological well-being of receiving waters.

Keywords: antimicrobial resistance; heterotrophic bacteria; surface water; waste water; Enterobacteriaceae;
E. coli; antibiotics

1. Introduction

Antibiotics are important and widely used pharmaceuticals for treatment of infectious
diseases in human and veterinary medicine. In treatment, antibiotic substances are not
completely eliminated, and their residuals or metabolites that might retain their antibiotic
activity on leaving an organism enter sewerage or receiving water resources [1-4]. There
are data that show that the excretion of beta-lactams, quinolones, tetracyclines, phenicols
and trimethoprim exceeds half of the administered dose, and around 19% of a ciprofloxacin
dose is excreted as active metabolites [4]. Contamination of surface water with ABs was
detected in concentrations varying from nanograms to micrograms per liter depending
on usage intensity, chemical stability, waste water (WW) treatment effectiveness for AB
removal, etc. [5-7]. The most often detected ABs in water environments belong to the
groups of penicillins, tetracyclines, macrolides and fluoroquinolones [6,8]. In surface
waters of EU countries, AB content varied from 0.0006 to 0.548 nug/L: only clarithromycin
and sulfamethoxazole were found in concentrations above 0.1 ug/L; 16 ABs had a mean
concentration of <0.01 ug/L; and 17 had concentrations in the range of 0.01-0.06 ug/L [4].
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Contamination risk for water resources was the reason that clarithromycin, azithromycin
and erythromycin were included in the Watch List of Potentially Dangerous Compounds of
the European Frame Water Directive 2000/60/EC in 2015 and ciprofloxacin and amoxicillin
were added in 2018 [4,9].

The overuse of ABs, often misused or ineffective, as well as their application for
prophylaxis or growth stimulation in animal breeding, has led to the acquisition and
dissemination of AMR among target pathogens, and increasing AMR is considered as one
of the main threats to human and animal health. Despite linking the problem primarily to
clinical pathogens, there is increasing evidence for interrelation between increasing AMR
and anthropogenic impact on water resources [1,10-12]. AMR hotspots have been found in
water environments that are subjected to anthropogenic pressure [6,13,14]. Water resources
are considered an important reservoir of ABs, ARB and antibiotic-resistant genes (ARGs),
which facilitates the exchange of ARGs between pathogenic and non-pathogenic bacteria
and helps AMR expansion in the environment [12,14].

The dissemination of ABs, ARB and ARGs in inland surface water is due to its role
as the receiver of WW with various levels of treatment and runoff from agricultural land,
farms or septic pits [15-18]. Conventional WW treatment is insufficiently effective to re-
move ABs, ARB and ARGs, and as a result, these pollutants enter water resources. In this
way, the so-called urban water cycle (which includes water supply, sewerage and WW
treatment) facilitates the spread of ABs, ARB and ARGs and participates in the potential
transmission routes of AMR from water to humans and vice versa [12,14]. It is well known
that discharged effluents and non-point pollution sources take part in the transportation
of bacteria in water resources and assist dissemination of ARB and ARGs [1,7,19-21]. Nu-
merous comparative studies on the microbiome upstream and downstream from WW
discharge points have showed a significant increase in ARB populations and changes in
AMR patterns. For example, urban WW discharge into the Arga River has increased tetra-
cycline and beta-lactam resistance of Enterobacteriaceae and tetracycline and co-trimoxazole
resistance of Aeromonas spp. [1]. A similar effect of WW discharge has been reported for
Enterobacteriaceae isolates from the Dambovita River [22]. An AMR survey of the Danube
River found increased E. coli resistance along the river [23,24]. Published data on the
evidenced resistance to “last instance” ABs raise a concern: phenotypes for the production
of extended-spectrum beta-lactamases (ESBLs) and carbapenemases have been detected
among E. coli, Enterobacter spp. and Klebsiella spp. isolated from fresh water [24-26].

Most investigations into AMR in water environments have been focused on bacteria
of fecal origin, because of their indicator value for fecal pollution and pathogens-associated
health risk, and for transmission routes from humans to water and vice versa [18,21,27].
Due to the low density of E. coli and coliform population in freshwater habitats compared
to heterotrophic plate count (HPC) bacteria, considerable scientific interest has also been
addressed to investigating the AMR of autochthonous aquatic bacteria (such as Aeromonas,
Acinetobacter, Pseudomonas, etc.), which, because of their abundance, play important an role
in AMR dissemination [16,28].

Different culture-based approaches are used to study the prevalence of AMR in aquatic
communities: quantification of cultivable resistant bacteria in the presence of a selective
AB agent or direct assessment of total AMR to multiple antibiotics using the disk diffusion
method. The first allows quantification of the bacteria resistant to a specific AB, as well as
subsequent isolation, identification and testing of AB sensitivity of the bacterial isolates,
including multiple AB resistance (MAR) [17,28-32]. Using this approach of dosing an AB
to a culture medium, Ash et al. (2002) quantified and isolated ampicillin-resistant bacteria
from freshwater samples of 16 U.S. rivers and measured their resistance to beta-lactam
and non-beta-lactam ABs [28]. Kim et al. (2015) examined taxonomic diversity and AMR
of penicillin- or tetracycline-resistant isolates from four major freshwater bodies of Korea
and determined Aeromonas and Pseudomonas to be major penicillin-resistant genera [29].
Ayandiran et al. (2014) evaluated the population and AMR pattern of heterotrophic bacteria
in water and sediments of a heavy-metal-polluted Nigerian river [32].



Processes 2023, 11, 2792

30f23

The second culture-based approach of a direct AB susceptibility assay of a water
sample microbiome makes it possible to assess the occurrence of resistance to a particular
AB in at least one strain present in a water sample and, in that way, MAR manifestation in an
aquatic community [16,33]. Using this direct AMR assay, Moore et al. (2010) determined the
diversity of total AMR of waterborne bacteria in 11 Irish rivers and established a mean MAR
to 3.7 major AB classes, with diminishing antibacterial effectiveness of aminoglycosides >
fluoroquinolones > glycopeptides > macrolides > tetracyclines > beta-lactams [33].

Despite the importance of water resources as a receiver, reservoir and source of ABs,
ARB and ARGs, no data on AMR dissemination in Bulgarian surface water are available.
Although there are no regulations concerning the admissible values of AB, ARB and ARG
content in natural water, the potential health and ecological risks for acquisition and
dissemination of AMR through water give rise to a need for information of the AMR
prevalence of water resources in Bulgaria. Because of this reason, the present study address
a culture-based assessment of resistance to widely used ABs among the aquatic microbiome
of a selected Bulgarian river, in a river stretch subjected to heavy anthropogenic impact.
The object of the study was a stretch of the Yantra River, flowing through the urban territory
of Veliko Tarnovo and its surroundings, including its tributary, the Belitsa River. It is
known that here the river body is contaminated with untreated effluents or through diffuse
pollution from small settlements without a sewage system or from agricultural activities, as
well as with some of the untreated WW from the town of Veliko Tarnovo that is discharged
because of insufficient capacity of the municipal waste water treatment plant (WWTP). In
the WWTP, waste water is subjected to biological treatment with activated sludge, and it is
disinfected only in the event of an epidemic threat.

The aims of our study are: (a) to quantify heterotrophic bacteria resistant to five
AB groups in the selected river stretch; (b) to assess the prevalence of AMR among
Enterobacteriaceae isolates; and (c) to evaluate the impact of urban effluents or rural runoff
on the AMR of aquatic bacterial communities along the river course.

The obtained results will provide an opportunity to fill gaps in knowledge about
the AMR of Bulgarian river water, even for a small river section; to assess the effect of
untreated or conventionally treated waste water discharges and to clarify the importance of
surface runoff from less urbanized areas, including unsewered settlements, on the spread
of AMR among riverine bacteria; and to assess whether the analyzed culture-depended
parameters (population proportion of resistant heterotrophic bacteria and incidence of
resistant Enterobacteriaceae) can indicate changes in the river water quality.

2. Materials and Methods
2.1. Description of the Studied River Section

The Yantra River is a right tributary of the Danube River flowing in at 536 km. The
study was carried out in a river section beginning in the village of Shemshevo and covering
its passage through the urban territory of Veliko Tarnovo and ending at the village of
Samovodene (Figure 1). The examined section also includes the confluence of the Belitsa
River, a right tributary of the Yantra River, studied on its lower course starting outside the
town of Debelets and following its passage through the town until its confluence with the
Yantra River, as well as the inflow of the Dryanovska River into the Belitsa River on the
outskirts of the city.

In the selected section, the river passes through agricultural territories, small settle-
ments without sewage networks (as in the villages of Shemshevo and Samovodene) or those
with sewage but without WW treatment (as in the town of Debelets, with 3900 inhabitants)
and the medium-sized town of Veliko Tarnovo (about 74,000 inhabitants), which treats
some effluents in the municipal WWTP. The ecological status of the Yantra River stretch
is affected directly by the discharged untreated domestic or mixed WW and indirectly by
surface runoff from agricultural land (including agriculture, livestock and poultry) and
seepage from septic tanks into groundwater. Environmental release of contaminated water
can also occur during combined sewer overflow events.
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Figure 1. Map (a) and scheme (b) of the studied Yantra River stretch and its tributary in the urban

A Sampling point at the Belitsa river

* Sampling point at the Yantra river

@ Wastewater treatment plant, WWTP
[T] Location of the town of Veliko Tarnovo

area of the town of Veliko Tarnovo, including the river water sampling points.

2.2. River Water Sampling Points

Eight water sampling points (SPs) from the Yantra River and the Belitsa River (Table 1)
were selected to assess the current state of the water body and the influence of river
tributaries and point sources of pollution, such as untreated WW discharge. SP 1 was
chosen to reflect the state of the river in a rural area about 2 km before its passage through
the town of Veliko Tarnovo. SPs 2, 3 and 4 allow tracing the state of the Yantra River as it
passes through the urban territory of Veliko Tarnovo and the potential influence of diffuse
and point sources of fecal pollution, because some of the domestic and industrial WW of
the town is discharged untreated into the Yantra River. In the same way, the sewage of
the town of Debelets discharges into the Belitsa River. Two SPs were chosen to provide an
opportunity to evaluate the influence of discharged untreated waste water: SP 2 on the
Yantra River and SP 7 on the Belitsa River. Selection of SPs 2, 3 and 8 allows comparison of
the water quality of both rivers and assessment of the effect of the Belitsa River confluence
on the Yantra River.

Water samples were collected during all seasons of 2019 and two times in 2020.
A volume of 250 mL water was taken in duplicate from a given SP following EN ISO
19458:2006 [34].
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Table 1. River water sampling points (SPs).

SPs No. Description of the Sampling Points

1 Yantra River upstream from the territory of the town of Veliko Tarnovo—bridge in the village of Shemshevo; right bank
(43.075976, 25.550696)

2 Yantra River before the confluence of the Belitsa River and downstream from discharge of sewerage water (80 L/s) from
western urban industrial zone—bridge at ZZU plant; left bank (43.061276, 25.594128)

3 Yantra River after the confluence of the Belitsa River—bridge in Cholakovtsi residential quarter of the town of Veliko
Tarnovo, upstream from effluent discharges (30 L/s and 40 L/s); left bank (43.061739, 25.603784)

4 Yantra River in the outskirts of the town, after prolonged river meandering through the urban territory of
V. Turnovo—bridge in Asenevtsi urban residential quarter; left bank (43.085281, 25.649081)

5 Yantra River downstream from the urban territory of Veliko Tarnovo, about 9.3 km after the inflow of treated WW from
the municipal WWTP—bridge at Samovodene village; right bank (43.136811, 25.613601)

6 Belitsa River upstream from the urban territory of Debelets—south bridge on the Hainboaz Pass Motorway; right bank
(43.034664, 25.628161)

- Belitsa River in the urban area of the town of Debelets, downstream from the inflow of untreated WW; right bank
(43.047289, 25.615540)

8 Belitsa River after confluence of the Dryanovska River—north bridge in the outskirts of Debelets; left bank

(43.049500, 25.607300)

2.3. Enumeration of Total Cultivable Heterotrophic Bacteria and Antibiotic-Resistant Bacteria

The number of culturable heterotrophic bacteria in river water was analyzed by surface
spreading of a certain volume of the sample and its decimal dilutions on R2A agar (HiMedia
Laboratories Pvt. Ltd., Mumbai, India) that was AB-free or supplemented with a given AB.
Incubation was for 7 days at a temperature of 25 °C. Each water sample was analyzed for
enumeration of total HPC bacteria (on an AB-free medium) and bacteria resistance to each
individual AB (on an AB-dosed medium). Based on the obtained HPC data pairs (each
measured as CFU/mL), the percentage ratio of bacteria resistant to the individual ABs was
calculated.

The HPC bacteria resistant to five AB substances from different classes were enumer-
ated: beta-lactams (ampicillin, AMP—32 mg L~1); tetracyclines (tetracycline hydrochloride,
TE—8 mg L), phenicols (chloramphenicol, C—16 mg L1y, quinolones (ciprofloxacin hy-
drochloride monohydrate, CIP—4 mg L~!); and antifolates (sulphamethoxazole,
Sul—256 mg L~1!) (HiMedia Laboratories Pvt. Ltd., Mumbai, India).

2.4. Enumeration and Isolation of E. coli and Coliforms

The samples of river water were analyzed for enumeration of E. coli and coliform
bacteria in accordance with EN ISO 9803-1:2014 [35]. Analyses were carried out by the
method of membrane filtration and consecutive incubation of the membrane filters on the
selective culture media lactose TTC agar with tergitol® (Merck KGaA, Darmstadt, Germany)
at 35 °C for 24 h. Typical colonies of lactose-fermenting bacteria were isolated—at least
10, or all of the colonies on the membrane filter in the case that there were fewer than
10. After the colonies had been sub-cultured on soybean casein digest agar (HiMedia
Laboratories Pvt. Ltd., Mumbai, India) and cultivated, they were tested for oxidase and
indole production; all the oxidase-negative colonies that produced indole were counted as
presumptive E. coli, while the ones that did not produce indole were counted as coliform
bacteria. The pure bacteria cultures were stored at —20 °C.

2.5. Biochemical Identification of Enterobacteriaceae Isolates

Isolates of fecal indicator bacteria were identified biochemically by the ENTEROtest
24N MICROLATEST® test (Erba Lachema s.r.0., Brno, Czech Republic). The resulting
ID score indicates the extent to which the taxon can be distinguished from other taxa.
The strain can be distinguished perfectly when ID > 99%, or very well at ID > 95%, and
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cannot be sufficiently distinguished without additional tests at ID < 90%. The strains were
considered to be identifiable at ID > 90%.

2.6. Determination of Antibiotic-Resistance Pattern of Bacterial Isolates

Antimicrobial susceptibility of isolates from the Enterobacteriaceae family was evaluated
by the disk diffusion method. Thirteen ABs from six classes were tested: seven beta-lactams
(AMP 10 pg—ampicillin; AMC 20/10 pg—amoxicillin/ clavulanic acid; CX 30 pg—cefoxitin;
CTX 30 pg—cefotaxime; CTR 30 pg—ceftriaxone; CPM 30 ug—cefepime; and IPM 10 pg—
imipenem); two aminoglycosides (S 10 pg—streptomycin and GEN 10 pug—gentamicin);
quinolones (CIP 5 ng—ciprofloxacin); antifolates (COT 1.25/23.75 pg—trimethoprim/sul-
famethoxazole and co-trimoxazole); tetracycline, TE 30 ug; and chloramphenicol, C 30 pg.

The tested strain was inoculated on the surface of Mueller Hinton agar (HiMedia,
Mumbai, India) as a calibrated suspension (0.5 MacFarland). Disks with the tested ABs
(HiMedia, Mumbai, India) were placed on the surface of the inoculated agar. After 18 h
of incubation at 35 °C, the inhibition zone diameter around each AB disk was measured
(in mm). The strains were classified as S—sensitive, R—resistant or [—susceptible with
increased exposure [36,37]. According to EUCAST, AMR to at least one AB from at least
three different classes was defined as MAR.

2.7. Statistical Analysis of the Data

One-way analysis of variance (ANOVA) was performed to assess the significance
of differences between the sampling locations on the percentage of bacteria resistant to
individual ABs as the dependent variable and sampling location as the factor. p < 0.05 was
considered statistically significant. The Pearson correlation coefficient was calculated to
find out whether there was a linear association between bacteriological parameters of water
(HPC, E. coli and coliforms) and dissemination of resistance to different ABs.

3. Results
3.1. Microbiological Characteristics of River Water

According to the EU Water Framework Directive 2000/60/EC, the ecological status of
the Yantra River and the Belitsa River in terms of physico-chemical and biological quality
elements and specific pollutants has been assessed as ‘moderate’ (due to the increased
values of nitrite and total nitrogen, orthophosphates and total phosphorus) and ‘good” for
priority substances (such as pesticides, polycyclic aromatic hydrocarbons, etc.) [38]; how-
ever, no microbiological parameters were included in the water environmental assessment.
Our results are not consistent with a ‘moderate” ecological quality of river water, because
of the high numbers of fecal indicators and HPC bacteria determined at all river water SPs
(Table 2).

Table 2. Microbiological characteristics of the Yantra River and the Belitsa River water.

op HPC *, Range of HPC E. coli, Rang'e of E. coli Coliforms, Rar‘lge of
s No. CFU/mL (Min-Max) CFU/100 mL (Min-Max) CFU/100 mL C({hforms
(Total 1, 69) (Total n, 61) CFU/100 mL (Total n, 61) (Min-Max)

1 92419 x 10* 3.8 x 10%-1.5 x 10° 29422 x 10? 6.3 x 101-9.0 x 10? 3.7 + 2.3 x 10? 9.8 x 101-9.0 x 10?

2 1.5+ 0.4 x 10° 1.0 x 10°-2.0 x 10° 3.3+3.0 x 10* 4.5 x 10°-7.0 x 10* 53 +53 x 10° 9.3 x 10%-2.0 x 10°

3 1.5+ 0.6 x 10° 1.3 x 10*-3.5 x 10° 4.7 +£4.6 x 10* 2.3 x 10%-2.4 x 10° 5.8 +£4.7 x 10* 3.4 x 10%-2.4 x 10°

4 7.9+ 4.7 x 10* 3.0 x 103-1.9 x 10° 5.0 424 x 10° 9.0 x 10%-1.0 x 10* 6.9 +3.1 x 10° 1.3 x 103-1.3 x 10*

5 9.54+9.7 x 10* 8.7 x 10>-3.0 x 10° 9.7 +7.8 x 10° 2.9 x 103-2.0 x 10* 1.24+0.8 x 10* 4.7 x 103-2.0 x 10*

6 3.7 +3.4 x 10* 8.0 x 103-1.0 x 10° 2.6+ 15 x 10° 6.0 x 10>-8.4 x 10° 33423 x 10° 6.0 x 10>-1.3 x 10*

7 1.8+ 1.4 x 10° 4.8 x 10*-3.9 x 10° 3.6 +28 x 10° 3.0 x 10%-7.8 x 10° 40+ 34 x 10° 3.0 x 10%-9.3 x 10°

8 2.7 £5.0 x 10* 5.9 x 10°-9.8 x 10* 1.7 £0.7 x 10* 1.4 x 10*-2.4 x 10* 21+14 x 10* 1.5 x 10*-3.4 x 10*

* HPC, E. coli and coliform data are presented as a mean value £ confidence interval.
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According to the only regulation of microbiological water quality, Directive 2006/7 /EC
concerning bathing water quality [39], the water in seven out of eight SPs of the Yantra River
and the Belitsa River failed the requirements of 1000 CFU/100 mL for the number of E. coli,
and the water quality had to be classified as “poor’. If the water quality is interpreted accord-
ing to the five-category microbiologically based classification of Kirschner et al. (2009) [40],
the E. coli pollution of the Yantra River water is: moderate (>10% to 103 CFU/100 mL) only
at SP 1; critical (>10° to 10* CFU/100 mL) at SPs 4, 5 and 6; strong (>10* to 10° CFU /100 mL)
predominantly at SPs 2, 3 and 8; and excessive (>10° CFU/100 mL) at SP 7.

The present data reveal significant fluctuations in the number of HPC and fecal indica-
tors between the individual SPs over the river course, due to the different contamination
rates of water in the particular river sections by effluent discharge or water runoff from un-
sewered settlements, agricultural land and pastures, and farms. The fecal bacteria burden
was the lowest at SP 1 of the Yantra River and increased by up to 2 logs at SPs 2 and 3. The
same trend of E. coli or coliform increase was found for the Belitsa River, with the highest
values in the samples from SP 7.

The lowest number of HPC bacteria was detected in the water sampled from SPs 6 and
8 of the Belitsa River, while the lowest number of HPC bacteria from the Yantra River were
in the samples from SPs 1 and 4. However, the water at SP 1 did not differ significantly
(p <0.05) in HPCs from SPs 2, 3 and 4 in the urban territory, in contrast to significant
differences in the content of fecal bacteria. Where the Yantra River passes through the
territory of the town of Veliko Tarnovo, the population of HPC bacteria increased at SPs 2
and 3 and then decreased at SP 4. A similar water quality change was found during the
passage of the Belitsa River through the territory of the town of Debelets.

If the HPC data are interpreted according to the classification system used by Kavka
& Poetsh (2002) [41], the number of HPC bacteria as an indicator for organic pollution
of surface water demonstrates a critical organic pollution level (>10* to 10° CFU/mL)
at five SPs (respectively, SPs 1, 4, 5, 6 and 8) or strong organic pollution level (>10° to
7.5 x 10° CFU/mL) at SPs 2, 3 and 7.

Although the water at SPs with the highest number of HPCs (SPs 2, 3 and 7) also
contained the highest number of E. coli or coliforms, the relationship between both variables
is weak. Weak positive correlations between HPC and E. coli numbers (r = 0.47) or HPC
and total coliforms (r = 0.53) were found. The lack of significant correlations is probably
due to the different fecal/organic loads from the discharged effluents or the diffuse agri-
cultural or urban runoff along the river course. For example, the groundwater from two
captured fountains in the ‘old’ city (the area located close to SP 4) had an E. coli content of
1.7 £ 0.3 x 10° CFU/100 mL and 1.4 4 0.7 x 10> CFU/100 mL, indicating that the surface
runoff is a possible diffuse source of pollution of the river body, although negligible changes
were found in the E. coli content of the river water. Underground water containing a low
number of E. coli in a capture fountain located close to SP 3 (2 £ 1 CFU/100 mL) showed a
minor effect of the surface runoff on the river body, unlike the impact of sewage discharge
on the Belitsa River inflow.

3.2. Prevalence of Antibiotic-Resistant Bacteria in the River Water

AMR data of heterotrophic bacteria in the Yantra River and Belitsa River water are
presented in Table 3, according to sampling point. In all SPs, the population proportion of
bacteria resistant to tetracycline was the lowest, followed by sulfamethoxazole (in five out
of eight SPs), while the prevalence of bacteria resistant to the other tested ABs varied.

AMR data on the aquatic microbiome of the Yantra River and its tributary, the Belitsa
River, show significant quantitative differences between the populations of bacteria resistant
to the examined ABs. In general, the Belitsa River water is distinguished by a higher
proportion of bacteria resistant to ampicillin, ciprofloxacin and chloramphenicol, but a
lower proportion of sulfamethoxazole-resistant bacteria compared to the Yantra River.
In the Yantra River water, the population proportion of the different types of ARB was
lower than 10% (with a few exceptions). The share of ciprofloxacin-, chloramphenicol- and
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ampicillin-resistant bacteria at the SPs along the Belitsa River had permanently high values
(up to 20%), while at the SPs along the Yantra River, significant population dynamics of
these ARB types were observed. In the waters of the Belitsa River, after the confluence of
the Dryanovska River, the highest level of ARB was recorded at SP 8 for the entire studied
section of the Yantra River.

Table 3. Percentage of heterotrophic bacteria resistant to individual antibiotics in the river water of
the selected sampling points.

Heterotrophic Bacteria Resistant to Individual ABs, %

Sampling Point No.
AMP TE C CIP Sul

1 3.4(42) 0.7 (0.5) 42 (2.3) 2.6 (2.1) 0.6 (0.7)

2 16.5 (12.4) 3.4(0.9) 9.9 (4.2) 14.1 (7.8) 7.8 (3.8)

3 9.8 (5.0) 2.5 (1.9) 9.8 (2.8) 9.7 (4.6) 12.3 (8.6)

4 37(2.1) 1.6 (1.7) 43 (3.9) 2.1(12) 2.4 (14)

5 43(1.7) 3.3 (2.0) 7.3 (3.8) 42(17) 62(2.7)

6 8.4 (4.1) 2.0 (1.7) 10.2 (7.0) 19.5 (8.1) 0.5 (0.6)

7 10.3 (8.6) 32(1.6) 11.1 (10.6) 13.6 (10.0) 53 (5.7)

8 21.8 (15.0) 5.1 (4.5) 16.7 (10.1) 30.0 (15.0) 6.5 (7.8)
(SP\S{alntjaSﬁVf’g,Z) 7.4 (7.0) 2.1 (1.8) 7.3 (4.0) 6.0 (5.5) 6.9 (72)
Belitsa River 12.5 (9.8) 3.0 (2.2) 12.3 (8.1) 20.1 (11.3) 3.8 (5.7)

(SP 6 = 8;n=16)

In brackets—standard deviation; Water sampling points at the studied Yantra River stretch: 1—upstream from
the urban territory of Veliko Tarnovo; 2—in the urban territory, after passing through the western industrial area
and sewage inflow; 3—in the urban territory, after the confluence of the Belitsa River; 4—at the outskirts of the
town, after prolonged river meandering through the urban area; 5—downstream, several kilometers after the
discharge of treated effluent from the municipal WWTP; Water sampling points at the Belitsa River: 6—upstream
from the urban territory of Debelets; 7—in the urban area of Debelets after sewage inflow; 8—downstream from
the town of Debelets and the inflow of the Dryanovska River. Antibiotics: AMP—ampicillin; CIP—ciprofloxacin;
C—chloramphenicol; TE—tetracycline; Sul—sulfamethoxazole.

The differing abundance of bacteria resistant to the examined ABs in each river
section seems to reflect the different urbanization levels and anthropogenic impact on the
surrounding watershed areas. Upstream from the urban territory of Veliko Tarnovo (at SP
1), the lowest levels of HPC bacteria resistant to individual ABs were established. Compared
to SP 1, the abundance of bacteria resistant to all tested ABs significantly increased (p < 0.05)
at SPs 2 and 3 when the river crossed through the town. The increased populations of
different types of ARB at SP 2 confirm the impact of untreated effluents coming from the
west industrial urban zone, while changes in the ARB populations at SP 3 manifest the
confluence of the Belitsa River. A decrease in the populations of various ARB types was
found at SP 4, which indicates the absence of other significant pollution sources where
the Yantra River meanders through the territory of the ‘old” town of V. Tarnovo, although
surface runoff could have an influence due to the higher AMR level of HPC bacteria in
underground water than the river water at SP 4. The AMR level of HPC bacteria in the
underground water of a captured fountain in the ‘old” town was 31.8 & 21.2% to ampicillin;
5.8 & 3.0% to tetracycline; and 13.5 £ 3.3% to ciprofloxacin. Expectations of a higher
proportion of ARB at SP 5 than at SP 4, resulting from WW discharge from the municipal
WWTP downstream from SP 4, were met—a slight, but statistically significant increase
(p <0.05) in the ARB populations was detected at SP 5, except for ampicillin-resistant
bacteria.

Apart from the population abundance of bacteria resistant to the selected ABs, the
river water at the individual SPs also differs in the type of predominant ARB. At SPs 1, 4
and 5 on the Yantra River, chloramphenicol-resistant bacteria were predominant, while
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at SP 2, ampicillin- and ciprofloxacin-resistant bacteria were predominant. At SP 3, the
populations of bacteria resistant to individual ABs were similar in abundance, except for
tetracycline-resistant bacteria. At all SPs on the Belitsa River, resistance to ciprofloxacin was
the highest. These differences in AMR prevalence between the SPs located on each river
could be related to the differently composed effluents discharged from the urban areas and
runoff from agricultural land, in addition to seepage from septic tanks in the rural areas.
Fluctuations in the number of bacteria resistant to the individual ABs in the water from
a single sampling location could be related to seasonal dynamics of the total number of
HPCs in such a river type with non-constant annual water flow, as well as to the changing
characteristics of pollution sources related to the morbidity of the population or farmed
animals.

The two examined river sections differ in the population ratio of total HPC bacteria
and those resistant to particular ABs. For the Yantra River microbiome, the results show a
significant correlation between the bacterial resistance to a specific AB and the total number
of HPC bacteria: r = 0.89 for bacteria resistant to AMP; r = 0.94 for those resistant to C;
r = 0.95 for CIP-resistant ones; and r = 0.84 for those resistant to Sul. For the Belitsa River, a
weak correlation was found between the different types of ARB and total number of HPC
bacteria (r = —0.52), with the exception of CIP (r = —0.87). Data for the Yantra River water
show that an increase in the number of HPC bacteria leads to an increase in the population
proportion of those resistant to the various ABs, while a weak inverse dependence was
established for the SPs of the Belitsa River.

Summarized AMR data for both river stretches reveal:

- the lowest rate of different ARB in the upstream river section outside the urban
territory of Veliko Tarnovo (SP 1), especially of tetracycline- and sulfamethoxazole-
resistant bacteria;

- raised dissemination of different types of ARB in the Yantra River in the urban territory
of Veliko Tarnovo in comparison with the less urbanized area near SP 1, with the
lowest value for tetracycline-resistant bacteria and a similar abundance of the other
types of ARB;

- abroader spread of ARB in the Belitsa River stretch compared to the Yantra River, so
the confluence of the Belitsa River together with effluents discharged contribute to the
increasing AMR to all ABs, except sulfamethoxazole, in the main water body.

While in the Yantra River stretch, located in a more highly urbanized territory of the
town of Veliko Tarnovo, the increase in the AMR of heterotrophic bacteria seems to be more
strongly influenced by the discharge of untreated WW, in the less urbanized section of the
Belitsa River, in which, apart from sewage discharge, there is significant diffuse pollution
from agricultural activities, the spread of AMR seems to be more strongly influenced by the
features of the surrounding territories than by the urbanization level. Data showing a higher
proportion of bacteria resistant to ampicillin (48.2 &= 20.8%) or tetracycline (7.4 £ 2.4%)
in the waste water influent near to SP 7 support the observed increase in the AMR of
HPC bacteria in the river water from SP 7 as a result of their discharge, while the close
values for bacteria resistant to ciprofloxacin (19.2 £ 2.8%), sulfamethoxazole (9.8 £ 2.2%)
or chloramphenicol (6.3 £ 2.4%) suggest a greater contribution of diffuse pollution from
adjacent territories than effluents (unpublished data).

3.3. AMR Phenotype of Enterobacteriaceae Isolated from River Water

In total, 138 Enterobacteriaceae strains were isolated and identified to species or genus
level and their AMR phenotype was assessed (Figure 2; Table 4). AMR data are presented
as a percentage ratio of the number of isolates resistant to each individual AB to the total
tested strain number.

The most common resistance among Enterobacteriaceae isolates was to the ‘old” ABs—
ampicillin (36%), tetracycline (25%) and co-trimoxazole (16%). The lowest resistance was
determined to be to gentamicin (1%) and cefepime (4%), a fourth-generation cephalosporin.
All isolates were susceptible to imipenem. If the AMR data are interpreted according to the
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criteria for clinical isolates of ECDC, a high prevalence level (from 25 to <50%) is detected
against AMP and TE; a medium level (10 to <25%) is detected against ABs from three
classes; a low level (5 to <10%) is also detected to three AB classes; and a very low level
(1 to <5%) is detected to CPM and GEN.

40%
35%
30% -
25% -
20%
15% -

10%
I 1 1l
0% l

AMP AMC CTX CTR (’P‘I Cx IP‘II (‘IP C (‘()T(‘l\

Resistant bacteria, %

Antibiotics

Figure 2. AMR phenotype of Enterobacteriaceae isolates from water from the Yantra River and its tribu-
tary, the Belitsa River; tested antibiotics: AMP—ampicillin; AMC—amoxicillin/clavulanic acid; CTX—
cefotaxime; CTR—ceftriaxone; CPM—cefepime CX—cefoxitin; [IPM—imipenem; CIP—ciprofloxacin;
C—chloramphenicol; COT—co-trimoxazole; GEN—gentamicin; S—streptomycin; TE—tetracycline.

Table 4. AMR phenotype of the Enferobacteriaceae isolates from the Yantra River.

E. coli (n,114) Coliforms (n, 24)

Tested ABs R % L% R % L%
AMP 27 6 79 9
AMC 14 19 21 0
CTX 8 13 46 8
CTR 4 0 42 8
CPM 4 0 8 17
IPM 0 1 0 17
CX 5 4 17 0
CIp 7 6 4 46
C 10 1 0 0
coTt 9 0 50 0
GEN 2 0 0 0
S 17 24 0 4
TE 23 1 33 0
Sensitive 52 28 13 0
AMR 32 52 54 62
MAR3- 4 16 20 33 38

Sensitive—antibiotic susceptible isolates; AMR;,—isolates resistant to one or two classes of antibiotics;
MAR3;. s—multiple resistant isolates; tested antibiotics: AMP—ampicillin; AMC—amoxicillin/clavulanic acid;
CTX—cefotaxime; CTR—ceftriaxone; CPM—cefepime CX—cefoxitin; CIP—ciprofloxacin; C—chloramphenicol;
COT—co-trimoxazole; GEN—gentamicin; [IPM—imipenem; S—streptomycin; TE—tetracycline.

In this study, 114 of the isolates were identified as E. coli and 48% of those were
resistant to at least one AB (Table 4).
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The greatest resistant fractions were determined to be to AMP (27%), TE (23%) and
S (17%), and the lowest to GEN (2%), as well as a void of resistance to IPM. The E. coli
phenotypes demonstrated a high AMR prevalence solely against AMP; a medium level to
AMC, C, S and TE; and a low or very low level to the other tested ABs.

Unlike E. coli, 87% of the tested coliforms (r, 24) showed resistance to at least one AB.
Most of them were resistant to beta-lactams, including third-generation cephalosporins,
such as cefotaxime (46% of isolates) and ceftriaxone (42%), and fourth-generation cefepime
(8%). Half of the coliforms expressed a resistant phenotype to COT, and 33% were resistant
to TE, but all were susceptible to C, GEN and S and had low resistance to CIP. The intrinsic
resistance to AMP, AMC and CX contributes to a higher AMR of coliforms.

The MAR of the Enterobacteriaceae isolates was 19%, as 16% of E. coli strains (1, 18) and
33% (n, 8) of coliforms were multidrug-resistant. However, only among E. coli strains was
MAR to five or six AB classes detected (respectively, 4% and 2%) (Figure 3).

60% -

S 50% =S

g - AMR-1

z ° ® AMR-2

_§ 30% - MAR-3

4 = MAR-4

& 20% +

= ® MAR-5

© 10% - ® MAR-6
0% -

coliforms E. coli

Figure 3. AMR and MAR phenotype of the resistant Enterobacteriaceae isolates depending on the
number of AB classes with manifested resistance. S—sensitive; AMR; ,—resistance to one or two
classes of antibiotics; MARj3.. ¢—multiple antibiotic resistance.

Phenotypes of all multidrug-resistant strains are presented in Table 5. The MAR
phenotype of E. coli isolates predominantly included resistance to AMP (in 89% of all MAR
strains), TE and S (in 78%) and AMC and COT (in 56%). Four multiple-resistant E. coli
isolates from the Belitsa River (SPs 6 and 8) were potential producers of extended-spectrum
beta-lactamases (ESBLs).

Among the tested coliforms, only Klebsiella strains manifested an MAR phenotype,
while Enterobacter and Citrobacter isolates were resistant to one AB class. Multidrug-resistant
Klebsiella strains were isolated from SPs 2 and 3 of the Yantra River, unlike those of E. coli,
isolated mainly from the Belitsa River. Furthermore, all Klebsiella isolates were ESBL
producers exhibiting resistance to cephalosporins of the third generation as well as TE and
COT. Coliforms demonstrated resistance to cephalosporins more often than E. coli.

In order to distinguish the contribution of multidrug-resistant E. coli/coliform isolates
for the total AMR phenotype expressed to a particular AB, an MAR/AMR ratio was
calculated for E. coli or coliform isolates resistant to each individual AB (Table 6).

For E. coli isolates, the established MAR/AMR ratio for each tested AB had values
greater than 50% for TE and beta-lactams (except for CTX) and even higher values for
S, C, CIP and COT. This supposes that the incidence of multidrug-resistant E. coli has
a decisive contribution to the total exhibited AMR in the Yantra River water. Although
multidrug-resistant coliform isolates expressed resistance to only four AB classes, their
incidence was responsible for most of the total resistance to those ABs among the coliforms
tested, and their MAR/AMR ratios for the individual ABs ranged from 60 to 100% (except
for AMP). The obtained data reveal the significant contribution of the MAR strains to the
expressed AMR phenotype of Enterobacteriaceae isolated from the Yantra River water.
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Table 5. AMR phenotype of the multidrug-resistant Enterobacteriaceae isolates.

No. SPs No. Strain No. Biochemical Identification AMR Phenotype (R) MAR, n AB Groups
1 1 el20 E. coli AMC, CX, S, TE 3
2 1 el22 E. coli AMP, AMC, CIP, S, TE 4
3 2 el48 E. coli AMP, C, S, TE 4
4 4 e81 E. coli AMP, CIP, COT, C, GEN, S, TE 6
5 4 e82 E. coli AMP, AMC, COT, GEN 3
6 6 €26 E. coli Iég[TP/’ 5 ?é’ CTR, CPM, CX, 4
7 7 e2 E. coli AMP, AMC, CIP, COT, C, S
8 7 e31 E. coli AMP, CIP, COT, S 4
o s s E co AMP TR, CPM, CX, CP 6
10 8 €20 E. coli é‘ngP/’ é ]\7/{}? ,CTX, CX, CIF, 5
11 8 e2l E. coli AMP, AMC, C, S, TE 4
12 8 e22 E. coli AMP, AMC, S, TE 3
13 8 €23 E. coli AMP, AMC, C, TE 3
14 8 e24 E. coli AMP, AMC, COT, C, S, TE 5
15 8 e30 E. coli Iég[TP/’ é ]\7/{}? ,CTX, CX, CIF, 5
16 8 e31 E. coli CIP, S, TE 3
17 8 e33 E. coli AMP, CIP, COT, C, S, TE 6
18 8 e36 E. coli AMP, S, TE 3
19 2 c64 Klebsiella spp. AMP, CTX, COT, TE 3
20 2 c66 Klebsiella spp. AMP, CTX, CTR, COT, TE 3
21 2 c68 Klebsiella spp. AMP, CTR, COT, TE 3
22 2 c69 Klebsiella spp. AMP, CTX, COT, TE 3
23 3 c26 Klebsiella spp. AMP, CTX, CTR, CIP, COT, TE 4
24 3 c74 Klebsiella spp. AMP, CTX, CTR, COT, TE 3
25 3 75 Klebsiella spp. AMP, CTX, CTR, COT, TE 3
26 3 c78 Klebsiella spp. AMP, CTX, CTR, COT, TE 3

Tested antibiotics: AMP—ampicillin; AMC—amoxicillin/clavulanic acid; CTX—cefotaxime; CTR—ceftriaxone;
CPM—cefepime; CX—cefoxitin; C—chloramphenicol; CIP—ciprofloxacin; COT—co-trimoxazole; GEN—
gentamicin; [IPM—imipenem; S—streptomycin; TE—tetracycline.

3.4. AMR Prevalence Depending on the Sampling Point

Based on the AMR data, a comparison between the Enterobacteriaceae strains isolated
from the Yantra River and its tributary, the Belitsa River, was made (Figure 4a), as well as
between the isolates from two particular SPs, each one representative of the water body on
which it is located (Figure 4b).

Among the isolates from the Yantra River, a greater resistance to cephalosporins and
GEN was found, as opposed to the higher resistance to S, CIP, TE and C of those from the
Belitsa River. This trend was clearly demonstrated by comparing the AMR data of SP 3 (on
the Yantra River) with SP 8 (on the Belitsa River), despite the tributary inflow being taken
into account for the total AMR of the Yantra River at SP 3. So, the presented data show the
contribution of the Belitsa River tributary to AMR spreading among Enterobacteriaceae in
the Yantra River water.
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Table 6. Contribution of the MAR phenotypes for the total AMR to the individual antibiotics.

Number of Total N}lmber Ratio MAR/Total Number of MAR Total N}lmber Ratio
. of Resistant . . of Resistant MAR/Total

Tested AB MAR E. coli ) AMR of E. coli, Coliforms, R

E. coli Isolates, o Coliform AMR of

Isolates, n Yo n .
n Isolates, n Coliforms, %

AMP 16 31 52 8 19 42
AMC 9 16 56 0 5 0
CTX 3 33 7 11 64
CTR 2 4 50 6 10 60
CPM 2 50 0 2 0
CcX 5 83 0 4 0
TE 14 26 54 8 8 100
S 14 19 74 0 0 0
C 10 11 91 0 0 0
COoT 10 10 100 8 12 67
CIP 8 8 100 1 1 100
GEN 2 2 100 0 0 0
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Figure 4. Antibiotic-resistant phenotypes of Enterobacteriaceae strains isolated from the Yantra River
and its tributary, the Belitsa River (a), and, in particular, from their representative sampling points
(b) SP 3, localized on the Yantra River, and SP 8 on the Belitsa River.
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Significant spatial variations in the AMR level of Enterobacteriaceae isolates were ob-
served along the river where it passes through the urban territory of Veliko Tarnovo:
upstream (SP 1); inside (SPs 2, 3 and 4); and downstream from the urban area (SP 5). The
comparative data (Figure 5) demonstrate these AMR differences: at SP 1, resistance only to
AMC, CX, S and TE was found; at SP 3, there was an increased AMR to cephalosporins,
CIP and COT, under the combined effect of the tributary and sewerage effluents; at SP 4,
there were various changes in AMR levels, shown by an increased resistance to TE, C, COT,
GEN and C but decreased resistance to cephalosporins.

S 50%
£ 40%
g 30%
= 20% ®1(n,11)
g 10% 3 (n, 40)
E 0% 4 (n, 18)

Antibiotics

Figure 5. AMR phenotypes of Enterobacteriaceae strains isolated from the Yantra River passing through
the territory of the town of Veliko Tarnovo; SP 1—outside of the urban territory; SP 3—in the south-
west urban territory, after the inflow of the tributary of the Belitsa River and a waste water collector;
SP 4—after the meanders of the river as it passes through the city.

Similar changes in the level of AMP were found for the Belitsa River (Figure 6). At
SP 7, after passing through the urban area of Debelets, the proportion of bacteria resistant
to cephalosporins, CIP, COT, S and C increased compared to SP 6. The inflow of the
Dryanovska River upstream of SP 8 led to an even greater increase in the fraction of
bacteria resistant to TE, C and aminopenicillins.
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Figure 6. AMR phenotypes of Enterobacteriaceae isolates from the Belitsa River depending on the water
sampling point; SP 6—upstream of the urban territory of the town of Debelets; SP 7—in the urban
territory after the inflow of sewage water; SP 8—downstream from the town, after the confluence of
the Drynovska River.

The obtained data show changes experienced in the share of Enterobacteriaceae resistant
to the individual ABs along the river stretch, comprising the river passing through settle-
ments discharging sewage water, due to insufficient capacity of the WWTP (V.Tarnovo)
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or the absence of facilities for sewage treatment (Debelets). They reveal the impacts of
the urbanized territories on the spread of Enterobacteriaceae resistant to various ABs in the
studied river stretch through point and diffuse sources of organic and fecal water pollution.
The direct discharge of untreated waste water had a strong influence on the spreading
of resistant Enterobacteriaceae in the river water, as well as the combined effect of surface
runoff from unsewered settlement and agricultural activities, but there are insufficient data
to prioritize the urbanization impact or diffuse fecal contamination from the rural area for
AMR prevalence.

4. Discussion
4.1. Prevalence of AMR among Riverine Heterotrophic Bacteria

Our investigations of the AMR of riverine bacteria target ABs widely used for many
years in human and veterinary medicine, such as ampicillin, tetracycline and sulfamethox-
azole. Ampicillin is categorized as a high-priority, ‘critically important antimicrobial” (CIA)
by the World Health Organization (WHO), and sulfamethoxazole and tetracycline are
recognized as ‘highly important antimicrobials’. Fluoroquinolones and third-generation
cephalosporins are categorized as the highest-priority CIAs in human medicine [42]. AB
residuals, an emergent pollutant of water resources, can play the role of a driving force for
the selection of ARB and acquisition of AMR.

The present study assessed AMR prevalence in the water of the selected river sections
known to be under pressure from treated WW (in a WWTP without a tertiary stage),
untreated sewage or diffuse pollution from small settlements without sewage systems, or
runoff from agricultural activities and livestock husbandry, by quantifying the HPC bacteria
resistant to various ABs. Although our study did not analyze the content of antibiotic
residues or their metabolites in both river water and discharged waste water, the obtained
results reveal the contribution of water pollution sources to the spread of AMR among
riverine bacteria. The data established significant quantitative differences between the
Yantra River and its tributary, the Belitsa River, in bacteria resistant to the studied AB groups
related to the different levels of urbanization (comprising population size, construction of a
sewage system, construction of a WWTP and treatment efficiency, and economic activities)
in the respective catchment areas. The established spatial variations in the AMR of the
heterotrophic microbiome in the individual SPs of the examined river stretches demonstrate
the influence of the specific point and/or non-point sources of organic and fecal pollution.
In the water of the Yantra River, after it passes through rural areas with small settlements
without a sewerage system (SPs 1, 5 and 6), a lower AMR level of the aquatic community
was found compared to the more highly urbanized areas subjected to strong anthropogenic
impact (SPs 2, 3 and 7).

The quantitative relationships between the total number of HPC bacteria and the
incidence of the different types of ARB depended on the river stretch. For the Yantra River
microbiome, a significant correlation between the resistance to the individual ABs and the
total number of HPC bacteria was found, as opposed to a weak correlation for the Belitsa
River. A lack of correlation for the Belitsa River indicates that the increased proportion
of certain types of ARB in a given SP that suffered from effluent discharge was not solely
a result of direct water pollution. It can be assumed that the immediate surroundings of
a specific SP in the rural areas with a low degree of urbanization may have a stronger
influence on AMR spreading compared to direct WW pollution points in territories with
high levels of urbanization.

Differences in the predominant types of ARB depending on the sampling point also
clearly suggest the impact of the adjacent territory and water pollution by the human
activities performed there. This influence is best demonstrated by the population proportion
of ciprofloxacin-resistant bacteria, which had the greatest abundance in the Belitsa River
during its passage through a rural area with diffuse fecal pollution (SP 6) and pollution
from domestic and industrial effluents (SPs 7 and 8). In the Yantra River water at SPs 2
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and 3, which is subjected to similar pollution, an increased population share of bacteria
resistant to ciprofloxacin was also registered.

Ciprofloxacin and sulfamethoxazole are synthetic ABs that are absent in the environ-
ment, and their residuals in surface water can exert selective pressure on aquatic bacteria.
Despite the fact that in this study, specific sources of ciprofloxacin contamination of river
water have not been clarified, the increased proportion of bacteria resistant to this AB
suggests its presence and impact on aquatic communities. It is also interesting to note
that the share of sulfometaxazole-resistant bacteria in the Yantra River (SP 1) and Belitsa
River (SP 6) sections located in less urbanized rural areas was lower compared to SPs
located in the urban area of Veliko Tarnovo. Also, sulfamethoxazole-resistant bacteria in
the Belitsa River water were less abundant than in the Yantra River water. Because of that,
our study could continue to identify potential sources of contamination with these ABs,
such as poultry farms and livestock farms or food processing activities in the rural areas,
as well as tracking waste water pollution due to the use of ABs by the local population,
including the discharge of hospital waste water into the municipal sewerage.

In the Yantra River water, the population proportion of tetracycline-resistant bacte-
ria was the lowest, while the highest were those of bacteria resistant to ampicillin and
chloramphenicol. Our data on the low abundance of tetracycline-resistant bacteria are
consistent with the findings of Harnitz (2013) for a Polish river, in which the water was
found to contain tetracyclines [17]. The low level of tetracycline resistance is in line with
the observations of Kim et al. (2012) in four Korean freshwater bodies, in which the average
number of tetracycline-resistant bacteria was up to three orders of magnitude lower than
that of penicillin-resistant bacteria [29].

Assessing the prevalence of penicillin or ampicillin resistance in water environments,
numerous studies have found a high population proportion of beta-lactam-resistant bac-
teria [16,28,29]. In the Yantra River water, the proportion of ampicillin-resistant bacteria
was lower than 10% (with one exception), but in its tributary, the Belitsa River, values
up to 21.8% were registered. A broad range of ampicillin resistance has been detected in
a survey of sixteen US rivers, with considerable differences in the number of ampicillin-
resistant bacteria registered in the river bodies: in half of the sampling points, the resistant
fraction was in the range of 10 to 30%, but there were those in which it was lower than
10% or higher than 50% [28]. A high level of beta-lactam resistance, including to third-
generation cephalosporin, has been observed among opportunistic pathogens isolated
from heavy-metal-polluted rivers, co-selected with multiple resistance to copper, lead and
cadmium [30].

The obtained population data revealed different ascending orders of bacteria resistant
to the individual ABs for the studied river sections: for the Yantra River, the pattern was
TE < CIP < Sul/C/AMP, while for the Belitsa River, it was TE < Sul < C/AMP < CIP. This AMR
pattern agrees with the ascending degree of bacterial resistance to quinolones, phenicols
and beta-lactams established by Kim et al. (2015) for freshwater communities [29], but
some differences are found with the AMR ordering by Moore et al. (2010) [33].

Despite few data being available on the AMR of the freshwater microbiome and
different culture-based methods used, the researchers support the understanding that
the total AMR of native aquatic bacteria can be considered as an indicator of changes
in the water environment [16,17]. Our quantitative data on the different types of ARB
clearly indicate changes in the river water status related to ongoing organic and fecal
pollution in the specific catchment area or the different urbanization levels and human
impact. Although no quantitative relationships were inferred between the AMR prevalence
in the river water and the urbanization level of the adjacent territory, as was achieved by
Sanderson et al. (2018) and Honda et al. (2016) [19,43], our data well indicate the negative
anthropogenic impact on the microbiological status and AMR prevalence in the Yantra
River and Belitsa River.

The specific features of the water pollution sources, and the specific physico-chemical,
hydraulic and biological characteristics of the river body, contribute to significant spatial—
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temporal variations of the populations of the different types of ARB detected in the studied
river water. The seasonal variation in population of heterotrophic bacteria under the
conditions of a moderate continental climate, uneven annual water runoff of the studied
river (maximum in March-July and minimum in the period of August-October), as well as
the changing characteristics of pollution sources related to the morbidity of the population
or farmed animals, are the basis for fluctuations in the populations of different ARB types,
despite the fact that many other abiotic and biotic factors also could have an influence.

In our study we collected water samples from five sites on the main stream and
three sites on the tributary, but did not analyze the water pollution in detail, including
the amount of ABs. The detection of antibiotic residuals or their metabolites in surface
water is a difficult task, due to a cumulative effect in sediments, benthic biofilms and
aquatic organisms or hydraulic events such as flooding and sediment movement, but it is
important to establish the critical points of potential pollution by tracing the pathway of key
antibiotics in the water body. Because some components of the river body such as benthic
biofilms and sediments can facilitate the acquisition of AMR due to close cell-to-cell contact
and possibilities for horizontal gene transfer, our study could continue by analyzing river
water samples and also sediments and benthic biofilms to determine the content of ABs,
and the abundance of ARB and ARGs, and clarifying the relationship between pollutant
levels and the prevalence of AMR among aquatic bacteria.

Knowledge of the occurrence, concentration and fate of ARB, ARGs and related
antibiotics in surface water will contribute to a better understanding and management
of environmental hazards caused by these emergent pollutants. Although there are few
data, mainly reported for waste water [6,7,11], it would be important for the relationships
between AB content and the corresponding ARB and ARGs in river water bodies to
be clarified.

4.2. Prevalence of AMR among Enterobacteriaceae Isolates from the Yantra River Stretch

It was apparent from the investigations of the aquatic community that AMR was
widespread among environmental bacteria. To assess the specific contribution of humans
and animals to the spreading of ARB in a water environment, special attention was ad-
dressed to evaluating the antibiotic susceptibility of Enterobacteriaceae isolates.

Fecal pollution of water resources poses significant risks to human and animal health
since numerous pathogens are often associated with feces. E. coli and fecal coliforms are
human and animal commensals that enter water resources through untreated effluents,
treated waste water or surface runoff from rural areas and agricultural land. Some species
are pathogenic, and as a result of common habitats with other pathogens or ARB in living
organisms or in the WW treatment process, they can acquire resistance to various ABs. The
increased content of Enterobacteriaceae in fecal polluted river water suggests the possibility
of a raised AMR incidence in their population, as well as in the entire aquatic community
due to the opportunity for horizontal gene transfer. Concentrations of E. coli and total
coliforms in the Yantra River water were generally high, indicating that the studied river
stretch experienced high levels of microbial pollution as a result of the river passing through
settlements discharging untreated or incompletely treated sewage water, as well as through
rural areas with diffuse fecal contamination. In the slightly polluted water from SP 1, the
E. coli content was two orders of magnitude lower than in the water from SPs 2 and 3, and
the difference between SP 6 and SP 7 was in the same range (Table 2). However, weak
positive correlations between HPC and E. coli numbers (1 = 0.47) or HPC and total coliforms
(r = 0.53) in the water were found. The E. coli content of the river water at SPs 1, 4, 5 and
6 comprised below 0.1% of the HPC population, but had higher values at SPs 2, 3 and 8
(0.2-0.6%) with a maximum at SP 7 (2%).

The obtained AMR data underline changes in the incidence of Enterobacteriaceae re-
sistant to the tested ABs along the river stretch. Study of the AB susceptibility of Enter-
obactericeae isolates found considerable incidence of AMR, including MAR; spatial vari-
ations in AMR in the examined river stretch; a higher AMR rate in isolates from the
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Belitsa River than the Yantra River; and ranking of AMR incidence in the following order:
quinolones/amphenicols/aminoglycosides < beta-lactams < antifolates < tetracyclines.

Not surprisingly, the study found the highest resistance of Enterobacteriaceae to ampi-
cillin (36%), despite the fact that a beta-lactam resistance of 12.5% was determined on the
basis of the seven tested beta-lactam ABs. A similar level of ampicillin resistance of E. coli
isolates has been reported for the largest EU river, the Danube River—33.3% [23], and 32%
for a Korean river [44], but there is evidence of a wider ampicillin resistance range—from
24.3% found for a Spanish river [1], 43.6% [31], 55.17% [22] to the highest value of 86.6% in
a Chinese river [45].

Despite the different rates of ESBL resistance reported for a number of European
and Asian rivers [19,26,45], a small fraction of Enterobacteriaceae isolates from the studied
river stretch turned out to be resistant to third- and fourth-generation cephalosporins. The
observed low Enterobacteriaceae resistance to cefepime and susceptibility to imipenem is of
particular importance due to their status as “last resort” ABs. However, some of the isolated
MAR strains were potential ESBL producers—four E. coli strains and eight Klebsiella spp.
The AMR level to cefoxitin as an indicator of plasmid AmpC-mediated resistance was low
as well.

Our data on the Yantra River water reveal that the Enterobacteriaceae resistance was
generally high to the older and more commonly used ABs. The incidence of tetracycline-
resistant Enterobacteriaceae was high, despite the broad range of tetracycline resistances
reported for other rivers—from low [1,23] to high abundance values [15,19,44,45]. The
high rate of streptomycin resistance found in the Yantra River was in compliance with
other findings [19,45], while resistance to gentamicin, the other tested aminoglycoside, was
very rare.

A comparison of the resistance phenotypes of E. coli isolates from the Yantra River
water with WHO/ECDC data on clinical isolates or isolates from swine feces and lagoons
in animal breeding found a much lower level of AMR among riverine bacteria [46]. Accord-
ing to the WHO/ECDC report Antimicrobial resistance surveillance in Europe 2020, the
percentage of invasive E. coli isolates with resistant phenotype in Bulgaria had a population-
weighted mean value of 54.6% for AMP, 14.9% to third-generation cephalosporin, 23.8%
to fluoroquinolones, 10.2% to aminoglycosides and 0.2% to carbapenems [46]. A study on
the AMR profile of E. coli isolates from swine feces and lagoons in Bulgaria to ABs used
in animal husbandry found high AMR prevalence (between 50% and 75%) to amoxicillin,
ampicillin, tetracycline and chloramphenicol, and between 25% and 50% to co-trimoxazole,
doxycycline and nalidixic acid [47].

The MAR level of Enterobacteriaceae isolated from the Yantra River was 19%. The
multidrug-resistant E. coli isolates expressed resistance to up to five or six classes of ABs,
predominantly to AMP, TE, S and COT. Coliforms were multi-resistant to up to four AB
classes, but the MAR incidence contributed to the majority of the total AMR to these ABs.
The calculated MAR/AMR ratios of the tested E. coli or coliforms reveal the significant
contribution of the MAR strains to the manifested AMR phenotype of Enterobacteriaceae
isolates. Multidrug-resistant Klebsiella strains were isolated from the fecal polluted water of
SPs 2 and 3 of the Yantra River, while those of E. coli were mainly isolated from SP 8 of the
Belitsa River. The MAR incidence among the tested Enterobacteriaceae isolates was higher
than the values reported for the Arga River (5.5%) or the Danube River (9.7% of the isolated
E. coli and 2.2% of Klebsiella spp.) [1,23,24], but lower compared with the MAR value of
48.6% for isolates from the Mur River [48] or 77.9% for those from the Ave River [15].

Our AMR data established changes in the incidence of Enterobacteriaceae resistant to the
individual ABs along the Yantra River, as a result of the river’s passage through urbanized
areas with direct sewage discharge or rural areas with predominantly diffuse fecal pollution.
In the rural areas (SPs 1, 5 and 6), despite the agricultural activities and sewage absence,
lower AMR levels were detected among the tested Enterobacteriaceae strains, as well as
sensitivity to GEN, CIP and C and a rare incidence of MAR. At SPs 3, 7 and 8, an increase in
the different resistant phenotypes was found under the impact of inflowing sewage water
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or polluted river tributaries. The Belitsa River inflow contributed to the increased incidence
of resistant Enterobacteriaceae at SP 3 of the Yantra River, but it is important to note that their
incidence remained lower compared to SP 8.

No apparent relationship was found between the level of fecal pollution of the river
water and the AMR pattern of the Enterobacteriaceae strains. For the Yantra River, the
correlation between AMR pattern and the number of Enterobacteriaceae was significant
only for CTX (r = 0.85), CTR (r = 0.86) and COT (r = 0.86). For the Belitsa River, negative
correlations were found for CTR and CPM (r = —0.92) and positive ones for CIP (r = 0.90),
COT (r=0.98) and S (r = 0.84). The discharged effluents probably contributed to a significant
increase in the proportion of antibiotic-resistant Enterobacteriaceae in the river water, but
the lack of direct correlation dependence for the entire river section and separately for the
Yantra and Belitsa River stretches is probably related to a high incidence of E. coli strains
susceptible to ABs in the waste water.

The data on the spatial AMR variations of Enterobacteriaceae isolates depending on
SP are consistent with the already discussed data on the prevalence of AMR among HPC
bacteria. In the SPs where untreated waste water was directly discharged, an AMR increase
in both parameters—HPC bacteria and Enterobacteriaceae—was demonstrated. Therefore,
the quantitative data, such as the percentage of the different types of resistant HPC bacteria
or resistant Enterobacteriaceae strains, indicate well the AMR changes in the river microbiome
suffered under the anthropogenic pressure of urban effluents or the complex water pollution
from point and diffuse fecal sources. Determining the contribution of specific sources of
pollution to AMR dissemination along the river course will enable the prioritization of
measures needed for the limitation of AMR spreading among the river microbiome.

5. Conclusions

To the best of our knowledge, our study is the first to assess the prevalence of AMR
among heterotrophic bacteria and Enterobacteriaceae in Bulgarian river water. Thus, AMR
studies of Bulgarian surface water have begun, which also provides an opportunity to
enrich the published data on this issue.

Our study determined the AMR level of riverine heterotrophic bacteria and fecal
indicators of the Enterobacteriaceae family in a selected section of the Yantra River basin
and confirmed the influence of existing (and still neutralized) sources of organic and
fecal pollution on increased AMR. Quantitative data on the percentage of HPC bacteria
and Enterobacteriaceae resistant to selected ABs describe well AMR changes of the river
microbiome under anthropogenic pressure. Owing to the obtained AMR data, the impact of
particular pollution sources was spatially differentiated along the river course. Established
differences between the Yantra River and its tributary, the Belitsa River, in terms of the
population proportion of HPC bacteria resistant to the studied ABs as well as the AMR
incidence and AMR pattern of Enterobacteriaceae confirm the influence of pollution sources
with specific characteristics. The total AMR of aquatic bacteria and AMR prevalence among
Enterobacteriaceae can be considered as indicators of water quality changes in a particular
river catchment area being caused by some kind of organic and fecal pollution or different
levels of urbanization and various human activities. Both parameters indicate the negative
anthropogenic impact on the microbiological status and AMR prevalence in the Yantra
River and the Belitsa River, but although we cannot track the contribution of individual
pollution sources within mixed (point and diffuse) fecal water pollution, monitoring of
these indicators is particularly important in the context of the water cycle and sustainable
management of water resources.

Our data on the prevalence of AMR among autochthonous aquatic bacteria and
allochthonous Enterobacteriaceae highlight the need for adequate waste water treatment and
for management, monitoring and control of treatment processes to limit anthropogenic
pressures through discharge of untreated or incompletely treated waste water and to ensure
the ecological well-being of receiving water bodies. Thus, prioritizing the problems caused
by various sources of river water pollution and solving them will help to limit AMR



Processes 2023, 11, 2792

20 of 23

dissemination and reduce the ecological hazard to water resources and the potential health
risk for the population of adjacent territories.
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AB Antibiotic

AMC Amoxicillin/clavulanic acid

AMP Ampicillin

AMR Antimicrobial resistance

ANOVA  One-way analysis of variance

ARB Antibiotic-resistant bacteria

ARG Antibiotic resistance gene

C Chloramphenicol

CIA Critically important antimicrobial

CIP Ciprofloxacin

CFU Colony form unit

CLSI Clinical and Laboratory Standards Institute
COT Co-trimoxazole (trimethoprim/sulfamethoxazole)
CTR Ceftriaxone

CTX Cefotaxime

CPM Cefepime

CX Cefoxitin

ECDC European Centre for Disease Prevention and Control
EU European Union

EUCAST  European Committee on Antimicrobial Susceptibility Testing
GEN Gentamycin

HPC Heterotrophic plate count

PM Imipenem

MAR Multiple antibiotic resistance

P Probability

r Pearson correlation coefficient

S Streptomycin

SPs Sampling points

Sul Sulfamethoxazole

TE Tetracycline

WHO World Health Organization

WW Waste water

WWTP Waste water treatment plant
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