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Abstract: (1) Background: The uncontrolled increase in pollutants in the aquatic environment results
in antibiotic-resistant bacteria and antibiotic resistance genes (ARBs and ARGs). The overuse and
misuse of antibiotics is also a crucial factor for public health. (2) Methods: In this study, the presence
of ARBs and the presence of 24 resistance genes from eight different classes of antibiotics were
evaluated in addition to performing statistical correlations and intercorrelations. Samples of water
and sediment were collected from a river in central-western Brazil, responsible for supplying water
to more than 3 million people. Physicochemical analyses were performed on the water samples,
as well as methodological approaches based on culture and molecular biology, such as real-time
polymerase chain reaction (qPCR). (3) Results: The results of the analysis of apparent color, turbidity,
thermotolerant coliforms and E. coli were not in accordance with Brazilian legislation. A total of
203 bacterial strains were isolated, of which 30.54% were from the Entero-bacteriaceae family and
29.06% from the Staphylococcaceae family. For the ARBs found, a higher prevalence of resistance to
lyconsamides and β-lactams was detected. Among all isolated strains, a multi-drug resistance profile
of 59.37% was found. The presence of ARGs was detected in all water and sediment samples; of the
24 genes searched, the presence of 22 was found, and the sul2 and ermC genes were detected in all
samples. According to the statistical analysis, the Meia Ponte River is suffering a great anthropogenic
impact, and the current Brazilian legislation is not sufficient to prevent it. This water environment is
serving as a reservoir of resistance genes, and measures such as monitoring, depollution, management
and preservation must be taken, so that the population does not suffer great damage. (4) Conclusions:
This is the first study in the State of Goiás, Brazil, to indicate the existence of ARGs in samples of raw
water and river sediments, supporting the worldwide investigation of ARBs and ARGs in a water
environment. In addition, few studies address the correlations between the ARBs and ARGs groups,
which is an important factor in the field of antimicrobial resistance.

Keywords: ARGs; ARBs; emerging contaminants; surface water; multi-resistant bacteria; aquatic
environment

1. Introduction

Water is essential for the continuation of living beings on earth, being an indispensable
work of art. With the increase in population and the development of civilizations (economic,
technological and demographic development), the quality of water had deteriorated, and
its scarcity had increased, mainly in surface water [1–3]. Water quality is among the main
concerns around the world; in 2019, water crisis was among the greatest global risks. In
2021, water crisis added to the crises of natural resources and environmental damage. To
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improve water quality for future generations, more research and monitoring of the world’s
watersheds is essential [4,5].

Emerging pollutants or contaminants of emerging concern degrade water quality,
which is not included in routine monitoring programs; they cause adverse effects on human
and ecological health [6,7]. The NORMAN network (Reference laboratory network, research
centers and related organizations for monitoring emerging environmental substances) cites
approximately 900 compounds as emerging pollutants [8]. Among these substances are
antibiotic-resistant bacteria (ARBs) and antibiotic resistance genes (ARGs), which are
considered as the emerging contaminants in the aquatic environment, making it not only
an environmental problem but also a public health problem [9–13].

Antibiotics are used in human and animal health, serving as growth factors and in
food producers. Their extensive use contributes to the emergence and spread of ARBs and
ARGs. Poorly metabolized antibiotics are released into the aquatic environment by human
and animal excreta. Antibiotics can be released into the aquatic environment through
sewage treatment plants, untreated sewage, hospital waste, wastewater, agricultural and
hospital effluents, surface runoff or atmospheric deposition, causing selective pressures
on the aquatic bacterial community when they are at sub-lethal or residual dosages in
the aquatic environment. Antibiotics can also cause spontaneous mutations (intrinsic
resistance) promoting ARBs and ARGs. When ARBs are present in water, they can undergo
horizontal gene transfer (acquired resistance to antimicrobials) to other bacteria and vice
versa. Another cause of the increase in ARBs and ARGs is cross-resistance caused by
selective agents, such as disinfectants, detergents or metals, which can also affect antibiotic
resistance [9,12–15].

The ARBs and ARGs can come into contact again with the entire environment that
surrounds them, inserting themselves in the food chains and human beings who use the
water source for drinking, or recreation, swimming or water sports [16]. In this way, the
aquatic environment serves as a reservoir and spread of antibiotic resistance [15,17].

Compared to the hospital and clinical areas, the investigation and research of oc-
currences and types of resistance to antimicrobials in freshwater is limited [18], and this
topic has been forgotten in the environmental sphere [15]. Monitoring and surveillance
approach, along with future research, can be based on culture-dependent (ARBs) and
culture-independent methods (antibiotics, ARGs and genetic materials), which are consid-
ered a good strategy to identify antimicrobial resistance in the aquatic environment. It is
necessary to analyze the amount and type of resistance found to assess the risks to human
health [19,20].

In Brazil, 82% of municipalities discharge their sewage and wastewater into rivers,
increasing the risks of the presence of antibiotics, ARBs and ARGs, and there are few
studies that assess these in their aquatic matrices [21]. Given the above, the objectives
of this study were: (1) to determine the status, prevalence and abundance of ARB, ARG
and multi-resistance in samples from a river in central-western Brazil; (2) to verify the
physicochemical and microbiological parameters related to quality; and (3) to evaluate the
correlation and inter-relationships among the parameters analyzed in this study. Thus, this
study will contribute to indicating whether this aquatic environment serves as a reservoir
for ARGs. This contribution will aid in new public policies being implemented in relation
to the presence of these emerging contaminants, since the State of Goiás (the object of the
study) does not have related legislation.

2. Materials and Methods
2.1. Study Area

The Meia Ponte River is located in the State of Goiás, central-western Brazil. Its area
corresponds to approximately 4% of the total area of the state. It is estimated that in 2019,
the population that used the basin numbered 3,356,708 inhabitants, and approximately
48% of this population used this system for public water supply. The drainage area of this
basin is 14,521.8 km2. Its source is located in Serra dos Brandões in the municipality of
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Itauçu, and it flows into the Paranaíba river in the municipality of Cachoeira Dourada. This
basin belongs to the Cerrado biome, characteristic of tropical savannah, where the seasons
are quite distinct, i.e., a dry season (May–September) and a rainy season (October–April).
The use of land belonging to the Meia Ponte River is divided into 51.90% for agriculture
and pasture, 22.9% for natural vegetation (preservation), 20.60% for crops, 3.40% for urban
areas, 0.8% for water bodies and 0.40% for forestry [22–27].

The Meia Ponte River is classified in accordance with the CONAMA Resolution
(National Council for the Environment), the current Brazilian legislation, as a class 2
freshwater river, which is intended for the protection of aquatic communities, the supply for
human consumption, after conventional or advanced treatment, for irrigation of vegetables,
fruit plants and parks, gardens, sports and leisure fields, with which the public may
come into direct contact, for primary contact recreation and for aquaculture and fishing
activity [28,29].

Figure 1 illustrates the four water and sediment sampling sites located in the Meia
Ponte River. Figure S1 shows the photographs of the sampling points. The sites have the
characteristics of MP01 located in the municipality of Bela vista de Goiás, near the source
of the river (mixed composition area, rural and urban), MP02 located in the municipality of
Senador Canedo (urban composition area), and MP03 and MP04 located in state capital,
Goiânia (urban area). These sampling points were chosen to mainly characterize the
metropolitan macro-region of Goiânia (downstream of the river), where the four sampling
points represent the aquatic environment under study. It was thus possible to cover the
entire basin and its area of greater degradation.
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2.2. Sample Collection

The protocol for collecting and preserving water and sediment samples until the time
of analysis was in accordance with the National Guide for the collection and preservation of
samples. Water, sediment, aquatic communities and liquid effluents [30] were also collected
from three liters of raw surface water (separated into specific bottles, each bottle being
designated for analysis according to the guide). Collection was carried out up to 30–50 cm
from the margin at a depth of 0–30 cm from the water depth. The sediments collected
consisted of approximately 500 g of surface sediment (composed of 1/2 the right bank and
1/2 the left bank) up to 0–10 cm in depth. The samples were refrigerated at 4 ◦C until
processing, which occurred within 24 h after collection. The collections were carried out in
two rounds: December 2018 (rainy season) and August 2019 (dry season).

2.3. Physicochemical Analysis of Water

The physicochemical analyses (pH, turbidity, apparent color, electrical conductivity,
nitrate, chloride) of the surface water samples were carried out according to the standard
methods for the examination of water and wastewater [31]. The dissolved oxygen analyses
followed the recommendations of the Brazilian Association of Technical Standards [32].
All analyses were conducted in triplicate. The pHs were measured on a bench pH meter
(microprocessed) MPA-210 (analytical method 4500-H+). Turbidities were measured using
the Ap200 turbidimeter device—PoliControl Analytical Instruments (analytical method
2130B). The apparent color of the samples was measured using the Aquacolor Multi I
Colorimeter (analytical method 2120C).

The electrical conductivities were measured on a microprocessed bench-top conductiv-
ity meter—HMCDB-150 (2510B). Nitrate analyses were performed on the DR6000 UV-VIS
Spectrophotometer (analytical method 4500-NO3-)–Hach Be RightTM, Colorado, EUA.
Chloride analyses were performed by iodometry (analytical method 450-Cl-). The mea-
surement of hardness in the samples was carried out using the titrimetric EDTA method
(analytical method 2340C). The dissolved oxygen of surface water samples was measured
by permanganometry in an acid medium (analytical method NBR 10.739).

2.4. Culture-Dependent Method
2.4.1. Thermotolerant Coliforms and Escherichia Coli Count

The most probable number (MPN) method or multiple-tube technique was applied
to quantify thermotolerant coliforms and Escherichia coli in surface water samples from
the Meia Ponte River, according to the analytical method 9010 APHA, 2018, and Ref [33]
with modifications.

Water samples were analyzed in three steps: a presumptive test (presence/quantitation
of total coliforms), a confirmatory test (presence/quantification of thermotolerant coliforms)
and a conclusive test (presence/quantitation of E. coli). Five series with five tubes containing
double-strength lactose broth (2× concentration) and inverted Durham tubes (10 mL each)
were inoculated with 10 mL of the surface water sample. They were incubated at 37 ◦C for
48 h. After the incubation time, the positive samples in the presumptive test were those
that were turbid, with positive growth and gas formation.

The positive tubes in the presumptive test were inoculated into tubes containing bright
green broth with inverted Durham tubes and incubated again at 44 ◦C for 48 h for the
confirmatory test. Afterward, the positivity was verified through the production of bacterial
growth again, quantifying the number of positive tubes per series. The same positive tubes
in the presumptive test were inoculated in Escherichia coli broth and incubated at 44 ◦C
for 48 h. Positivity in the conclusive test was ascertained in the same manner as in the
confirmatory test. The number of positive and negative tubes was interpreted according to
the MPN index with a 95% confidence limit for possible combinations, where the result
was expressed in MPN/100 mL.
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2.4.2. Standard Plate Count

Plate counting for the water samples was carried out with the spread plate method
(analytical method 9215C) [31] to ascertain the total abundance of bacteria. A volume
of 200 µL of the homogenized surface water samples was spread on the surface of the
agar R2A (incubated for 24 h at 30 ◦C), mannitol salt agar (incubated for 48 h at 37 ◦C),
MacConkey agar and Violet Red agar (incubated for 48 h at 30 ◦C) (Kasvi©). After the
incubation time, the colony-forming units were counted and calculated as CFUs/mL, with
a detection limit of 2500 CFUs/mL.

Plate counting for the sediment samples was carried out following the same method,
culture media, temperature, incubation time and interpretation of the result as for the
water samples. However, pre-processing and detachment of the bacteria adsorbed in the
sediment was carried out, which occurred according to the methodology in reference [34]
with small modifications. Quantities of 10 g of the left margin and 10 g of the right margin
were weighed (performing one sediment sample pool with 20 g). This sediment sample
pool was added to 200 mL of a 0.5% Tween 80 solution and placed in a shaker for 2 h,
rotating at 130 rpm at 30 ◦C. After incubation, 200 µL of the substance was inoculated
into the culture media, as performed for the water samples. The limit of detection was
25,000 CFUs/g.

2.4.3. Bacterial Isolation

The plates used in the CFU/mL counts were used for isolation. One to five colonies
were isolated following the striped plate method with five repetitions until pure colonies
were obtained. The choice of CFUs for isolation occurred due to morpho-colonial char-
acteristics, selecting distinct characteristics among colonies on the same plate. The bio-
prospected strains were stored in a freezer at −20 ◦C in Brain Heart Infusion Broth medium
supplemented with 20% glycerol. These were stored for further analysis of susceptibility
to antimicrobials and were reactivated in the same culture medium—however, without
supplementation — at 30 ◦C for 48 h.

2.4.4. Bacterial Identification

To identify the isolated bacterial strains, phenotypic tests of morpho-tinctorial charac-
terization were performed using the Gram technique, the production of the enzymes oxi-
dase, catalase, lysine decarboxylase, deoxyribonuclease, phenylalanine deaminase, arginine
dihydrolase, the production of acids from glucose, lactose and sucrose, gas production due
to a fermentation process, hemolysis, tolerance to 6.5% NaCl, hydrogen sulfide production,
indole production, motility, use of citrate, hydrolysis of esculin, gelatin and urea. The phe-
notypic tests for performance, interpretation and identification of isolated strains followed
the norms in the “Manual of Clinical Microbiology for the Control of Infection Related to
Health Care, Module 6: Detection and identification of medically important bacteria” [35]
and the Abis online software (https://www.tgw1916.net/bacteria_logare_desktop.html)
accessed on 14 December 2022.

2.4.5. Antibiogram

The disc diffusion method was performed according to the established standards
of the Clinical and Laboratory Standards Institute (CLSI) [36]. Strains were reactivated,
standardized according to the McFarland scale and spread on Mueller Hinton agar with
the aid of a swab. After antibiotic discs, Gram-negative and Gram-positive Polisensidiscs
DME®, according to each bacterial strain, were placed in contact with the samples and
incubated at 37 ◦C for 16–24 h. After the incubation period, the inhibition halos around the
discs were measured and compared with the CLSI normative.

The antibiotics tested were of the aminoglycoside class (amikacin 30 µg (AMI), gentam-
icin 10 µg (GEN)), amphenicols (chloramphenicol 30 µg (CLO)), carbapenems (meropenem
10 µg (MPM)), cephalosporins (cefazolin 30 µg (CFZ), cefepime 30 µg (CPM), cefoxitin 30 µg
(CFO), ceftazidime 30 µg (CAZ), ceftriaxone 30 µg (CRO)), glycopeptides (vancomycin
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30 µg (VAN)), folate pathway inhibitors (sulfazotrim sulfametaxazol/trimetroprim 25 µg
(SUT)), lincosamines (clindamycin 2 µg (CLI)), macrolides (azithromycin 15 µg (AZI), ery-
thromycin 15 µg (ERI), rifampicin 5 µg (RIF)), monobactans (aztreonam 30 µg (ATM)),
oxazolidinone (linezolid 30 µg (LNZ)), penicillins (amoxicillin/clavulanic acid 20/10 µg
(AMC), ampicillin 10 µg (AMP), oxacillin 1 µg (OXA), penicillin G 10 µg (PEN)), tetracy-
clines (tetracycline 30 µg (TET)) and quinolones (ciprofloxacin 5 µg (CIP)), and they were
tested through Gram-positive and Gram-negative Polisensidiscs DME®.

For strains identified as Gram-positive bacilli (with spores (Bacillus spp.) and without
spores) and from the Pasteurellaceae family (Actinobacillus spp.) specifically, the CLSI does
not have a standardization for the fusion disc test, so it was established that inhibition
halos >10 mm would be considered sensitive and <10 mm would be considered resistant.
This value was considered after a study by the CLSI revealed that the smallest zone of
inhibition considering a bacterium resistant to a certain antibiotic was 10 mm, so this pattern
was used.

Antibiotic multi-resistance was analyzed, whereby the isolate was considered multi-
resistant to antibiotics if it was not susceptible to at least 1 of the agents in ≥3 different
antibiotic categories/classes [37]. In this way, the ARBs were evaluated.

2.5. Culture-Independent Method
2.5.1. DNA Extraction from Environmental Samples

To assess the ARGs present in the water and sediment samples, DNA extraction
was first performed using the ZymoBIOMICS™ DNA Miniprep Kit — Zymo Research®,
California, EUA, following the manufacturer’s guidelines. The 500 mL water samples
were vacuum filtered on cellulose ester membrane filters (Merck Millipore®, Darmstadt,
Germany.) with a pore size of 0.22 µm. The filters were used for extraction. For the
sediment samples, 1 g was used for direct extraction.

Extractions occurred in triplicate for water and sediment samples. The amount and
concentration of the extracted DNA was verified by spectrophotometric analysis on the
NanoVue Plus™ spectrophotometer (GE Healthcare®, Chicago, IL, USA). Quality was
assessed by 1% agarose gel electrophoresis. The DNA was stored in a freezer at −20 ◦C
until polymerase chain reaction (PCR) analysis.

2.5.2. Real-Time PCR (qPCR)

Twenty-four ARGs were found resistant to the β-lactam classes (blaOXA, blaCTX-M,
blaTEM, blaKPC, blaCMY and blaSHV) [38], macrolides (ermB and ermC) [39], quinolones
(qnrA, qnrB and qnrS) [40], fluoroquinolone [aac(6’)-ib] [41], Integron class 1 integrase
(IntI1) [42], tetracyclines [tet(A), tet(B), tet(M) and tet(O)] [43], sulfonamides (suf 1, suf 2 and
suf 3) [44,45] and amphenicols (floR, cfr, cmlA, fexB) [46]. Forward and reverse primers are
described in Table S1.

The qPCR reactions were performed on the Rotor-Gene Q (QIAGEN®) using the
Real-Time PCR MasterMix—SYBR Green/ROX (quatroG Biotechnology®, Porto alegre,
Brazil). The reactions were conducted according to the manufacturer’s instructions, with
a final volume of 25 µL (12.5 µL of MasterMix PCR + 2.5 µL of DNA extracted from each
sample (concentration of 20–45 ng/µL) + 1 µL of forward primer + 1 µL of reverse primer
(10 pmol/µL) + 8 µL RNAse and DNAse free ultrapure water).

Amplification for each set of primers was carried out by performing the cycling steps
in the qPCR at 95 ◦C for 2 min and 40 cycles with repetitions of 95 ◦C for 15 s and 60 ◦C
for 30 s, followed by a denaturation cycle between 60 and 95 ◦C, with 0.5 ◦C increments
every 30 s, to obtain the dissociation curve and verify the specificity of the product in case
of amplification. In all reactions, negative controls were used, which were performed with
sterile water to eliminate possible contamination.
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2.6. Statistical Analysis of Data

Data normality was verified with the Shapiro–Wilk test. According to data distribution,
the Mann–Whitney test for non-normal samples was used. To evaluate the corrections of
the pooled data, Spearman’s correlation and principal component analysis (PCA) were used
for the inter-relationships. Data without variance were excluded from the analyses. For
the Spearman correlations, the strength of the linear correlation was classified as follows:
above 0.80—very strong; 0.60–0.80—moderately strong; 0.30–0.50—fair; and under 0.30—
poor [47]. Descriptive analyses (mean, standard deviation and percentage) were also used.
For acceptability of the hypotheses, a significance limit of 5% (p-value≤ 0.05) was considered.
The analyses and graphs generated were performed with Statistica® 7.0 software.

3. Results and Discussion

This study demonstrated the seasonal variation and the total average of water quality
related to the physicochemical parameters, as shown in Table 1. The other parameters,
i.e., chloride, hardness, nitrate, dissolved oxygen and pH, were in accordance with the
current legislation, demonstrating good water quality. There was no statistically significant
difference among the collection periods (rainy and dry) in the physicochemical parameters.

Table 1. Physicochemical parameters of the water quality of Meia Ponte River.

Parameter Chloride
(mg/L)

Electrical
Conductivity

(µS/cm)

Apparent Color
(mg Pt/L)

Hardness
(mg/L) Nitrate (mg/L) Oxygen Dissolved

(mg/L) pH Water
Temperature (◦C)

Turbidity
(NTU)

Rainy
period

MP01 1.77 180.00 150.00 * 60.00 1.72 6.88 7.37 22.50 218.00 *

MP02 1.76 202.00 251.00 * 106.71 1.34 5.79 7.27 23.00 97.70

MP03 1.40 179.70 321.00 * 38.70 1.38 5.89 7.22 25.00 137.00 *

MP04 0.53 131.50 314.00 * 25.30 1.40 5.86 7.42 25.00 100.00 *

average ± SD 1.365 ± 0.58 173.30 ± 29.76 259.00 * ± 79.19 57.68 ± 35.67 1.46 ± 0.018 6.10 ± 0.52 7.32 ± 0.09 23.87 ± 1.31 138.18 * ± 56.18

Dry
period

MP01 2.51 383.00 104.00 * 14.67 0.30 6.59 7.30 23.50 10.30

MP02 2.82 431.00 123.00 * 17.34 0.00 10.12 7.11 24.50 16.30

MP03 1.78 291.00 66.90 0.00 0.20 7.02 7.04 26.00 13.00

MP04 1.09 187.00 53.20 0.00 1.30 0.73 * 7.60 26.00 5.81

average ± SD 2.05 ±0.77 323.00 ± 107.68 86.78 ± 32.31 8.00 ± 9.30 0.45 ± 0.58 6.12 ± 3.92 7.26 ± 0.25 25.00 ± 1.22 11.35 ± 4.44

Maximum recommended
values for class 2 of CONAMA

Regulation No. 357 *
250.00 NR 75.00 NR 10.00 Not inferior 5.00 6.0–9.0 NR 100.00

media ± DP total 1.71 ± 0.73 248.15 ± 108.40 172.89 ± 107.75 32.84 ± 35.88 0.95 ± 0.67 6.11 ± 2.59 7.29 ± 0.18 24.44 ± 1.32 74.76 ± 77.18

NR: Not regulated; SD: Standard deviation. * Not in accordance with current legislation, for class 2.

The analyses of color and turbidity are the parameters that were not in accordance
with the current Brazilian legislation, in accordance with the criteria for the purpose and
quality of river water, especially in the rainy season. The color was not in accordance with
the legislation in all samples from the rainy season and sampling points MP01 and MP02
from the dry period, with the total mean (172.89± 107.75 mg Pt/l) higher than that allowed
in the legislation.

Turbidity was higher than the maximum values that the Brazilian legislation recom-
mends in the rainy season for sampling points MP01, MP03 and MP04. The high values
of color and turbidity are related to the rainy season and are associated with agricultural
activities close to the basin due to the preparation of land for planting, with little vegeta-
tion cover, leaving the soil uncovered, facilitating surface runoff, carrying particles and
fertilizers to the riverbed [48]. In a doce river study, the parameters of color and turbidity
were related to seasonality (rainy season). Color and turbidity are closely associated, with
color indicating a high concentration of suspended particles. However, humic acids and
the presence of biofilms can change the color of the water (Santana et al., 2021). Turbidity
above 50 NTU indicates very turbid water, which can be observed in the Meia Ponte River
(Azis et al., 2015).

Electrical conductivity was high at all sampling points during the rainy season and
may indicate transport by surface runoff, mainly related to fertilizers and discharge by
leaching. This causes greater salinity and the ability to conduct electrical current due to
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the large amount of dissolved ions [49–51]. Points MP01 and MP02 during the dry period
had very high electrical conductivity values compared to the other points. The higher
conductivity dosage at these two points may be related to punctual pollution.

Dissolved oxygen was not in accordance with the Brazilian legislation for point MP04
of the dry period and could have been influenced in a specific way, as the other parameters
were in agreement. Dissolved oxygen concentration depends on many factors of water
quality parameters, such as photosynthesis (oxygen production), oxygen consumption,
temperature, salinity, among others [52]. The low concentration of dissolved oxygen can be
related to a time of drought, where the flow of water is smaller, and there is an increase in
the decomposition of aquatic plants and organic matter, which causes great harm to the
survival and preservation of several aquatic species [53,54].

For the microbiological standards of water quality, using the thermotolerant coliform
indicators and E. coli, all samples from the two periods analyzed reached the detection
limit, which was >1600 MPN/100 mL, with the exception of point MP02 (rainy season),
which was 1600 MPN/100 mL. The plate count was verified in the water and sediment
samples from Meia Ponte River, demonstrating bacterial quantification in the water samples
(Table 2)—another parameter of microbiological quality of the water and sediment.

Table 2. Bacterial quantification of water and sediment samples from Meia Ponte River using the
plate counting technique.

Sample Period Sample
Point

Culture Media

R2A MacConkey Salt
Manitol Violet Red

Water
(CFUs/mL)

Rainy

MP01 >2500 455 105 1360

MP02 >2500 >2500 240 >2500

MP03 >2500 >2500 395 940

MP04 1565 555 135 220

Sediment
(CFUs/g)

Rainy

MP01 >25,000 >25,000 15,250 10,800

MP02 >25,000 >25,000 >25,000 >25,000

MP03 >25,000 >25,000 >25,000 >25,000

MP04 >25,000 >25,000 >25,000 >25,000

Water
(CFUs/mL)

Dry

MP01 >2500 1005 35 95

MP02 >2500 >2500 2390 >2500

MP03 >2500 >2500 2325 >2500

MP04 >2500 1540 5 45

Sediment
(CFUs/g)

Dry

MP01 >25,000 6100 6850 1000

MP02 >25,000 >25,000 11,850 >25,000

MP03 >25,000 >25,000 1150 11,400

MP04 >25,000 >25,000 >25,000 5900

The culture media with the highest bacterial count followed the trend of R2A >
MacConkey > Violet Red > Salt Mannitol, with heterotrophic bacteria > Gram-negative
bacteria and Enterobacteriaceae > total coliforms >, respectively, indicated by the isolation
of staphylococcus. The sampling points with the highest bacterial count were MP02,
MP03 and MP04 for the sediment samples in the rainy season. There was no statistically
significant difference between the rainy and dry periods in the microbiological analysis.

According to the 357 CONAMA regulation (Brazil, 2005) for class 2 of freshwater rivers,
the limit of thermotolerant coliforms or E. coli should not exceed 1000 per 100 milliliters in
80% in six samples. What was verified, therefore, according to the legislation criteria, based
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on the microbiological parameter, was that the Meia Ponte River does not conform to the
standards, presenting a larger amount of thermotolerant coliforms and E. coli. Moreover,
according to legislation 274 CONAMA Resolution outlining the criteria for bathing in
Brazilian waters [55], the Meia Ponte River can be suggested as unsuitable for primary
contact recreation. According to the microbiological criterion, other parameters can be
applied with 2000 E. coli/mL, since the detection limit of the technique is close to the value.

High concentrations of total coliforms and thermotolerant coliforms in surface wa-
ter are linked to the impact of urban contamination and its development, wastewater,
sewage, population growth, runoff (urban and agricultural) and domestic animals, de-
grading the microbiological quality of water and being associated with the presence of
enteric pathogens [56,57]. In addition, the high thermotolerant coliform index has negative
extensions in the use of water and increases the risk of its use, harming the environmental
services that the river provides to man and to the ecosystem as a whole [58]. A study
verified the concentration of thermotolerant coliforms in 26 Brazilian rivers and found
median loads of 3.7 × 103 to 6.8 × 108 MPN/100 mL [56].

The microbiological quality of the Meia Ponte River is not different from other water
environments in Brazil. It may be being degraded by anthropogenic influence, causing
all the aforementioned harms, and this contamination may be associated with human
development in the region, considering that the human development index (0.706) of the
studied region is medium–high [59], since a high count of coliforms was verified in the
water samples and sediment samples.

The enumeration of E. coli also had a high concentration, indicating a source of fecal
contamination in the raw water of the Meia Ponte River, influencing the treatment that had
to be carried out in the water for potability (ingestion). If not properly treated, it can cause
peak events of gastrointestinal bacterial infections in addition to parasitic or viral diseases,
since E. coli is the indicator used. The raw water of the Meia Ponte River must also be taken
into account, which is used for irrigation of food, which, if not properly sanitized, can also
lead to these gastrointestinal diseases [60,61].

Verifying the presence and distribution of heterotrophic bacteria is essential to es-
tablish bacterial density in the environment. Heterotrophic bacteria were found in high
concentrations in all samples and periods studied (Table 2). The high concentration of het-
erotrophic bacteria in the Meia Ponte River may be related to the many pollutants present,
considering that they are bacteria responsible for decomposition, transfer of organic matter
and energy. They also participate in the food chain and can inhibit the emergence of large
concentrations of pathogenic bacteria present in the river [62]. The other bacterial counts
verify the bacterial diversity in this water environment.

The correlations and inter-correlations among the physicochemical and microbiological
parameters were verified. The PCA is shown in Figure 2 and in Tables S2 and S3. In Figure 2,
the PCA1 and PCA2 analyses explained 57.07% of the total variance of the data. The inter-
correlations were verified among multi-tube analyses, apparent color, turbidity, hardness
and bacteria count. For water samples sown on Violet Red medium, PCA1 analysis showed
a positive influence among conductivity and bacterial count. For the water samples sown
in salted mannitol medium, PCA1 analysis showed a negative influence (Figure 2a). PCA2
positively influenced the water temperature and bacterial count in MacConkey medium.
The sampling points and their respective collections were grouped mainly among PM03,
PM01 during the dry period and PM01, PM02 and PM03 during the rainy season (Figure 2b).

The two-by-two correlations were considered very strong among: chlorides with
conductivity and dissolved oxygen—positive correlation; among conductivity and nitrate—
negative correlation; apparent color with hardness and turbidity—positive correlation;
hardness and turbidity, dissolved oxygen with bacterial count in the salty mannitol medium
in sediment samples—positive correlation; pH with bacterial counts with water samples
in MacConkey medium—positive correlation and Mannitol salty medium—negative cor-
relation; turbidity and count in Violet Red medium—positive correlation; and finally,
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among counts in MacConkey medium and Mannitol medium—negative correlation. All
correlations were statistically significant (Table S2).
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Rain increases the concentration of suspended solids in water samples and conse-
quently increases the apparent color, turbidity and hardness of the water. Thus, correlations
among these parameters and bacterial concentrations can be positively related [63]. The
authors’ data corroborate those observed in the Meia Ponte River.

In the Meia Ponte River, it was possible to bioprospect a total of 203 bacterial isolates
to verify the phenotypic resistance and susceptibility to antibiotics. Of the bacterial strains
isolated, 4.93% (10/203) belonged to the Aeromonadaceae families, 30.54% (62/203) to En-
terobacteriaceae, 2.96% (6/203) to Enterococcaceae, 1.97% (4/203) to Moraxellaceae, 8.87%
(18/203) to Pasteurellaceae, 29.06% (59/203) to Staphylococcaceae, and those classified
as Gram-positive rod/bacillus amounted to 21.67% (44/203). The bioprospecting data by
gender and period analyzed are detailed in Table S2.

The prevalence of ARBs was verified, and the total data are described in Table 3. The
data are broken down into periods classified by the families, as described in Table S5 for
the rainy period, Table S6 for the dry period and Table S7 for the total. In descending order,
the highest antibiotic resistance ratio for all samples was CLI > CFZ > AMC > AMP > OXA
> CFO > PEN > RIF > LNZ > ERI > AZI > SUT > CLO > TET > ATM > CIP > VAN > CRO >
CAZ > GEN > COM > MPM > AMI.

The prevalence of resistance among the isolates was very high, ranging in general
from 10.64% (10/94) to 88.89% (96/108) for AMI and CLI, respectively. When separated
into dry and rainy seasons, the four highest resistance prevalences were found for the rainy
season CFZ with 95.65% (44/46), AMC with 91.30% (42/46), CLI with 90.57% (48/53) and
AMP with 61.84% (47/76), and for the dry period CLI with 87.27% (48/55), AMC with
84.21% (32/38), CFZ with 78.95% (30/38) and AMP with 70.83% (51/72).

The greatest resistances were found for the lincosamide and beta-lactam classes. ARBs
isolated from surface water samples from the Ganga River, India, have also identified the
highest resistance to these two classes of antibiotics [64]. Resistance to the lincosamide class
is influenced by the Staphylococcaceae family at the CLI of 93.18% (41/44) (Table S7). A
study [65] in the same aquatic environment in India found a resistance to CLI of 75.90% for
Streptococcus spp., 77.80% for Staphylococcus spp. and 85.7% for Bacillus spp., corroborating
the resistance found in this work.



Water 2023, 15, 747 11 of 19

Table 3. Percentage of sensitivity and total resistance of bacterial isolates bioprospected from Meia
Ponte River.

Antibiotic
Rainy Period Dry Period Total

R I S R I S R I S

AMI 13.04%
(6/46)

6.52%
(3/46)

80.43%
(37/46)

8.33%
(4/48)

6.25%
(3/48)

85.42%
(41/48)

10.64%
(10/94)

6.38%
(6/94)

82.98%
(78/94)

AMC 91.30%
(42/46) 0% (0/46) 8.7% (4/46) 84.21%

(32/38)
7.89%
(3/38)

7.89%
(3/38)

88.10%
(74/84)

3.57%
(3/84)

8.33%
(7/84)

AMP 61.84%
(47/76)

1.32%
(1/76)

36.84%
(28/76)

70.83%
(51/72)

1.39%
(1/72)

27.78%
(20/72)

66.22%
(98/148)

1.35%
(2/148)

32.43%
(48/148)

ATM 36.96%
(17/46)

2.17%
(1/46)

60.87%
(28/46)

29.55%
(13/44) 0% (0/44) 70.45%

(31/44)
33.33%
(30/90)

1.11%
(1/90)

65.56%
(59/90)

CFZ 95.65%
(44/46) 0% (0/46) 4.35%

(2/46)
78.95%
(30/38) 0% (0/38) 21.05%

(8/38)
88.10%
(74/84) 0% (0/84) 11.90%

(10/84)

CPM 32.61%
(15/46) 0% (0/46) 67.39%

(31/46)
2.08%
(1/48)

16.67%
(8/48)

81.25%
(39/48)

17.02%
(16/94)

8.51%
(8/94)

74.47%
(70/94)

CFO 57.89%
(44/76)

2.63%
(2/76)

39.47%
(30/76)

60.53%
(46/76)

1.32%
(1/76)

38.16%
(29/76)

59.21%
(90/152)

1.97%
(3/152)

38.82%
(59/152)

CAZ 30.43%
(14/46)

4.35%
(2/46)

65.22%
(30/46)

6.25%
(3/48)

22.92%
(11/48)

70.83%
(34/48)

18.09%
(17/94)

13.83%
(13/94)

68.09%
(64/94)

CRO 26.09%
(12/46)

6.52%
(3/46)

67.39%
(31/46)

25.00%
(12/48)

12.5%
(6/48)

62.50%
(30/48)

25.53%
(24/94)

9.57%
(9/94)

64.89%
(61/94)

CIP 35.35%
(35/99)

5.05%
(5/99)

59.60%
(59/99)

21.36%
(22/103)

9.71%
(10/103)

68.93%
(71/103)

28.22%
(57/202)

7.43%
(15/202)

64.36%
(130/202)

CLO 41.41%
(41/99)

8.08%
(8/99)

50.51%
(50/99)

39.39%
(39/99)

8.08%
(8/99)

52.53%
(52/99)

40.40%
(80/198)

8.08%
(16/198)

51.52%
(102/198)

GEN 14.14%
(14/99)

4.04%
(4/99)

81.82%
(81/99)

21.65%
(21/97)

2.06%
(2/97)

76.29%
(74/97)

17.86%
(35/196)

3.06%
(6/196)

79.08%
(155/196)

MPM 17.39%
(8/46)

2.17%
(1/46)

80.43%
(37/46)

14.58%
(7/48)

4.17%
(2/48)

81.25%
(39/48)

15.96%
(15/94)

3.19%
(3/94)

80.85%
(76/94)

SUT 58.59%
(58/99)

1.01%
(1/99)

40.40%
(40/99)

40.21%
(39/97)

4.12%
(4/97)

55.67%
(54/97)

49.49%
(97/196)

2.55%
(5/196)

47.96%
(94/196)

TET 44.44%
(44/99)

5.05%
(5/99)

50.51%
(50/99)

31.07%
(32/103)

9.71%
(10/103)

59.22%
(61/103)

37.62%
(76/202)

7.43%
(15/202)

54.95%
(111/202)

AZI 43.40%
(23/53)

1.89%
(1/53)

54.72%
(29/53)

59.18%
(29/49)

4.08%
(2/49)

36.73%
(18/49)

50.98%
(52/102)

2.94%
(3/102)

46.08%
(47/102)

CLI 90.57%
(48/53) 0% (0/53) 9.43%

(5/53)
87.27%
(48/55) 0% (0/55) 12.73%

(7/55)
88.89%

(96/108) 0% (0/108) 11.11%
(12/108)

ERI 49.06%
(26/53) 0% (0/53) 50.94%

(27/53)
54.55%
(30/55)

5.45%
(3/55)

40.00%
(22/55)

51.85%
(56/108)

2.78%
(3/108)

45.37%
(49/108)

OXA 52.83%
(28/53) 0% (0/53) 47.17%

(25/53)
69.39%
(34/49) 0% (0/49) 30.61%

(15/49)
60.78%

(62/102) 0% (0/102) 39.22%
(40/102)

LNZ 49.06%
(26/53) 0% (0/53) 50.94%

(27/53)
56.36%
(31/55) 0% (0/55) 43.64%

(24/55)
52.78%

(57/108) 0% (0/108) 47.22%
(51/108)

PEN 49.06%
(26/53) 0% (0/53) 50.94%

(27/53)
67.27%
(37/55) 0% (0/55) 32.73%

(18/55)
58.33%

(63/108) 0% (0/108) 41.67%
(45/108)

RIF 47.17%
(25/53) 0% (0/53) 52.83%

(28/53)
58.18%
(32/55) 0% (0/55) 41.82%

(23/55)
52.78%

(57/108) 0% (0/108) 47.22%
(51/108)

VAN 6.67%
(2/30) 0% (0/30) 93.33%

(28/30)
47.06%
(16/34) 0% (0/34) 52.94%

(18/34)
28.13%
(18/64) 0% (0/64) 71.88%

(46/64)

AMC: amoxicillin/clavulanic acid 20/10 µg; AMI: amikacin 30 µg; AMP: ampicillin 10 µg; ATM: aztreonam 30 µg;
AZI: azithromycin 15 µg; CAZ: ceftazidime 30 µg; CFO: cefoxitin 30 µg; CFZ: cefazolin 30 µg; CIP: ciprofloxacin
5 µg; CLI: clindamycin 2 µg; CLO: chloramphenicol 30 µg; CPM: cefepime 30 µg; ORC: ceftriaxone 30 µg; ERI:
erythromycin 15 µg; GEN: 10 µg gentamicin; LNZ: linezolid 30 µg; MPM: meropenem 10 µg; OXA: oxacillin
1 µg; PEN: penicillin G 10 µg; RIF: rifampicin 5 µg; SUT: sulfazotrim sulfametaxozole/trimethoprim 25 µg; TET:
tetracycline 30 µg; VAN: vancomycin 30 µg; A: resistant; I: intermediate resistance; S: sensitive.
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However, resistance to β-lactams is associated with Gram-negative bacteria. A study
in the Amazon Lake found a percentage of ARBs in β-lactams of 88.00%, suggesting a
high spread of extended-spectrum beta-lactamase-producing bacteria [66]. This could be
occurring in the Meia Ponte River due to the high resistance found in the beta-lactam class.

Non-pathogenic ARBs can serve as a reservoir for transferring their ARGs to pathogens [17].
This demonstrates the importance of screening for Gram-positive bacilli (Bacillus spp., for
example) resistant to antibiotics in the aquatic environment. In the Meia Ponte River, resistance
was verified and found at 83.05% (49/58) for CLI, 40.68% (24/58) for SUT, 35.59% (21/58),
28.81% for PEN and AMP (Table S7).

Antibiotic multi-resistance was observed in bacterial isolates, and 56.57% of multi-
resistance (142/203) was identified. In a study using E. coli isolates from aquatic environ-
ments, multi-resistance was found in 26% of the isolates, indicating that multi-resistance
is associated with ARG reservoirs [67]. In a study of ARBs in riparian systems, multi-
resistance of 71.27% was found, indicating that the existence of multi-resistance implies
that this environment is anthropogenically affected [66,68]. The above studies corroborate
our study.

In sewage sludge samples, 60% of multi-resistance profile was found among bacterial
isolates. Untreated sewage released into receiving rivers may be a risk factor for antibiotic
resistance [69,70]. The high prevalence of multi-resistance found in the Meia Ponte River
suggests that this river is contaminated with ARBs, justified by the release of wastewater
and sewage, and that it is also being used as an ARG reservoir.

Correlation analyses were applied for antimicrobial susceptibility and resistance of
bacterial isolates among Enterobacteriaceae and Pasteurellaceae and among Gram-positive
rod/bacillus and Staphylococcaceae. The gaps were eliminated in order to perform the PCA.
The PCA is illustrated in Figure 3, and its loading matrix is shown in Tables S8 and S9. The
Spearman correlation is shown in Tables S10 and S11.
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For the Gram-positive rod/bacillus and Staphylococcaceae data, two groups with
inter-correlations were formed—a group medially in the fourth quadrant of the PCA
and another group of data influenced by the third quadrant of the PCA—both being
negatively influenced by PCA1. For the multiple analyses of Enterobacteriaceae and
Pasteurellaceae regarding resistance, two large groups were grouped: one negatively
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influenced by PCA1 and PCA2 and the other moderately positively influenced by PCA1
and negatively influenced by PCA2. The total variance of the data was 39.96% (Figure 3b).

From the analysis of correlations performed for each two antimicrobials, only the
correlation between CFZ with AMC and AMP was positively moderately strong and
statistically significant for the resistance of Gram-negatives. The other correlations found
were reasonable and negative (Table S10). For Gram-positive bacteria (Table S11), the very
strong, statistically significant correlations were found between LNZ with ERI, PEN and
RIF, and between PEN and OXA.

The correlations and inter-correlations found may be related to antibiotic classes. The
correlations between lincosamides and β-lactams may be related to the mechanism of
action of both, and they may act on cell wall synthesis. Another point to be discussed is that
many ARGs are often found in the same plasmid or in mobile genetic elements, increasing
the associations between antibiotic resistance and susceptibility [71].

The presence of several ARGs was identified in the water and sediment samples from
the Meia Ponte River (Table 4). The most prevalent ARGs in the water and sediment
samples were e sul2 e ermC, with 100% (16/16), and sul1, qnrB and aac(‘6)-ib with 93.75%
(15/16). All genes for the eight classes of antibiotics tested were amplified. The sampling
points with the highest prevalence of ARGs were point MP03, a water sample collected
during the rainy season, and points MP02 and MP03, sediment samples collected during
the dry season, with 83.33% (20/24). The total prevalence of ARGs in the sediment and
water samples of the Meia Ponte River was 68.49% (263/384), of which 39.58% (152/384)
were isolated in the rainy season and 28.91% (111/384) in the dry season. On the other
hand, 29.17% (112/384) were isolated from water samples and 39.32% (151/384) from
sediment samples (Table S12).

The presence of ARGs is reported in the southeast and south of Brazil; however, in
the midwest, there are very few studies [72], highlighting the importance of this study, as
the identification of ARBs and ARGs in the environment of a river is indicative of a strong
anthropogenic impact, with monitoring being the first complex task [73]. In Brazil, the main
potential sources of ARGs in the environment are domestic and hospital sewage, as well as
wastewater from agriculture. The high prevalence of ARBs and ARGs in the environment
will affect the treatment of bacterial infections in the future in Latin America [72]. The state
of the Meia Ponte River in relation to ARGs and ARBs is critical, requiring intervention and
creation of measures to block the increase in this contamination, as in the future, it could be
disastrous for the environment and for the public health of central-western Brazil.

PCA was performed and included in Figure 4, detailing the presence and absence of
ARGs. For the PCA of resistance genes, two groups were represented with the total variance
of 70.42%. The first group was strongly negatively influenced by PCA1 in quadrant III,
and the second group was strongly positively influenced by PCA2 (flower genes, tet(O),
aac(‘6)-ib) (Figure 4a). IntI1 had an eigenvalue for PCA1 of −0.85, being associated with
other ARGs (Figure 4a and Table S13), and may suggest that this gene may affect the
formation of other ARGs [74].

The points and periods were grouped into PM02 and PM03 for water collection during
the dry period; points PM01 and PM04 for water collection during the dry period were far
from the other points. This association among the points of the water samples is directly
linked, as they had the highest values of absence of ARGs in relation to the other sampling
periods and were probably influenced by the dry season, in this case, the flow of the river
decreased. The other sample points and remaining periods were all grouped into a set
with high correlation. In urban rivers, it is difficult to distinguish the factors that affect
the relationship of ARGs, as they are influenced by several parameters, pollutants and
components [75].

Among the two-by-two correlations, most of the statistically significant analyses were
considered very strong or moderately strong, indicating that this group of genes studied
had a strong relationship. In the PCA shown in Figure S2, temperature is strongly correlated
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with crf, tet(A), tet(O) and floR. This association was proven, indicating temperature as a
limiting factor in the concentration of ARGs [76].

Table 4. Presence or absence of resistance genes in water and sediment samples from Meia
Ponte River.

Antibiotic
Class

Target Gene

Water Sediment
Total

Rainy Period Dry Period Rainy Period Dry Period

MP01 MP02 MP03 MP04 MP01 MP02 MP03 MP04 MP01 MP02 MP03 MP04 MP01 MP02 MP03 MP04 p
[% (Amount)]

a
[% (Amount)]

β-lactams

blaKPC p p p p a a a p p p p p p p p p 81.25%
(13/16)

18.75%
(3/16)

blaCTX-M a a a a a a a a a a a a a a a a 0%
(0/16)

100%
(16/16)

blaSHV a p p a p a a a a a a a a p p p 37.50%
(6/16)

62.50%
(10/16)

blaOXA p p p p a a a p p p p p p p p a 75.00%
(12/16)

25.00%
(4/16)

blaCMY p p p p a a a p p p p p p p p p 81.25%
(13/16)

18.75%
(3/16)

blaTEM a a a a a a a a a a a a a a a a 0%
(0/16)

100%
(16/16)

Quinolones

qnrA p p p p p a a p p p p p p p p p 87.50%
(14/16)

12.50%
(3/16)

qnrB p p p p p p p p p p p a p p p p 93.75%
(15/16)

6.25%
(1/16)

qnrS p p p p a a a a p p p p p p p p 75.00%
(12/16)

25.00%
(4/16)

Fluoroquinolone aac(‘6)-ib p p p p a p p p p p p p p p p p 93.75%
(15/16)

6.25%
(1/16)

Sulfonamides

sul1 p p p p a p p p p p p p p p p p 93.75%
(15/16)

6.25%
(1/16)

sul2 p p p p p p p p p p p p p p p p 100%
(16/16)

0%
(0/16)

sul3 p p p p p a a p p p p p p p p a 81.25%
(13/16)

18.75%
(3/16)

Tetracyclines

tet(A) p p p p p p a a p p p p p p p p 87.50%
(14/16)

12.50%
(2/16)

tet(B) p p p p a a a a p p p p p p p p 75.00%
(12/16)

25.00%
(4/16)

tet(M) p p p p p a a a p p p p p p p p 81.25%
(13/16)

18.75%
(3/16)

tet(O) p p p p a p p a p p p p p p p a 81.25%
(13/16)

18.75%
(3/16)

Macrolides

ermB p p p p a a a p p p p p p p p p 81.25%
(13/16)

18.75%
(3/16)

ermC p p p p p p p p p p p p p p p p 100%
(16/16)

0%
(0/16)

Integron
integrase

class 1
IntI1 p a p p a a a a p p p p p p p p 68.75%

(11/16)
31.25%
(5/16)

Amphenicols

floR p p p p a p p a p p p p p p p p 87.50%
(14/16)

1.50%
(3/16)

cfr p p p p a p a a p p p p p p p p 81.25%
(13/16)

18.755%
(3/16)

cmlA a a a a a a a a a a a a a a a a 0%
(0/16)

100%
(16/16)

fexB a a a a a a a a a a a a a a a a 0%
(0/16)

100%
(16/16)

Total

p
[% (amount)]

79.17%
(19/24)

79.17%
(19/24)

83.33%
(20/24)

79.17%
(19/24)

33.33%
(8/24)

37.50%
(9/24)

29.17%
(7/24)

45.83%
(11/24)

79.17%
(19/24)

79.17%
(19/24)

79.17%
(19/24)

75.00%
(18/24)

79.17%
(19/24)

83.33%
(20/24)

83.33%
(20/24)

70.83%
(17/24)

68.49%
(263/384) -

a
[% (amount)]

20.83%
(5/24)

20.83%
(5/24)

16.67%
(4/24)

20.83%
(5/24)

66.67%
(16/24)

62.50%
(15/24)

70.83%
(17/24)

54.17%
(13/24)

20.83%
(5/24)

20.83%
(5/24)

20.83%
(5/24)

25.00%
(6/24)

20.83%
(5/24)

16.67%
(4/24)

16.67%
(4/24)

29.17%
(7/24) - 31.51%

(121/384)

a: Absence; p: Presence. MP__: Meia Ponte River followed by the sample point number.

PCA, as a multi-variate method, was applied to data from the Meia Ponte River,
managing to explain strong and significant inter-correlations. PCA is a method commonly
applied to verify the correlations among water quality constituents and in watersheds,
reducing the number of variables [77]. In addition, it also constitutes an appropriate method
for portraying the anthropogenic impact and grouping according to seasonality and groups
that share similar data [78]. It was observed that the Meia Ponte River suffers from a great
impact caused by human activity. The data for the three groups (Figures 2–4) indicated the
association among the sampling points and periods.
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4. Conclusions

When a water body does not meet the quality criteria, it harms and poses a threat to
human health and ecological integrity. The Meia Ponte River is a water body in a critical
state, which needs great attention. Seasonal variation had no statistically significant influ-
ence among the analyzed parameters. Among the physicochemical parameters analyzed,
some were not in accordance with the Brazilian legislation. With regard to microbiological
parameters, the Meia Ponte River is highly contaminated, with a high prevalence of ARBs
and ARGs. A high percentage of multi-drug resistance was found.

The literature indicates that this is the first study verifying the abundance of resistance
genes in water and sediment samples in an aquatic system in the Brazilian midwest region.
ARGs were found for eight classes of antibiotics: β-lactams, quinolones, fluoroquinolones,
sulfonamides, tetracyclines, macrolides, amphenicols and integron. Several significant
correlations (p-value < 0.05) were verified, demonstrating multi-variate and two-by-two
correlation analyses, which are important for explaining resistance data and indicate their
possible anthropogenic influence on the aquatic environment. The data indicated that the
Meia Ponte River serves as a reservoir of antibiotic resistance genes in central-western
Brazil. This represents a warning sign for public health.

Alternatives to reduce the impact on the Meia Ponte River need to be studied, in
addition to reducing or interrupting the disposal of untreated wastewater, increasing
the points of sewage treatment plants. Another point is to improve the identification of
point/diffuse or direct/indirect sources that increase the concentration of ARGs, ARBs and
pollutants, such as antibiotics, metals, personal care products and pharmaceuticals. Finally,
better communication between researchers, politicians, government and the population
is also suggested in order to clarify the harm and possible consequences if this water
environment is not preserved.

Finally, it is recommended that more in-depth microbiological parameters, such as
analyses of antibiotics, ARBs and ARGs, are carried out and monitored in central-western
Brazil and around the world. This is because the problem of resistance is global, and actions
must be taken.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w15040747/s1, Figure S1: Photograph demonstrating the sampling
points of the Meia Ponte River. a. MP01 sampling point; b. MP02 sampling point; c. MP03 sampling
point; d. MP04 sampling point; Table S1: Primers used in this study; Table S2: Percentage of
bioprospecting of bacterial isolates from water and sediment samples from the Meia Ponte River;
Table S3: Spearman correlation of physicochemical and microbiological parameters of water and
sediment samples from the Meia Ponte River; Table S4: Loading matrix showing the main components
of the physicochemical and microbiological dataset of water and sediment samples from the Meia
Ponte River; Table S5: Percentage of sensitivity and resistance of bacterial isolates bioprospected
from the João Leite stream, categorized by rainy season; Table S6: Percentage of sensitivity and
resistance of bacterial isolates bioprospected from the João Leite stream, categorized by dry period;
Table S7: Percentage of sensitivity and resistance of bacterial isolates bioprospected from the João
Leite stream, total; Table S8: Loading matrix showing the main components of the Gram-positive
rod/bacillus and Staphylococcaceae resistance and susceptibility dataset isolated from the Meia Ponte
River sediment and water samples; Table S9: Loading matrix showing the main components of the
resistance and susceptibility dataset of Enterobacteriaceae and Pasteurellaceae isolated from water
and sediment samples from the Meia Ponte River; Table S10: Spearman correlation of the resistance
and susceptibility dataset of Gram-positive rod/bacillus and Staphylococcaceae isolated from water
and sediment samples from the Meia Ponte River; Table S11: Spearman correlation of the resistance
and susceptibility dataset from the resistance and susceptibility dataset of Enterobacteriaceae and
Pasteurellaceae isolated from water and sediment samples from the Meia Ponte River.
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