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Abstract

Urban streams that receive untreated domestic and hospital waste can transmit infectious
diseases and spread drug residues, including antimicrobials, which can then increase the
selection of antimicrobial-resistant bacteria. Here, water samples were collected from three
different urban streams in the state of Sao Paulo, Brazil, to relate their range of Water Quality
Indices (WQIs) to the diversity and composition of aquatic microbial taxa, virulence genes
(virulome), and antimicrobial resistance determinants (resistome), all assessed using untargeted
metagenome sequencing. There was a predominance of phyla Proteobacteria, Actinobacteria,
and Bacteroidetes in all samples, and Pseudomonas was the most abundant detected genus.
Virulence genes associated with motility, adherence, and secretion systems were highly
abundant and mainly associated with Pseudomonas aeruginosa. Furthermore, some
opportunistic pathogenic genera had negative correlations with WQI. Many clinically relevant
antimicrobial resistance genes (ARGs) and efflux pump-encoding genes that confer resistance
to critically important antimicrobials were detected. The highest relative abundances of ARGs
were P-lactams and macrolide-lincosamide-streptogramin. No statistically supported
relationship was detected between the abundance of virulome/resistome and collection
type/WQI. On the other hand, total solids were a weak predictor of gene abundance patterns.
These results provide insights into various microbial outcomes given urban stream quality and
point to its ecological complexity. In addition, this study suggests potential consequences for
human health as mediated by aquatic microbial communities responding to typical urban

outputs.

Keywords: Microbial diversity; Virulome; Resistome; Metagenomics; Water.
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1. Introduction

Many streams and springs are used for public supply or development of economic
activities, including dams, rivers, lakes, and groundwater (Loucks & van Beek, 2017).
However, watersheds can become unsuitable for supply for various reasons, including lack of
sanitation infrastructure, erosion of rivers and streams, inadequate exploitation of water
resources, unregulated industrial activities, and deposition of domestic and hospital sewage.
These activities can result in poor water quality and expose the human population to disease
(Kumari et al., 2020; Majumder et al., 2021). Among the pollutants that affect urban public
water sources, domestic sewage, hospital effluents, heavy metals, organochlorine substances,
and derivatives stand out. The release of untreated domestic and hospital effluents into rivers
causes an increase in organic matter in the water and an imbalance in the ecosystem, which
increases some populations of microorganisms and eliminates others (Muniz et al., 2015). This
process can also lead to the transmission of diseases due to the presence of pathogenic bacteria
in untreated human waste. In addition, domestic sewage may also be contaminated by drug
residues, including antimicrobials, which affect aquatic environments across the planet (Ortazar
et al., 2022).

It is hypothesized that variations of water quality indices (WQIs) may be related to the
increase, dissemination, and persistence of medically important bacteria and their antimicrobial
resistance genes (ARGs) in aquatic ecosystems as follows: 1) pH affects bacterial populations,
including pathogenic bacteria and their antimicrobial resistance (AMR) profiles and influences
the prevalence and distribution of ARGs-producing bacterial strains (Li et al., 2015); 1i)
increased nutrient levels enhance the proliferation of antimicrobial-resistant bacteria, as well as
the horizontal transfer of ARGs among microbial populations (Yang et al., 2014); iii) high

biological oxygen demand (BOD) levels favor conditions for microbial growth and persistence
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(Pruden et al., 2013); iv) increased turbidity is correlated with higher bacterial loads and a
greater abundance of ARGs, as suspended particles can facilitate the transport and spread of
bacterial and xenogenetic pollutants (Guo et al., 2020); v) temperature fluctuations alter the
composition and activity of bacterial populations, influencing the prevalence and persistence of
AMR (Zhang et al., 2009); vi) elevated levels of total solids and total dissolved solids support
microbial growth and survival, contributing to increased bacterial densities and the
dissemination of AMR determinants (Stalder et al., 2019); vii) variations in dissolved oxygen
concentrations impact the composition and functional profiles of bacterial communities,
affecting the prevalence and persistence of AMR traits (Winker et al., 2020); and viii) elevated
fecal coliform levels are closely correlated with increased abundance and diversity of antibiotic-
resistant bacteria and ARGs in water, reflecting the introduction of resistant strains from human
and animal fecal sources (Jutkina et al., 2016).

In this context, this study aimed to evaluate and compare the microbial diversity,
virulome, and resistome of three important water sources historically monitored by the
Environmental Company of S3do Paulo State (CETESB) and having different water quality
levels. To compare these streams, we used untargeted metagenome sequencing to assess the
composition and diversity of functional genes for virulence factors and ARGs. Our objective
was to understand how water quality influences the maintenance of these metagenome
signatures, including the presence of pathogenic bacteria, virulence genes, ARGs, and efflux
pump-encoding genes in these critical water sources for a key urban-supportive watershed in

Brazil.

2. Material and methods

2.1. Sample collection and indices
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Water samples were collected by the CETESB, which is responsible for establishing the
indices and environmental indicators of the aquatic environments of Sao Paulo, Brazil. Water
samples were collected from three different aquatic ecosystems in the state of Sdo Paulo: Sao
Domingos Stream (1 site; agricultural area), Pardo River (2 sites; industrial area), and Tieté
River (5 sites; industrial area). These collection sites were selected because they represent a
range of different urban influences and water qualities, as classified by the WQIs, which can be
categorically defined as poor (20 to 36), regular (37 to 51), good (52 to 79), and excellent (80
to 100). The WQI was calculated for each site based on nine quality indicators (pH, total
nitrogen, total phosphorus, biochemical oxygen demand, turbidity, temperature, total residue,
dissolved oxygen, and fecal coliforms) (Supplementary Table S1). All parameters and indices

are available in CETESB publications and reports (https://cetesb.sp.gov.br/praias/publicacoes-

relatorios/).

The collected water samples from the Sdo Domingos Stream represented a poor WQI
and a history of poor-quality indices. In contrast, waters obtained from the Pardo River
represented the best WQI among all samples and were historically classified as good and
excellent. The Tieté River had different WQIs depending on the collection site, with WQI
ranging from good to poor. The worst site was TIET-04200, located in Sao Paulo, the most
populous city in Brazil (Table 1; Fig. 1).

The first water collections were carried out in March, April, and May 2019. The second
collections were carried out in June and July 2019. These two time periods were selected for
collection because they corresponded to periods of high and low rainfall in the area,
respectively. For each collection, 16 water samples were obtained in triplicate from eight
different sites, totaling 48 samples from both sampling periods (Table 1; Fig. 1). Briefly, three

liters of water were collected from each site using sterile plastic bottles without preservatives
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and then transported to the laboratory under refrigeration. Subsequently, all samples were
filtered using cellulose membranes 0.22 pm x 25 mm in diameter (Millipore, United States),

which were kept at — 20 °C until DNA extraction from the filters.

2.2. DNA extraction and untargeted metagenome sequencing

Total DNA extraction was performed directly from cellulose membranes using the
PowerWater™ DNA Isolation Kit (QIAGEN, United States) according to the manufacturer's
recommendations. The DNA concentration and purity were determined using Qubit®
Fluorometer (Thermo Fisher Scientific, United States). Triplicate extractions were pooled
before sequencing so that 16 samples (8 sites at each of two collection times) were submitted
for sequencing. 300 ng of each sample's DNA was sequenced by the untargeted metagenome
sequencing method on the Illumina® HiSeq 4000 platform in paired-end mode (2x150 bp)
(IMlumina Inc., United States) at the Michigan State University Genomics Core Facility facility
according to their standard operating protocols. Following the manufacturer's
recommendations, the metagenomic libraries were prepared using the TruSeq® Nano DNA
Library Preparation Kit with IDT® for [llumina Unique Dual Index adapters (Illumina, United
States). Trimmomatic was used to remove adapters and to identify and remove low-quality
reads (Phred score value < 33) from raw reads (Bolger et al., 2014). The FASTq files were

generated with Illumina Bcel2Fastq v.1.8.4.

2.3. Metagenomic data analysis

The MicrobeCensus software v1.1.1 (https://github.com/snayfach/MicrobeCensus) was

used to estimate the average genome size of the microbial communities using metataxonomic
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data, and the SeqKit platform v.2.2.0 (https://bioinf.shenwei.me/seqkit/) was used to generate
assembly and read statistics. Microbial diversity was determined using Kraken2 with default
parameters (Wood et al., 2019). We used Kraken2 output to calculate the richness and Shannon
diversity index with the vegan R package (insert version) (Oksanen et al., 2018). To discover
genera correlated with WQI, we used linear models to relate taxon relative abundance to WQI.
Model fit (1?), false discovery rate (FDR; p adjusted value), and slope were calculated for each
genus with the function /m() in R.

The resistome and virulome profiles were determined by ABRicate v.1.0.0
(https://github.com/tseemann/ABRicate) using ResFinder v.4.0 (Bortolaia et al., 2020), CARD
v.3.2.5 (Alcock et al., 2020), and Virulence Factors Database (VFDB) v.2022 (Liu et al., 2022).
Genes were detected with a coverage threshold of 60% and a percent identity threshold of 80%.
CARD outputs were filtered to select efflux genes related to AMR. The ARGs were categorized
at the class level. The efflux genes were grouped by the efflux system pump type. The virulence
genes were organized by category due to data sparsity from individual gene counts. Output files
from each of the analyses were combined into one data frame, and sample normalization was
performed by dividing sample gene abundances by sample genome equivalents calculated in
Kraken2. Ecological analyses were performed on the combined and normalized data frame.

The Bray-Curtis distance metric was used to calculate dissimilarities between ARGs,
efflux genes, and virulence gene abundances detected in river samples. A principal coordinates
analysis (PCoA) was performed in the vegan R package v.2.5.6. Only one sample had excellent
WQI (PARD-02400-J). This sample was categorized with good WQI samples for downstream
analyses (six good, four regular, and six poor WQI samples). The varpart function in vegan was
used to calculate variation explained due to river type, WQI, and their combined effect. We

tested for significant differences among collection sites, water quality, and the interaction of
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collection site x water quality using permutational multivariate analysis of variance
(PERMANOVA) implemented with the Adonis function in the vegan package.

The environmental government agency in Sao Paulo provided CETESB data regarding
river quality metrics. The WQI is a qualitative metric calculated from nine quantitative metrics
provided in the CETESB report, including total coliforms, BOD, total nitrogen, total
phosphorous, temperature, pH, total solids, total dissolved solids, and dissolved oxygen. We
extracted the quantities of each component from CETESB reports, except for total nitrogen due
to incomplete data (Supplementary Table S1). Distance-based redundancy analysis using a
forward selection approach was performed using the ordi2step function in the vegan package
to identify environmental drivers of beta diversity calculated from ARG/efflux/virulence gene

abundances.

2.4. Data availability
All raw reads were submitted to the NCBI SRA database under the BioProject number
PRINA754506. Bioinformatic and statistic code are available on GitHub

(https://github.com/ShadelL.ab/PAPER Stehling_riverMetaG _2023).

3. Results

3.1. Sequencing data

Based on metagenome assembly metrics, the number of paired-end reads and contigs
ranged from 29,367,936 to 98,275,048 and 355,111 to 1,428,676 per sequenced sample,
respectively. The metagenome with the highest number of genomes (n=3,801) was obtained

from sample PARD-02500-A, which was collected from the Pardo River. The average genome
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size ranged from 2,593,349 to 6,510,909, N50 ranged from 662 to 1,074, and the percent GC

content ranged from 47.2% to 57.3% (Supplementary Table S2).

3.2. Microbial diversity

Microbial diversity analysis revealed the presence of different phyla, classes, orders,
and families in all samples. The samples with the highest taxonomic diversity were those
collected from the Tieté River, with the highest diversity observed in sample TIET-04200-J,
which also had the lowest WQI. Phylum Proteobacteria showed the highest relative abundance
in all samples (50.7% to 97.7%), followed by the phyla Actinobacteria and Bacteroidetes, (Fig.
2A). At the class level, Actinobacteria, Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria were distributed among the samples but had varying proportions (Fig.
2B). At the order and family levels, the order Burkholderiales (11.1% to 50.5%) (Fig. 2C) and
the family Comamonadaceae (11.6% to 33.4%) were the most prevalent groups. Furthermore,
there were notable amounts of order Pseudomonadales (Fig. 2C) and Mycobacteriaceae and
Oxalobacteraceae families in TIET samples.

There was almost no variation in microbial composition between the different collection
dates for the sites SDOM-04500, PARD-02400, and PARD-02500. However, the microbial
composition of the water samples from the Tieté River had greater collection-to-collection
variations from March to July, principally among the samples TIET-02050, TIET-04200, and
TIET-03130 (Fig. 2A to 2C). Among these samples, a high diversity of bacterial genera was
found. A closer investigation revealed that Pseudomonas is prevalent as a potential pathogenic
genus in some samples, especially in the poor/regular WQI sample TIET-03130-M (74%).
Other pathogenic genera, including Mycobacterium, Burkholderia, and Bordetella were also

commonly detected in these river systems but were not in high relative abundance. There were
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no statistical differences between WQI/sampling month and alpha diversity using
PERMANOVA (Fig. 3A and 3B). However, linear models revealed that certain potential
opportunistic pathogenic genera [i.e., Aeromonas (FDR=0.021, r’=0.275), Bacteroidetes
(FDR=0.04, 1>=0.240), Pantoea (FDR=0.026, 1>=0.256), and Parabacteroides (FDR=0.01,

r°=0.342)] had negative correlations with WQI (Fig. 3C).

3.3. Virulome

We detected 114 unique virulence genes related to adherence, biofilm, immune
modulation, motility, nutritional/metabolic factors, regulation, secretion systems, stress
survival, and others. The highest relative abundances of virulence factors were motility (36.7%,
n=572), adherence (15.6%, n=218), and secretion systems (12.8%, n=179). In this regard,
motility-related genes were mainly detected among the sites from the Tieté River, while
regulation-related genes were more prevalent among the sites from the Sao Domingos Stream.
Overall, the Tieté River presented genes related to all virulence factors found. Only genes
associated with immune modulation were detected in TIET-02090-] site, while no virulence

factor was found at PARD-02500-Jn (good WQI) site (Fig. 4A).

3.4. Resistome

Sixty-one unique ARGs were identified. These genes were distributed among different
antimicrobial targets, including B-lactams, fluoroquinolones, tetracyclines, aminoglycosides,
macrolide-lincosamide-streptogramin (MLS), phenicols, sulfonamides, and trimethoprim.
Interestingly, clinically important ARGs were found in all studied aquatic ecosystems (Table

2). In general, the highest relative abundances of ARGs were B-lactams (38.6%, n=51) and

10
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MLS (24.2%, n=32). The abundances of ARGs were higher in samples from the Tieté River,
especially in TIET-04200 (poor WQI). Only TIET-04200-] site presented at least one ARG for
all antimicrobial classes. Curiously, some sites presented only -lactams-related ARGs, while
PARD-02500-A (regular WQI) did not show ARGs (Fig. 4B).

Twenty unique genes associated with nine efflux pumps were detected among the
samples. The efflux pumps may confer resistance to multiple antimicrobials, including -
lactams, fluoroquinolones, phenicols, aminoglycosides, tetracyclines, and macrolides. Efflux
pumps AcrAB-TolC (39.4%, n=52), MFS-type (18.2%, n=24), MtrCDE (17.4%, n=23), and
MexAB-OprM (15.9%, n=21) were the most prevalent. Overall, samples from the Tieté River
presented higher relative abundances. Unlike the diversity of virulence genes and ARGs, PARD
sites showed only MtrCDE-related genes, and four sites belonging to the Pardo and Tiet€ rivers

did not show any efflux pump-encoding genes (Fig. 4C).

3.5. PCoA analysis

A PCoA was constructed to explore dissimilarities between collection sites and
virulence/ARG/efflux gene abundances (Fig. 5). Collection type explained 9% of the variation,
WQI explained 8% of the variation, and their combined effect explained 12% of the variation.
No significance was detected between the abundance of virulence/ARG/efflux genes and
collection type/WQI (0.068 <> < 0.174 by Adonis; P values, >0.1). However, the WQI is a
qualitative metric calculated from nine quantitative metrics (see Methods). We extracted the
quantities of each of these components from environmental reports to perform stepwise model
selection using the ordiR2step function. After model selection, it was determined that total

solids were a weak predictor of gene abundance patterns (R2Adj = 0.078, P value = 0.04).

11
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4. Discussion

In this study, we evaluated three important water sources from the state of Sdo Paulo,
Brazil, which presented different WQIs. These parameters were used to test if water quality
influences the microbial diversity and the presence of putative pathogenic bacteria and virulome
and resistome of these aquatic environments. Regarding the microbial diversity, there was a
great predominance of the phylum Proteobacteria in all samples, especially in samples from
Sao Domingos Stream and Tieté River that presented the lowest WQIs. In contrast, samples
with higher indices had an increased abundance of Actinobacteria. Despite both phyla have
been found in many environments (Wang et al., 2016; Chen et al., 2016; Gilbert et al., 2012),
we identified that fluctuations of WQIs impact the abundance of bacterial phyla.

In general, analyses of bacterial genera showed that water samples from the Tieté River
presented higher relative frequencies for some opportunistic pathogenic bacteria, especially
Pseudomonas, a ubiquitous and versatile bacterium. Although this genus is not considered
commonly abundant within freshwater environments (Newton et al., 2011), it has been isolated
from lakes and other water sources and can also be introduced into the microbial community
via sewage effluent and stormwater runoff (Batrich et al., 2019; Fresia et al., 2019). In this
study, the relative abundance of Pseudomonas was significantly higher in most samples
collected from the Tieté River in March during the rainy season. This genus is known to use a
variety of organic compounds; however, some Pseudomonas species, including P. aeruginosa,
have emerged as opportunistic human pathogens resistant to antimicrobials and/or tolerant to
metals (Zhang et al., 2012; Pitondo-Silva et al., 2016; Hwang and Yoon, 2019). Overall, the
results indicate the presence of a high diversity of potentially pathogenic bacteria in all samples.

Considering the virulome, we identified a high diversity of virulence genes in water

samples along the WQI gradient, supporting the notion that aquatic environments serve as

12
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reservoirs of virulence factors of pathogenic bacteria (Hamner et al., 2019). Virulence genes
were mainly predicted to originate from P. aeruginosa, reinforcing the presence of potentially
pathogenic P. aeruginosa strains in the water samples (Wei et al., 2020). In addition, the other
virulence genes found are related to bacterial genera commonly reported to cause infections in
humans and animals but also detected in environmental samples (Aziz et al., 2015; Chukwu et
al., 2019; Martak et al., 2020).

Several studies have been conducted to define the resistome of environmental sources,
especially from waters and soils, and ARGs associated with different antimicrobial classes,
such as aminoglycosides, tetracyclines, sulfonamides, and B-lactams have been found (Yin et
al., 2019; Dang et al., 2020; Qian et al., 2021). These antimicrobials have been commonly used
in clinical, aquaculture, and agricultural settings (Qiao et al., 2018). We detected many
clinically relevant ARGs, including blaves, blaces, and blaoxa-ss, which confer resistance to f3-
lactams, and fet(X), which is related to tigecycline resistance, both classified as critically
important antimicrobials for human and veterinary medicine since they have been used as a last
resort to treat infections caused mainly by multidrug-resistant pathogens (Scott et al., 2019;
Yang et al., 2020). Although B-lactams are predominantly used to treat human infections,
different P-lactamase-encoding genes have been detected in the environment since
antimicrobials can reach wastewater and urban sewage mainly through the feces of patients
(Auguet et al., 2017; Karkman et al., 2019).

In addition, many other ARGs, including gnrsS, erm(F), sul, cmlA, and dfrA, which are
associated with resistance to fluoroquinolones, MFS, sulfonamides, phenicols, and
trimethoprim were also found. Notably, tetracyclines and sulfonamides have been extensively
used in veterinary medicine as growth promoters and aquaculture production, respectively
(Peiris et al.,, 2017; Song et al.,, 2017). Consequently, high concentrations of those

antimicrobials, as well as their corresponding ARGs, have been extensively detected in different

13



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

14

habitats, including rivers (Jia et al., 2018), urban beaches (Furlan et al., 2021), livestock
manures (Qian et al., 2018), wastewater treatment plants (Xu et al., 2015; Grabert et al., 2018),
and soils (Xiang et al., 2016; Furlan & Stehling, 2021). Interestingly, the highest diversity was
found in samples from the Tieté River, mainly in sample TIET-04200-J, which presents the
worst WQI and was collected in a dry season. According to some studies, higher concentrations
of some antimicrobials are mostly found in dry instead of wet seasons since lack of rainfall may
increase antimicrobial concentrations by lack of dilution (Kim et al., 2019; Im et al., 2020).

It was expected that virulome/resistome abundances would correlate to river type and/or
WQI. However, we did not find this to be the case. Furthermore, total solids were a weak
predictor of gene abundance patterns. In this context, total solids can originate from natural
sources or human activities, leading to various environmental issues. However, the relationship
between total solids and virulome/resistome can be complex and context-dependent. Organic
solids can provide surfaces for microorganisms to attach and form biofilms, and others as fecal
matter or manure, can contain bacteria carrying especially ARGs that can be released into the

water (Holman et al., 2016; Gurmessa et al., 2021).

5. Conclusions

The metagenomics analysis revealed that Pseudomonas was the most abundant detected
genus, and despite the wide virulome found, many virulence genes were associated with P.
aeruginosa. Resistome analysis showed genes related to AMR for several antimicrobial classes,
highlighting some critically important antimicrobials detected in our study. Some opportunistic
pathogenic bacteria had negative correlations with WQI, and no significance was detected
between the abundance of virulome/resistome and collection type/WQI, contrasting the

hypothesis that only highly polluted environments harbor potentially pathogenic and

14
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antimicrobial-resistant bacteria. Therefore, these findings showed that diverse virulome and
resistome have been presented in water ecosystems with different WQIs, representing a

potential risk to humans, animals, and surrounding environments.
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Captions of tables and figures

Table 1. This study sampled the field data, sample collection, and WQIs of the stream

environments.

Table 2. The most clinically important ARGs that were found for each antimicrobial class

among the stream samples.

Fig. 1. A map showing the collection sites of the aquatic environments. Collection sites: Pardo

River, PARD; Sao Domingos Stream, SDOM; Tieté River, TIET.

Fig. 2. Fig. 2. Relative abundances of the microbial taxonomic groups found in each water
sample, with reference to each WQI (colored circles on the bottom). (A) Phylum; (B) Class;
(C) Order. Collection sites: Pardo River, PARD; Sdo Domingos Stream, SDOM; Tieté River,

TIET.

Fig 3. Impact of environmental factors on the alpha diversity and abundance of potential
opportunistic pathogens. Alpha diversity, represented by richness (A) and the Shannon diversity
index (B), is plotted against the time of sample collection [early (March, April, May) and late
(June, July)]. Points from the same sampling locations are connected by a line and colored by
the WQI. We used linear models to find genera significantly correlated with the WQI. Four of
61 genera negatively correlated with the WQI belonged to potential opportunistic pathogenic
genera (C). Collection sites: Pardo River, PARD; Sao Domingos Stream, SDOM; Tieté River,

TIET.
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Fig. 4. Relative frequency of genes encoding virulence factors (A), antimicrobial resistance (B),
and efflux pumps (C) found in each sample. Collection sites: Pardo River, PARD; Sao

Domingos Stream, SDOM; Tieté River, TIET.

Fig. 5. A combined PCoA to explore the dissimilarities between the collection sites and
abundances of virulence genes, ARGs, and efflux pump-encoding genes. Collection sites: Pardo

River, PARD; Sao Domingos Stream, SDOM; Tieté River, TIET.
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Table 1. Field data, sample collection, and WQIs of the stream environments sampled as part of this study

Source Collection site Sample Collection date GPS data City' WQI (value)’
Pardo River PARD-02400 PARD-02400-A 4/23/19 2117 328,47 28 52W  Santa Cruz da Esperanga  Good (73)
PARD-02400-Jn 6/6/19 Excellent (80)
PARD-02500 PARD-02500-A 4/16/19 2106 00S, 47 45 44W  Ribeirdo Preto Regular (51)
PARD-02500-Jn 6/26/19 Good (65)
Sdo Domingos Stream  SDOM-04500 SDOM-04500-M 5/16/19 2103 02S, 49 03 499W  Catigua Poor (36)
SDOM-04500-7T 7/18/19 Poor (27)
Tieté River TIET-02050  TIET-02050-M 3/7/19 2333 548,46 00 57W  Biritiba Mirim Good (55)
TIET-02050-J 7/26/19 Good (76)
TIET-02090  TIET-02090-M 3/7/19 23 32 558,46 08 09W  Mogi das Cruzes Regular (51)
TIET-02090-J 7/26/19 Good (67)
TIET-03130  TIET-03130-M 3/7/19 2328 19S, 46 20 50W  Itaquaquecetuba Regular (37)
TIET-03130-J 7/26/19 Poor (35)
TIET-04200  TIET-04200-M 3/7/19 2331 118,46 44 47TW  Sio Paulo Poor (36)
TIET-04200-J 7/26/19 Poor (21)
TIET-02400  TIET-02400-M 3/7/19 2305 12S,474041W  Tieté Poor (32)
TIET-02400-J 7/26/19 Regular (38)

I All cities belonging to the state of Sdo Paulo.

2 WQI values (Poor: 20 to 36; Regular: 37 to 51; Good: 52 to 79; Excellent: 80 to 100) according to public reports of CETESB available at

(https://cetesb.sp.gov.br/praias/publicacoes-relatorios/)
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Table 2. The most clinically important ARGs found for each antimicrobial class among the stream samples

Gene Antimicrobial target! Source Species found?

blacrs B-lactams Tieté River Enterobacteria, A. baumannii, P. aeruginosa

blaves Tieté River E. coli, K. pneumoniae, A. baumannii, P. aeruginosa
blaoxa-ss Tieté River K. pneumoniae, P. mirabilis, Acinetobacter sp.

gnrS Fluoroquinolones Tieté River Enterobacteria, A. baumannii

aph(3")-Ib  Aminoglycosides Tieté River Enterobacteria, NFGNB

tet(A) Tetracyclines Tieté River Enterobacteria, NFGNB

tet(B) Tieté River Enterobacteria, NFGNB

tet(X) Tieté River E. coli, Bacteroides sp., Myroides sp., Phocaeicola sp.
erm(F) MLS Sao Domingos Stream, Tieté River Bacteroides sp., Myroides sp., Phocaeicola sp.

sull Sulfonamides Sao Domingos Stream, Pardo River, Tieté River Enterobacteria, NFGNB

sul2 Sao Domingos Stream, Tieté River Enterobacteria, NFGNB

cmlA Phenicols Tieté River Enterobacteria, P. aeruginosa

dfrA Trimethoprim Tieté River Enterobacteria, A. baumannii, P. aeruginosa

' Macrolide-lincosamide-streptogramin, MLS. ? Description according to resistomes with perfect matches and/or resistomes with sequence variants
available in the CARD database; Non-fermenting Gram-negative bacilli, NFGNB.
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Fig. 1. Map showing the collection sites of the aquatic environments. Collection sites: Pardo

River, PARD; Sao Domingos Stream, SDOM; Tieté River, TIET.
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Fig. 2. Relative abundances of the microbial taxonomic groups found in each water sample,
with reference to each WQI (colored circles on the bottom). (A) Phylum; (B) Class; (C) Order.
Collection sites: Pardo River, PARD; Sao Domingos Stream, SDOM; Tieté River, TIET.
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Fig 3. Impact of environmental factors on the alpha diversity and abundance of potential
opportunistic pathogens. Alpha diversity, represented by richness (A) and the Shannon diversity
index (B), is plotted against the time of sample collection [early (March, April, May) and late
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the WQI. We used linear models to find genera significantly correlated with the WQI. Four of
61 genera negatively correlated with the WQI belonged to potential opportunistic pathogenic
genera (C). Collection sites: Pardo River, PARD; Sao Domingos Stream, SDOM; Tieté River,
TIET.
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Fig. 4. Relative frequency of genes encoding virulence factors (A), antimicrobial resistance (B), and

efflux pumps (C) found in each sample. Collection sites: Pardo River, PARD; Sao Domingos Stream,
SDOM; Tieté River, TIET.
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Fig. 5. A combined PCoA to explore the dissimilarities between the collection sites and
abundances of virulence genes, ARGs, and efflux pump-encoding genes. Collection sites: Pardo
River, PARD; Sao Domingos Stream, SDOM; Tieté River, TIET.
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