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Resumen

El agua es un recurso esencial en nuestro planeta, especialmente en los entornos de agua dulce, fuente
vital tanto para humanos, animales y ecosistemas; ademas es importante destacar que es un recurso
limitado. Sin embargo, dichos entornos se han visto impactados significativamente por la
contaminacion y degradacion generada por las actividades humanas. El objetivo de este estudio fue
caracterizar el microbioma de aguas residuales y superficiales del Rio Pasto, representando el primer
panorama del estado actual de este recurso en las tierras altas andinas del suroeste de Colombia. Para
lograr esto, realizamos analisis fisicoquimicos y microbioldgicos tradicionales, incluida la deteccion
de material genético de los parasitos protozoarios Giardia spp. y Cryptosporidium spp. Ademas,
utilizamos tecnologia Illumina para secuenciar las muestras para analisis metagendémicos. Estos
analisis nos permitieron explorar el microbioma de las aguas residuales y superficiales a niveles
taxonémicos y funcionales utilizando dos enfoques. El primer enfoque fue a partir de lecturas que
revelaron las familias mas abundantes en cada punto de muestreo, junto con especies que exhiben
caracteristicas patégenas potenciales, como Aeromonas media, y aquellas con roles potencialmente
benéficos, como Polaromonas naphthalenivorans. También se identificaron marcadores moleculares
de importancia en salud en cada punto de muestreo, incluidos marcadores de resistencia
antimicrobiana como tetraciclinas y aminoglucosidos, asi como factores de virulencia. EI segundo
enfoque involucrd el ensamblaje de genomas a partir de metagenomas (MAGS), que condujo a
obtener 270 ensamblajes de alta calidad y la identificacion de 16 especies bacterianas, que incluyen
especies reportadas en heces y nativas del cuerpo, para las cuales se obtuvieron sus perfiles
funcionales. Este estudio proporciona informacién del estado actual del Rio Pasto, que abarca tanto
las aguas superficiales como las aguas residuales no tratadas, y ofrece una herramienta valiosa para
evaluar los riesgos potenciales asociados con el retso del agua y las implicaciones de la descarga
directa de contaminantes en los cuerpos de agua.
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ABSTRACT

Freshwater is an essential resource on our planet; however, human activities have significantly
impacted it. This study aimed to assess the microbiome of Pasto River's wastewater and surface
waters in the southwestern Colombian Andean highlands. Traditional physicochemical and
microbiological analyses, alongside Giardia spp. and Cryptosporidium spp parasites were detected
by real time PCR. lllumina technology was used for metagenomic analyses. allowing to explore both
taxonomic and functional profiling using two approaches. The first approach was from reads reveling
the most abundant families, along with species exhibiting potential pathogenic characteristics, like
Aeromonas media, and those with potential beneficial roles, such as Polaromonas naphthalenivorans.
It also uncovered molecular markers of health significance, including common antimicrobial
resistances markers linked to tetracyclines and aminoglycosides, as well as virulence factors. The
second approach involved genome assembly using metagenomic data, leading to 270 high-quality
assemblies and the identification of 16 bacterial species, encompassing both fecal-derived and water-
body-native species, including insights into their functional relationships. This study provides a
current state of the Pasto River, encompassing both surface and untreated wastewater, and offers a
valuable tool for assessing potential risks associated with water reuse and the implications of the
direct wastewater discharge into surface waters bodies.
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INTRODUCTION

Water is a vital resource on Earth, covering approximately 71% of the Earth's surface. However, only
2.5% of this water is freshwater (1), which is essential for human beings, animals, and ecosystems
(2). Surface waters refer to freshwater bodies found on the Earth's surface (3), and they have played
a crucial role in human development, providing social and economic benefits that contribute to urban
growth. Despite their significance, the demand for water has continuously risen, leading to negative
impacts on the state of these water bodies due to human activities (4). These impacts are not limited
to urbanization near rivers but also encompass agricultural, industrial, and domestic activities,
particularly pronounced in developing countries (5), where resources for implementing water source
conservation and treatment schemes are limited. This contamination has contributed to a surge in
waterborne diseases affecting both humans and animals, while also adversely affecting the ecology
of the aquatic ecosystem. Ultimately, these challenges limit the sustainable use of this precious
resource (6).

In Latin America, there is a growing concern about the state of water resources because it has been
affected by the increasing population density. Moreover, the current strategies for treatment of
wastewater seems inadequate to deal with emerging contaminants. Pollutants detected in water bodies
often result from the discharge of domestic, hospital, and wastewater, which frequently contain
personal care products, pharmaceuticals, and various other substances (7). Assessing the condition of
surface water quality enables us to understand the impact of human-induced activities on this vital
resource. Furthermore, it aids in comprehending the consequences of this contamination on human
health, animal welfare, and ecosystems (8). This is due to water bodies hosting a variety of
microorganisms, including a wide diversity of protozoan, bacteria, and viruses, some of which are
associated with fecal contamination (9) and antibiotic resistance (10). Additionally, protozoan
parasites like Giardia spp. and Cryptosporidium spp. are a fecal contamination indicative and have
been linked to waterborne intestinal diseases, which can negatively impact human health (11).
Moreover, it is essential to monitor physicochemical parameters that can influence these microbial
communities (9-15). Assessing the condition of surface water quality enables us to understand the
impact of human-induced activities on this vital resource. Molecular markers of interest in health,
such as those conferring antibiotic resistance and encoding virulence factors have been detected,
posing a risk to human and animal well-being, as aquatic environments can facilitate the spread of
these contaminants to other areas (16). As a result, considerable efforts have been directed towards
characterizing the microbiome (17). This not only provides information about the diverse microbial
communities present in these water bodies but also offers insights into their interactions and genetic
material, shedding light on ecosystem processes, functionality, adaptability, and the services they can
provide (18).

Currently, advances in sequencing have allowed us to understand the composition of the microbiome
in environmental samples. Metagenomics has become a popular tool for characterizing the
microbiome of multiple samples, because it provides insights into taxonomic profiling of all
microorganisms present in the sample, including those that cannot be cultured, without the biases
associated with the amplification process. For instance, in the United States, Chopyk and colleagues
conducted a study where they characterized the microbial composition in both freshwater and saline
surface waters over time. Metagenomics, in addition to taxonomic classification of the



microorganisms, facilitated the identification of antibiotic resistance genes, enhancing the
understanding of the risks associated with the use of these water bodies in activities like agriculture
(19). Conversely, in Southern China, a study was carried out to profile pathogenic microorganisms
and antibiotic resistance genes in wastewater and surface waters. Through metagenomic analysis,
they discovered that the composition in these water bodies was similar, suggesting that the presence
of these pathogens in surface waters might be linked to the direct discharge of untreated wastewater
(20). In Korea, metagenomic assembled genomes (MAGs) from surface water samples provided
detailed information about the microbial members, the impact of resistomes, and the understanding
species without known cultivated representatives (21). A study in Brazil also highlighted the
importance of conducting tests to identify microorganisms with pathogenic potential in surface
waters. This stands out the need to enhance surveillance of these water bodies and monitoring of
health-relevant protozoa such as Cryptosporidium spp. and Giardia spp. (22). In Mexico, next-
generation sequencing was employed for the taxonomic characterization of surface waters. This
enabled the identification of microorganisms with pathogenic potential and their associations with
water quality (23). Finally, in Colombia, in addition to characterizing bacterial communities in
wastewater, the researchers elucidated molecular markers of health interest, including those
associated with antibiotic resistance. This emphasizes that wastewater and its treatment plants are
critical points for discovering antibiotic resistance genes (24).

In Colombia, the drinking water quality risk is evaluated using the IRCA - Water Quality Risk Index,
which considers physicochemical and microbiological characteristics. Based on the results, states
(departments in Colombia) are classified into categories of high, low, medium, or no risk regarding
water quality. Specifically, the department of Narifio in Southwest Colombia reports medium level
of risk in water quality according to this index, and there are complementary reports of health issues
related to water quality in the region, including waterborne diseases (25). This concern is reinforced
by the fact that Pasto River, one of the main rivers in the capital city of Narifio, supplies about 85%
of the city's drinking water (27). However, only routine microbiological methods have been applied
to understand the health risk imposed in the Pasto River.

Therefore, this study aims to create a comprehensive monitoring and surveillance tool for the Pasto
River, covering both surface and wastewater. This was achieved by using advanced techniques, such
as shotgun metagenomics to describe microbiome characterization, combined with traditional
physicochemical analysis and the detection of Giardia spp. and Cryptosporidium spp. Additionally,
we include analyses to identify molecular markers of health significance, particularly those related to
antibiotic resistance and virulence factors. The research was proposed as a longitudinal study for the
Pasto River, which is one of the main tributaries in the department of Narifio and has been identified
as facing a high level of water quality risk. Understand the composition of the circulating
microorganisms will allow the identification of potential health hazards for both animals and humans.
This is crucial, as the river's water is utilized in various sectors, including domestic and industrial
applications.

METHODS

Sample Collection



Pasto River has played a crucial role in the city's development, but it is currently facing challenges
due to the impact of various pollutants resulting from the growing demand for this resource. The river
is divided into three main basins. The upper basin serves as a productive area for the agricultural
sector. The middle basin, mostly located in the city of San Juan de Pasto, is a residential and urban
area with discharges primarily from domestic and industrial sources. The lower basin is
predominantly used for agricultural crops (27-29). It has been reported that approximately 90% of
the domestic wastewater from the municipality is discharged without any prior treatment as it flows
out of the city of San Juan de Pasto. Moreover, in the northern part of the city, there is a significant
pollution load from the Juan XXII1 collector, which gathers wastewater from the urban area (28).

To determine the necessary number of samples, we used EpiDat software (v.3.1) (30) for sample size
calculation. This calculation was based on the research conducted by Kochling et al (31), who
collected samples from a river in northeastern Brazil exposed continuously to industrial and domestic
contaminants. Building on their findings, we assessed bacterial diversity, considering an expected
diversity of 79%, a precision of 5%, and a 95% confidence interval. According to these parameters,
it was determined that a minimum of five water samples is required for each type of sample (surface
water and wastewater). With this information in hand, we proceeded to collect samples.

We obtained a total of 50 surface water samples, which covered the upper basin in the city's south
(S1), the middle basin in the urban area (S2), and the lower basin in the city's north (S3). Additionally,
we collected 50 wastewater samples from the Juan XXI11 wastewater collector located in the northern
side of Pasto city (R4). This extensive study spanned seven months, running from August 2022 to
March 2023, with an exception for January due to logistical constraints (Figure 1). This was done to
better comprehend the shifts in microbiome composition over time and to facilitate comparisons
across the collection points.

Sample collection was accomplished using a collection model that eased access to water bodies via
bridges or the riverbank (Figure S1-A information in the following link: GitHub -
gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-Environmental-Monitoring). This
model featured a plastic container connected to a 6-meter-long rope. Additionally, different collection
models were employed for gathering samples from both surface water and wastewater sources. Before
sampling, the container was cleaned with potable water and submerged multiple times in the surface
water or wastewater to obtain the final sample. Two distinct sampling methods were utilized. First, a
single-sample collection involved gathering the entire sample (400 mL) at a specific location during
a designated time. The second method employed was composite collection. In this case, the sample
volume was reach from sub-samples obtaining a total of 400 mL.. For surface water samples,
collection took place at the same location with varying collection times. Two sub-samples were
obtained every 15 minutes to ensure representation of the basin. Regarding wastewater samples,
composite collection was conducted at the Juan XXIII wastewater collector, comprising 12 sub-
samples taken at hourly intervals to constitute the complete sample. Finally, a total of 102 samples
were gathered, comprising 16 from point S1, 20 from point S2, 19 from point S3, and 47 from point
R4, making a total of 47 wastewater samples and 55 surface water samples (Figure S1-B information
in the following link: GitHub - gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-
Environmental-Monitoring). To preserve sample integrity during transport to the laboratory, they



https://github.com/gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-Environmental-Monitoring
https://github.com/gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-Environmental-Monitoring
https://github.com/gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-Environmental-Monitoring
https://github.com/gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-Environmental-Monitoring

were stored in properly labeled sterile glass containers and placed in a portable refrigerator,
maintaining a temperature of approximately 4°C.

Physicochemical analysis of surface and wastewater samples

For the physicochemical analyses, each month an aliquot of the samples composed of points S1, S2,
S3 and R4 was implemented to analyze all the variables. Additionally, we conducted in-situ
measurements using a multiparameter instrument (HANNA instruments). This instrument recorded
pH values, water and ambient temperatures, conductivity, and dissolved oxygen levels. Furthermore,
a sample aliquot was analyzed in a specialized laboratory to obtain additional physicochemical
measurements, such as turbidity, suspended solids, alkalinity, acidity, electrical conductivity, nitrites,
chlorides, phosphates, among others. All of this was accomplished through specific tests to measure
each variable and by utilizing specialized equipment. To highlight the specific months where these
significant differences occurred, we conducted a Kruskal-Wallis test and a Dunn’s test with
Benjamini-Hochberg adjustment. For this, we include significant differences * (0.01 - 0.05), and
very significant differences **, *** (0.001 - 0.01, < 0.001).

Sample preprocessing and DNA extraction

In the laboratory, we concentrated the biomass from the samples through a series of filtration steps.
Initially, we used 3.0 um membranes (Millipore) to filter each sample, performing filtrations for every
100 mL until the entire sample was processed. Following this first filtration, we repeated the process
with 0.45 um membranes and subsequently with 0.22 pm membranes to ensure the recovery of
microorganisms of various sizes was maximized. Following this, the membranes were placed in
sterile 50 mL Falcon tubes, and the biomass was collected by gently scraping them with 15 mL of
molecular-grade water, repeating this process twice for each membrane, with each round of scraping
lasting 15 minutes. After centrifugation, we obtained the pellet. Subsequently, we carried out DNA
extraction from this pellet using the Qiagen DNeasy Power Soil kit, following the manufacturer's
instructions. We prewarmed the elution solution to 65°C for optimal results. Once we had obtained
the nucleic acids from each sample, we evaluated their quality and quantity using the Nanodrop
equipment.

gPCR and Analysis

To detect protozoan parasites Giardia spp. and Cryptosporidium spp., real-time PCR was used. For
Giardia spp., the analysis involved the use of GdF (5'-CATGCATGCCCGCTCA-3), GdR (5-
AGCGGTGTCCGGCTAGC-3), and GdP (6FAM/AGGACAACGGTTGCAC/MGB) primers and
probes. The thermal profile included an initial 15-minutes phase at 50°C, followed by 10 minutes at
95°C. Subsequently, 40 cycles were carried out: 15 seconds at 95°C, 1 minute at 58°C, and 1 minute
at 60°C. For  the detection of Cryptosporidium spp., CcF18S (5-
GTTTTCATTAATCAAGAACGAAAGTTAGG-3"), CcR18S (5-
GAGTAAGGAACAACCTCCAATCTCTAG-3), and CsP
(6HEX/TCAGATACCGTCGTAGTCTTAACCATAAACTATGCC/TAMRA) primers and probes
were employed (32), with a thermal profile of 95°C for 10 minutes. This was followed by 45 cycles:
10 seconds at 95°C and 30 seconds at 60°C. Some modifications were made to the protocol during
its execution. These adjustments specifically referred to the thermal profile for the amplification of



Cryptosporidium spp. and were evaluated through laboratory tests, in which 45 cycles were
implemented.

Metagenomic Sequencing and Data Analysis

After meeting the quality standards, integrity was assessed through horizontal agarose gel
electrophoresis, and concentration and purity were determined using the Nanodrop equipment
(Thermo Fisher Scientific). The samples were sent to Novogene for metagenomic sequencing. The
objective was to attain a raw sequencing of at least four Gb per sample, and the sequencing was
executed using the Illumina Novaseq platform in a Paired-End format, with each read having a
minimum length of 150 base pairs.

After obtaining the results, the quality of the reads was assessed using FastQC v.0.11.9 (33) along
with MultiQC v.1.6 (34) for a comprehensive evaluation. Various factors like adapter content, N
content per base, and quality scores were considered. In case any of these characteristics were
detected, read trimming was performed using Trimmomatic v.0.38 (35). Once the data had undergone
preprocessing, clean and high-quality reads were obtained. Subsequently, taxonomic assignment was
carried out using the Centrifuge software v.1.0.3-beta (36), Once the data was collected, it was
visualized through Pavian (37) and RStudio. Furthermore, with these clean and high-quality reads,
markers related to health were identified. For markers associated with antibiotic resistance, the
Resistance Gene ldentifier (RGI) software was utilized, incorporating databases like CARD v.3.1.3
(38). On the other hand, markers linked to virulence factors were identified using the Virulence Factor
Database (VFDB) (39).

Assembly of Genomes from Metagenomes

For genome assembly-based analyses from metagenomes (MAGS), a series of steps were performed.
Initially, clean, and high-quality reads were assembled using the Metaspades software v3.15.3 (40).
Subsequently, sequences were binned using the MetaBAT, Maxbin, and Concoct software (41-43).
To ensure the high quality of the bins, a refinement was conducted through DASTool (44). To assess
the assembly quality and proceed with those of high quality, data processing was done with CheckM
v1.1.3 (45). Following this process, the GTDB-Tk software v.1.7.0 (46) was used for the taxonomic
assignment of the assemblies. The annotation of the assemblies was carried out using Prokka (47),
and the results were visualized through Proksee. Additionally, for identifying both commonalities and
distinctions among the various genomes found in the samples, a comparative genomic analysis was
performed using the Roary software (48). Furthermore, markers of health interest were also identified
using the ABRICATE software, both for those related to antibiotic resistance and those linked to
virulence factors. Finally, to explore functional aspects, analyses were conducted using eggNOG
mapper v.2 (49). Metabolic pathways were elucidated using KofamKOALA (50).

RESULTS
Monitoring physicochemical parameters in surface and wastewater samples

For the physicochemical analyses, we subjected the data to a normality test — Shapiro-Wilks, and it
turned out that only certain variables like conductivity, dissolved oxygen percentage, pH, and water
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temperature exhibited a normal distribution. However, other factors, such as fluorides, sulfates,
suspended solids, among others, did not conform to this normal distribution pattern. Subsequently,
we assessed whether there were any significant differences (P-value < 0.05) in the measured variables
across the sampled months. When dealing with non-parametric data, the Kruskal-Wallis test was
conducted, and no significant differences were detected. On the other hand, for parametric data, an
ANOVA test was performed, and it showed that significant differences existed only for the pH
variable. After this, a Dunn’s test with Benjamini-Hochberg adjustment was carried out, revealing
significant variations in pH during the months of March and November.

Despite the absence of statistically significant differences, a descriptive comparison was made
between wastewater and surface water. Wastewater shows higher average water and ambient
temperatures, with a difference of approximately 3.5°C compared to surface water. Concerning
phosphates, both wastewater (16.4 mg/L) and surface water (5.8 mg/L) samples exhibit elevated
concentrations. In contrast, nitrites have a higher average value in surface water (0.2 mg/L) compared
to wastewater (0.1 mg/L). Suspended solids in wastewater (113.6 mg/L) exceed those in surface water
(72 mg/L) by roughly 41.6 mg/L. Lastly, both BOD - Biochemical oxygen demand and COD -
Chemical Oxygen Demand values are higher in wastewater (311.2 mg/L; 426.7 mg/L) in comparison
to surface water (163.9 mg/L; 269.4 mg/L) (Table_S4 information in the following link: GitHub -
gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-Environmental-Monitoring).

Detection of Giardia spp and Cryptosporidium spp. in surface and wastewater samples

Regarding the microbiological component of the study, we identified the genetic material of the
protozoan parasites Giardia spp. and Cryptosporidium spp. using real-time PCR. These parasites have
been responsible for widespread gastrointestinal diseases, sometimes leading to fatalities, especially
among children and individuals with weakened immune systems (51). The DNA of Giardia spp. was
detected in 76 out of 102 samples (75%), with 34 positive samples from wastewater and 42 from
surface water. Samples without detectable Giardia spp. DNA were concentrated in three specific
months. In November, six negative samples were obtained, two from the S3 surface water sampling
point and four from the R4 wastewater point. Another instance where Giardia spp. was not detected
in certain samples was in February. During this month, 12 negative samples were distributed across
all sampling points, with two at point S1, one at point S2, three at S3, and six at point R4. Finally, in
March, seven negative samples were identified, with two at S1, two at S3, and three at R4. Regarding
the detection of Cryptosporidium spp., it was found in 96 out of 102 samples (94%). Notably, the
detection of Cryptosporidium spp was higher throughout the study months, except for October (where
one sample from the R4 wastewater point tested negative), November (with four negative samples at
the R4 point), and March (with no detection at the S1 surface water sampling point).

Description of the aquatic microbiome: a taxonomic profiling

Afterwards, we sequenced and performed the metagenomic analysis which was conducted on the
74/102 (72,5%) samples that successfully passed the sequencing quality control checks. Sequences
were not trimmed, as they exhibited high quality with scores exceeding 34, and the analysis employed
the entire dataset (Table S1, S2, S3). An average of 52.8% of the reads were taxonomically classified
using the Centrifuge software. The sample composition was predominantly microbial, with bacteria
accounting for over 98% of the reads. The remaining fraction was divided among eukaryotes, archaea,
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and viruses. Notably, no reads were associated with protozoa or fungi. In pursuit of these, additional
analyses were conducted, entailing the extraction of the 18S-rRNA region and subsequent comparison
with the Kraken2 database (52).

o Temporal Analysis of Bacterial Family Dynamics in Wastewater and Surface
Waters

For this section, we examined the prevalence of the most common bacterial families at each of the
sample points across the map of San Juan de Pasto. Figure 1 illustrates the locations: Point S1 is
positioned in the city's southern area, Point S2 in the central district, and Point S3 in the northern part.
The wastewater sampling location, R4, is also in the northern region of the city but precedes Point
S3, indicating potential contamination from this point to S3 (Figure 1). No comparisons were
performed for Site S1 due to the limited number of available samples (N=1). To investigate potential
variations among microbial families across different sampling months, we performed a Kruskall-
Wallis analysis. Interestingly, no significant differences (P-value > 0.05) were observed for Site S2.
However, for Sites S3 and R4, differences did emerge. To highlight the specific months where these
significant differences occurred, we conducted a Dunne test with Benjamini-Hochberg adjustment.
Significant differences were noted at site S3, as illustrated in Figure S2, and marked with an asterisk
(*), with a P-value of 0.04 for all families. Variations within the Bacteroidaceae family were evident
between February and September. Likewise, notable differences were identified in the
Rhodocyclaceae and Pseudomonadaceae families between February and November (Figure S2).
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Figure 1. Top 10 most abundant families at the sampling points in the Pasto River. (S1 =
wastewater sampling point 1, S2 = surface water sampling point 2, S3 = surface water sampling
point 3, R4 = wastewater collector point).
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Moreover, variations in family composition were observed at wastewater point R4 across the months,
including significant differences (*), and very significant differences (**, ***), which were present
in all months (Figure S3). It is worth highlighting the significance of very significant differences,
indicated by three asterisks (***) and characterized by P-value values below 0.001, as illustrated in
Figure S3. Of note, the Bacteroidaceae family exhibited significant differences, with a P-value of
0.002 when comparing September to February, and 0.006 when comparing September to March.
Additionally, variations were evident between October and February (P-value 0.009). The
Burkholderiaceae family displayed variations in October compared to February (P-value 0.0006) and
November (P-value 0.002). In contrast, the Campylobacteraceae family presented significant
differences in February compared to August (P-value 0.00002) and December (P-value 0.00009).
Similarly, the Comamonadaceae family showed variations between February and October (P-value
0.0002) and during the months of August and February (P-value 0.001). The Enterobacteriaceae
family revealed significant differences in March compared to October (P-value 0.0007) and between
March and September (P-value 0.002). Concerning the Moraxellaceae family, changes in abundance
were evident in October compared to December (P-value 0.008) and in relation to March (P-value
0.008). When examining changes in the Pseudomonadaceae family, very significant differences were
identified in November compared to February (P-value 0.0003) and in relation to October (P-value
0.00004). Lastly, the Shewanellaceae family, in addition to its distinctive profile relative to surface
water points, exhibited variations in February and December (P-value 0.00008) and between February
and November (P-value 0.00001).

e Assessing Species for Pathogenic and Beneficial Traits

Then, broadly we selected the 20 most abundant bacterial species from each site, resulting in a total
of 44 highly abundant species shared among them. Figure 2A presents all the bacteria for which there
are reports of being potentially pathogenic. Particularly abundant species include Bacteroides
cellulosilyticus, Raoultella ornithinolytica, and Pseudomonas aeruginosa. Particularly, Aeromonas
media stands out as the most abundant species in this classification. On the other hand, although the
Burkholderia cepacia complex is not be the most abundant, but its presence is significant among the
top 44. Conversely, in the second category encompassing bacteria with potential benefits, Thauera
sp. MZ1T and Alicycliphilus denitrificans emerge as notable species. Lastly, Polaromonas
naphthalenivorans was the most abundant bacterium in this classification (Figure 2B).
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Figure 2. Global overview of the most abundant bacteria at all sampling points: A) Bacteria with
reported infections, B) Bacteria with beneficial potential.

e Microbial abundance: exploring diversity un aquatic systems

Lastly, the reads that did not classified as Bacteria corresponded to Homo sapiens, and their
prevalence was higher in wastewater (0.60) compared to surface water (0.39). As for the most
abundant archaea species found in surface water samples, Methanobrevibacter smithii and
Methanococcus maripaludis were prominent. In wastewater, Methanosarcina barkeri was the
dominant species. Lastly, the most abundant assigned viruses globally in the samples were
Aeromonas virus phiO18P and Acanthamoeba polyphaga mimivirus. Regarding the extraction of
18S-rRNA and taxonomic assignment, reads from protozoa and fungi were obtained. However, these
accounted for less than 0.08% of the total, prompting the decision not to pursue these analyses due to
potential inaccuracies in taxonomic assignment.
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Antibiotics and virulence factors: Molecular markers of health interest associated with reads

On the other hand, for the analysis of molecular markers with reads we analyzed our data using
internal databases like CARD and Resistomes & Variants to identify molecular markers with health-
related implications, particularly those associated with antibiotic resistance. Our research revealed
the ten most frequently detected drugs in both wastewater and surface water samples. In the
wastewater samples, indicated by dark green in the outer ring (R4), we found that the most common
drugs, shown by their wide bands in the circus (Figure 3A), were tetracyclines, aminoglycosides, and
macrolides. Conversely, in the surface water samples (S1 - S3), marked in light blue on the outer ring,
aminoglycosides and tetracycline consistently dominated. Additionally, sulfonamides were
frequently observed at points S1 and S3. Reflecting the trends in wastewater, macrolides were most
prominent at point R4, following the other two drugs (Figure 3A). Moreover, we selected the top 15
molecular markers frequently detected in both wastewater and surface water samples. In the upper
panel marked in pink in Figure 3B, the health-related markers associated with antibiotic resistance
can be observed. Each marker's frequency is indicated with a maximum frequency of 29 for surface
waters and 42 for wastewater. This emphasizes the prevalence of markers emrK and emrY in surface
waters compared to wastewater. In contrast, sull and sul2 were more common in wastewater than in
surface waters. Regarding the molecular markers associated with virulence factors, located in the
lower panel marked in green, we found that markers hlyA, mshE, and flrC were more abundant in
wastewater than in surface waters. Conversely, gacS and sefC were predominant in surface waters
but absent in wastewater.
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Assembly and taxonomic assignment of aquatic metagenomes

Then, we used the clean reads for the assemblages, where we obtained a total of 270 high-quality
Assembled Genomes from Metagenomes (MAGs), following the guidelines established by Bowers
et al. in 2017. These guidelines ensured that the genomes had a completeness level exceeding 90%
and contamination below 5%. In cases where the taxonomic assignment remained unresolved after
applying the GTDB-TK software, we conducted cross-references with PUbMLST (52) to identify
potential matches with known microorganism species. However, no matches were found. Then, our
subsequent analysis focused exclusively on MAGs that had received taxonomic assignments down to
the species level, resulting in a final count of 175 genomes. To visualize the genomes of these species,
we conducted searches for reference genomes corresponding to each assigned species in BV-BRC:
Bacterial and Viral Bioinformatics Resource Center (53). Our selection criteria prioritized genomes
that were both complete and of high quality. In instances where certain species lacked complete high-
quality genomes, we turned to high-quality Whole Genome Sequencing (WGS) data as an alternative.
Finally, species that lacked available reference genomes were excluded from further analyses.

Among the genomes we assigned, 50 were from wastewater samples, and 19 came from surface water
samples. These genomes were linked to 16 different bacterial species, and we visualized the genomes
with the best quality for each species using Proksee. In Figure 4A, it can be observed the genome
assemblies from metagenomes of some species. While moving from the outermost to the innermost
part of the genomes, it can be noticed the antibiotic resistance markers in red which align with CARD.
In purple, it can be found the reference genomes for each species, and in gray it can be seen the
assembled genome from the study, along with its respective contigs. Our study successfully identified
various microbial species. For instance, we detected Acinetobacter johnsonii in six different genome
bins. When we examined its genome, we found 939 contigs and three molecular markers in CARD.
Similarly, we identified Megamonas funiformis in two genome bins, revealing a genome consisting
of 505 contigs and one molecular marker in CARD. Additionally, the genome of Phocaeicola
vulgatus, identified in three bins, comprised 689 contigs and four molecular markers in CARD. Our
study also revealed the presence of other species, including Aliarcobacter cryaerophilus A,
Sphaerotilus montanus, Prevotella copri, Aeromonas media, Aeromonas rivipollensis, Bacteroides
uniformis, and Phascolarctobacterium_A_succinatutens. Furthermore, through analyses using high-
quality WGS data, we assigned the following species: Kaistella chaponensis, Trichococcus
flocculiformis, Zoogloea ramigera, Alistipes putredinis, Lactococcus A raffinolactis, and
Faecalibacterium prausnitzii.
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phylogenetic trees, midpoint-rooted, study genomes in blue, reference genomes in purple.

During our analysis of the MAGs, we observed notable patterns in the COGs (Clusters of Orthologous
Groups) of the species under examination. Figure 5 presents the following categories: "Unclassified"
in gray, "Function unknown" in green, "Metabolism™ in purple, "Information storage and processing"
in pink, and "Cellular process and signaling” in blue. This overview highlights the notably high
frequency within the "Function unknown™ category. Moreover, across all samples, there was a more
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extensive range of subcategories within the overarching "Metabolism" category. For A. johnsonii
displayed in the first panel of the figure, the COGs L and J from the information storage and
processing category were the most prevalent. Additionally, the specie P. vulgatus consistently
presented COG M from the cellular process and signaling category. Moreover, M. funiformis shown
in the third panel of the figure showed that within the COGs the category "Metabolism" predominated
over the others. Also, we observed significant gene activity related to the Drug resistance:
antimicrobial metabolic pathway. Acinetobacter johnsonii, for instance, exhibited a total of 11 genes
associated with the beta-Lactam resistance pathway, six genes linked to the Vancomycin resistance
pathway, and five genes involved in the Cationic antimicrobial peptide (CAMP) pathway. Similarly,
in Megamonas funiformis, we identified five genes within the beta-Lactam pathway, five in the
Vancomycin pathway, and 5 in the CAMP pathway.
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Antibiotics and virulence factors: Molecular markers of interest in health associated with
assemblages

Furthermore, using the previously obtained assemblages, we identified molecular markers related to
health, specifically those associated with antibiotic resistance and virulence factors in the MAG
species. For resistance markers, we categorized them by species and their respective sampling points.
This approach helped us point out the most found drugs within each species. In Figure 6, it can be
observed genome assemblies for each species, depicted as circles. The color reflects the source of
each assembly, indicating whether the sample originated from wastewater or surface water, and in
the latter scenario, the specific sampling point. In wastewater (R4), the frequently detected drugs
included aminoglycoside, tetracycline, cephamycin, and cephalosporin, each found in three species.
In contrast, in surface waters (S3, S2), cephalosporin was present in five species, while macrolide
appeared in two species. Furthermore, we identified virulence factors, which were exclusively found
in the species Zoogloea ramigera. In this case, we detected the genes hsiC1/vipB, hsiCl/vipA, and
pilT.
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Figure 6. Molecular health-related markers associated with the MAGs. Each point represents an
assembled genome of each of the species.

Pangenome

Finally, with the genomes of assembled species, we analyzed them alongside previously described
reference genomes. For this analysis, we included MAGs with more than one bin and more than one
assigned reference genome, excluding MAGs of the species Aeromonas rivipollensis,
Faecalibacterium prausnitzii, and Phascolarctobacterium_A_succinatutens. We used iTOL (53) to
generate trees for each species, rooted at the midpoint for intraspecies comparisons. Additionally, the
Roary software was employed to identify both the core genome and accessory genome for each
species. In Figure 4B, you can see midpoint-rooted trees, each with its respective scale. In purple, it
can be found the reference genomes (to access these, please refer to the following link in the Table
S5  GitHub -  gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-Environmental-

20


https://github.com/gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-Environmental-Monitoring

Monitoring), and in blue, the genomes corresponding to each assembled genome. Regarding
Acinetobacter johnsonii, all genomes from our study clustered together within the same clade.
Interestingly, the reference genome 6 did not clustered with none of the other reference genomes or
ours. For Megamonas funiformis, most study genomes formed a distinct cluster. Lastly, in the case of
Phocaeicola vulgatus, two of our genomes were closely grouped, while the remaining genome
(Sample DP46) stood out as the most distant and distinct compared to the other genomes, including
the reference genomes.

DISCUSSION

Studying the microbiome in aguatic environments is essential to understand the microorganisms and
their interactions, especially those that could impact public health (54). From the findings of the
physicochemical analyses, we can draw several conclusions. First, the elevated nitrite values in
surface waters indicate contamination related to agricultural activities (55). In contrast, the high
values of temperature, suspended solids, and BOD in wastewater imply a greater degree of
contamination, primarily stemming from the presence of domestic, hospital, and stormwater
contaminants, among others (56-58). The identification of parasites like Giardia spp. and
Cryptosporidium spp. aligns with findings from other studies. These parasites have been detected in
various regions, including Spain in wastewater (59), Poland in surface waters (60), and within the
Narifio (Colombia), as reported by Sanchez (63). This underscores the concern associated with
reusing surface water, as water serves as a means for the transmission of these parasites (61). These
findings emphasize the potential public health risks and draw attention to the potential impact of the
Juan XXII1 wastewater collector, which discharges untreated water into surface waters.

In our study, we aimed to identify the most abundant families at each collection point to understand
how they change over time. When examining the families present at the S3 surface water point (Figure
1, Figure S2), we noticed the widespread distribution of the Bacteroidaceae family in the
environment. This is attributed to their large genomes, which enable them to adapt to diverse
conditions (62). Nevertheless, it is worth noting that some members of this family can act as
opportunistic pathogens, potentially causing infections in humans. This leads us to infer that in
September, there was a higher load of contaminants associated with mammal excretions, where these
family members may thrive (63). Similarly, we observed significant changes in the Rhodocyclaceae
family. Members of this family have been identified in aquatic environments, as demonstrated by
Chernitsyna et al. They also found that these family members play a role in bioremediation,
particularly in denitrification processes. This aligns with our research, as we detected elevated levels
of nitrites in surface waters, suggesting the possible involvement of these species in denitrification
processes (64). We also observed a similar pattern in the Pseudomonadaceae family. While some
species are commonly found in the environment, it is essential to highlight the presence of pathogenic
species that could potentially pose public health concerns. The findings in surface waters provide
valuable insights into the identification of bacteria present in the environment, particularly
emphasizing bacterial families that include members with pathogenic potential. This underscores the
importance of monitoring this environment to gain a comprehensive understanding of the associated
risks when in contact with this valuable resource.

In terms of the families identified at wastewater sampling point R4 (Figure 1, Figure S3), we observed
significant variations in the abundance of all families across different months. The Burkholderiaceae

21


https://github.com/gimur/Metagenomics-of-Surface-Water-and-Wastewater-for-Environmental-Monitoring

family exhibited higher abundance in September, suggesting increased contamination from hospital,
domestic, and industrial wastewater sources during that month (65). We also noticed fluctuations in
the Rhodocyclaceae family, which has been previously reported in wastewater treatment systems by
Wang and colleagues. They have identified some members of this family participating in
denitrification processes (66). Another noteworthy finding was the higher abundance of the
Campylobacteraceae family in February. This finding is significant as certain members of this family
are associated with diarrheal diseases, indicating the presence of relevant pathogens (67).
Furthermore, the identification of families such as Comamonadaceae and Moraxellaceae highlights
the importance of monitoring the microbiome. Some members of these families have been reported
as opportunistic pathogens. However, it is essential to note that they also include species with
potential applications in biotechnology due to their advantages (68). The Enterobacteriaceae family
comprises members commonly found in the intestines of animals and humans. Fluctuations in the
abundance of this family across different months may be linked to variations in the volume of
wastewater discharges from homes and hospitals (69). Finally, the Shewanellaceae family
predominantly appeared exclusively at point R4. Considering the characteristics of this family, its
presence at the wastewater point is expected, as some of its members are typically found in aquatic
environments and play a fundamental role in the decomposition of organic matter (70). This
information emphasizes the diverse array of bacteria present in wastewater, including both pathogenic
and beneficial organisms. Furthermore, it emphasizes the concern that discharging wastewater into
the Pasto River might be causing a detrimental impact on the environment.

Additionally, it is crucial to highlight species of particular interest, particularly those that may
represent a risk to public health due to their pathogenic (Figure 2). In our research, we identified
Bacteroides cellulosilyticus, which is widely distributed in the human intestine (71), suggesting fecal
contamination in the water. Furthermore, Raoultella ornithinolytica, known to be found in bodies of
water and even in drinking water systems, as demonstrated by Zou et al (72), raises concerns as this
species has been associated with hospital-acquired infections and in immunosuppressed individuals
(73). Equally important to note is Pseudomonas aeruginosa, a species that is not only found in a wide
range of environments, including hospitals and sewage systems, but also represents a significant
public health concern as a nosocomial pathogen and a multi-resistant to antibiotics (74). The most
abundant species identified was Aeromonas media, a bacterium capable of causing various diseases
in both humans and animals, and it has also been reported to exhibit resistance to specific antibiotics
(75). Lastly, we identified the Burkholderia cepacia complex, a group of bacteria widely distributed
and highly adaptable, with a tendency for rapid genetic and phenotypic mutations. Despite their
environmental origin, these species are of concern as opportunistic pathogens (76). The identification
of these species provides us with valuable tools for regulating the use of water resources and
estimating potential risks associated with their presence. It also emphasizes the critical importance of
continuous monitoring of this resource, as this surveillance is essential for ensuring the control and
prevention of public health emergencies. Water contaminated with specific microorganisms can serve
as a means of propagating these pathogens, potentially leading to severe illnesses.

Additionally, we would like to highlight species with notable beneficial potential (Figure 2). For
example, Thauera sp. MZ1T, which is distinguished by its unique ability to produce a specific
exopolysaccharide, consequently improving the viscosity of its environment. This distinctive feature
significantly improves the efficiency of disinfection processes in industrial wastewater treatment
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plants (77). In contrast, we have also identified Alicycliphilus denitrificans, capable of biodegrading
a wide range of organic contaminants, suggesting its potential to remediate xenobiotic substances,
particularly in contaminated water bodies (78). Furthermore, among the most abundant species, we
have identified Polaromonas naphthalenivorans, a bacteria reported in various water bodies with the
ability to decompose naphthalene, a common component in fuels, pesticides, and other substances
(79,80). Our findings go beyond simply identifying species with promising attributes for applications
in biotechnology, including bioremediation and the decomposition of harmful compounds. They also
shed light on the possible applications of these species in biotechnology and provide valuable
information on contaminants that may be present in both wastewater and surface water. This
underlines the critical importance of recognizing and characterizing microbial species in these
environments with such substantial potential. Additionally, we identified archaea in surface waters,
including Methanobrevibacter smithii, which is prevalent in the human intestine (81), and
Methanococcus maripaludis, a marine methanogenic organism (82). In wastewater we found
Methanosarcina barkeri, which is widely studied as a model of methanogenesis (83). Regarding
viruses, we identified the Aeromonas virus phiO18P viruses, known for their ability to transmit
resistance and virulence (84), and the Acanthamoeba polyphaga mimivirus, responsible for infecting
amoebas (85). Our research highlights a diverse spectrum of microorganisms in wastewater and
surface water, some of which are associated with human and animal fecal matter, indicating
contamination. We recommend continuing such analyzes and improving public databases to collect
more complete information on all microorganisms, including parasites and fungi. It would also be
highly beneficial to increase the sequencing capacity by including more gigabytes (Gb) of data. This
would provide a deeper understanding of the eukaryotic communities, as most of the data is currently
allocated to bacterial communities due to their significant diversity.

Rivers have encountered significant challenges due to human activities (85,86), and one of these
challenges is pollution caused by the improper disposal of antibiotics. Antibiotics are considered
emerging contaminants because they cannot be broken down, leading to their accumulation in the
aquatic environment and the development of selection pressure (87,88). We examined genes
responsible for conferring resistance to antibiotics (Figure 3), and we observed a high frequency of
genes related to tetracyclines and aminoglycosides in wastewater. This pattern is consistent with the
global context, as both types of drugs are widely used in human, animal, and agricultural healthcare
(87). Furthermore, we noticed a substantial frequency of genes conferring resistance to macrolides,
likely linked to their increasing use in livestock and agriculture. As a result, the aquatic environment
has become a conduit for the spread of antibiotic resistance genes (89). Conversely, in the surface
waters of the Pasto River, we identified a high prevalence of genes associated with aminoglycoside
and tetracycline resistance, which underscores the potential impact of wastewater discharge directly
into surface waters. Additionally, at point S1, we frequently detected sulfonamide resistance genes,
suggesting a notable contribution to the aquatic environment from contaminants such as urine and
feces from both humans and animals due to their use in medical treatment (90).

In the other analysis, we identified specific molecular markers in both wastewater and surface water
(Figure 3). One of these markers is EmrK, responsible for conferring resistance to tetracyclines (86)
and EmrY, which confers resistance to macrolides, streptogramins and lincosamides. Emr markers
are typically found on plasmids, which facilitate horizontal gene transfer, enhancing the transmission
of these genes to other pathogens (38,87). This finding aligns with our previous results, where we
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observed a high prevalence of genes that confer resistance to tetracyclines. In the case of surface
waters, we observed a higher frequency of the sull and sul2 markers, responsible for conferring
resistance to sulfonamides. This corresponds with our previous findings, where we identified the gene
associated with sulfonamide resistance as commonly present in surface waters (38). Notably, both
markers have been reported in bacterial genera such as Acinetobacter, Aeromonas, and Pseudomonas,
which were also abundant in our study. Furthermore, identifying molecular markers associated with
virulence factors allows us to understand the enzymes, toxins, and other elements that enable
pathogenic microorganisms to cause more harm (88). For instance, we detected markers like hlyA
(89) in wastewater, which through an exotoxin can damage the cell membrane. We also found
markers like mshE (90), which modify the pilus to enhance adhesion for colonization in aquatic
environments and biofilm formation. Additionally, we identified the flagellar transcriptional activator
gene flrc (91). In surface waters, we found significant markers involved in regulating virulence factors
related to stress tolerance, pathogen motility, and more, such as gacS (92). We also identified markers
like sefC (93), which facilitate adhesion and colonization of various substrates and cells. While
identifying microorganisms in water bodies is crucial, it is equally important to detect the molecular
markers that enhance their virulence and potential harm.

The generation of metagenome-assembled genomes - MAGs, played a crucial role in identifying
previously unknown microorganisms. In environmental samples, MAGs provide essential
information about the environment, specific pressures, and the potential to understand non-cultivable
or challenging-to-isolate species (94). In this study, a diverse range of bacterial species was identified,
including some originating from the intestine, gastrointestinal system, and feces. These species
include Phocaeicola vulgatus (95), Megamonas funiformis (96), Prevotella copri (97), Bacteroides
uniformis (93), Phascolarctobacterium_A_succinatutens (98), Alistipes putredinis (99),
Faecalibacterium prausnitzii (100) y Aliarcobacter cryaerophilus_A (101). Additionally, species
commonly found in water bodies, biofilms, and related environments were detected, such as
Acinetobacter johnsonii (102), Sphaerotilus montanus (103), Aromonas media (104), Aeromonas
rivipollensis (105), Kaistella chaponensis (106), Trichococcus flocculiformis (107) y Zoogloea
ramigera (108). Finally, Lactococcus A _raffinolactis distributed in fermented foods (109). These
findings illustrate the diverse range of genomes within the assembled bacterial species and their
respective origins. They contribute to a global understanding that the dominant species are those
originating from the digestive system and those commonly found in the environment.

A key focus of our research centers on the genome of A. johnsonii, a microorganism widely
distributed in aquatic environments, yet also reported as an opportunistic pathogen. Additionally,
when examining its functional characteristics, we note that the category "Information storage and
processing” predominates. This indicates that this species primarily allocates its coding potential to J
(translation, ribosomal structure, and biogenesis) and L (replication, recombination, and repair) (50).
Furthermore, the assembly of the genomes of Megamonas funiformis and Phocaeicola vulgatus
provides a valuable tool to enhance our comprehension of their functions in the human intestine
(96,110). In terms of functional characteristics, the bacterium P. vulgatus displays a higher frequency
of COGs related to "cell processing and signaling,” particularly in M (cell wall/membrane/envelope
biogenesis). This underscores the crucial role of this process in maintaining and protecting these
species within their environment. M. funiformis directs its coding potential toward “metabolism.” All
of this contributes to a better understanding of the sets of genes that could potentially impact the
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adaptation and survival of these species in aquatic environments (111,112). At a broader level, the
most frequent categories were "Unknown function” and "Unclassified," underscoring the importance
of exploring and contributing information to public databases to obtain deeper knowledge about these
functional attributes. Finally, it is essential to note that genes associated with antibiotic resistance
pathways have been identified in all three species, including beta-lactam resistance, vancomycin
resistance, and cationic antimicrobial peptide (CAMP) resistance (50). Therefore, we encourage
further comprehensive studies on these functional characteristics, with a specific focus on identifying
the precise functions of each gene within these pathways. This effort will allow us to provide
comprehensive information on potential risks and shed light on the acquisition of resistance by certain
pathogenic species that currently lack detailed characterization (Figure 4, Figure 5).

The identification of antibiotic resistance genes in the genomes of the assembled species (Figure 6),
particularly those conferring resistance to aminoglycosides and tetracyclines, raises concerns about
the potential public health risks associated with some of these species, especially since they are
classified as opportunistic pathogens. Moreover, the detection of genes related to resistance to
cephamycins, a drug used in the treatment of infections (113), in addition to cephalosporins (which
constitute approximately 50% of the antibiotics used in human health) in wastewater, is a cause for
concern. This not only implies the creation of selective pressure in this environment but also suggests
fecal contamination in surface waters (114). These findings highlight the inadequate elimination and
accumulation of these drugs in water (115). Regarding markers associated with virulence factors, they
were only identified in the genome of Zoogloea ramigera. Within this genome, we identified genes
such as hsiC1/vipB and hsiC1/vipA, responsible for tubule-forming proteins of the type VI secretion
system VipB and type VI VipA. PilT is associated with the sporadic motility protein PilT (39). In
conclusion, while these analyses provide an initial perspective on health-related markers in the
aquatic environment, it is advisable to conduct more comprehensive studies in future research to
obtain robust information for resource monitoring and surveillance. In conclusion, although these
analyzes provide an initial view of health-related markers in the aquatic environment, it is advisable
to conduct more comprehensive studies in future research to obtain solid information for resource
monitoring and surveillance.

Pangenome analysis provides valuable insights into the relationships among the samples. When we
conducted the pangenome analysis for the species A. johnsonii, we observed that reference genome 6
is not clustered with the other reference genomes and the assembled genomes from the study. This
could be attributed to the percentage of the core genome identified in this study, which amounts to
218 genes, while the accessory genome accounts for 12.958 genes out of a total of 13.176 genes. This
hypothesis is proposed because reference genome 6 was isolated from water in 2019 (116), and its
extensive array of accessory genes might have led to its distinct separation from the others.
Furthermore, this species is characterized by having high plasticity in the genome (117). On the
contrary, M. funiformis displayed a cluster of diverse samples with no significant grouping
differences. However, it is worth noting that this species has a limited number of reference genomes.
Lastly, in the case of P. vulgatus, sample DP46 from the study appeared distinctly separated from the
other samples. This sample was collected from point R4 in wastewater. Nevertheless, is important to
acknowledge that this genome might be highly fragmented, and its assignment may not be entirely
accurate. Besides, it may also be influenced by selection pressures such as antibiotic resistance.
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Likewise, it is important to highlight the importance of understanding this species since although it
is part of the human intestine, it has stood out for being an opportunistic pathogen (118).

CONCLUSION

This study provides vital information about the current state of the Pasto River. We carry out a
comprehensive analysis of the river and its wastewater, with a specific focus on the evaluation of
physicochemical and microbiological parameters. In essence, this pioneering study has great
importance for the region, as it emphasizes the importance of continuous monitoring and surveillance
of this critical resource, especially in the context of possible water reuse. Furthermore, this study
represents the first microbiological characterization at a regional level, covering both taxonomic and
functional aspects, made possible thanks to next-generation sequencing techniques, which provides
valuable information on its relevance to public health. This contributes to informed decision-making
by relevant authorities responsible for managing these water resources. However, we recommend that
future studies incorporate complementary techniques to evaluate the viability of these
microorganisms circulating in these bodies of water using next-generation sequencing techniques.
Furthermore, it is essential not to ignore traditional physicochemical and microbiological analyzes to
correlate these results with sequencing data. Finally, we encourage the scientific community to
continue with the characterization studies of water bodies and thus nourish public databases, to be
able to identify and characterize even more microorganisms in future studies.
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Figure S1. Schematic representation of A) Model implemented for the collection of wastewaters and
surface water samples from pedestrian and vehicular bridges B) System used for sample collection
from simple collection and composite collection for wastewater and surface water.
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Figure S2. Boxplot diagram illustrating families at point S3 with statistically significant differences*.
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Figure S3. Boxplot diagram illustrating families at point R4 with statistically significant
differences***,

Link para consultar figuras en alta resolucion:

https://uredu-
my.sharepoint.com/personal/vanessa_urrea_urosario_edu_co/_layouts/15/onedrive.aspx?sw=bypass&bypass
Reason=abandoned&ga=1&id=%2Fpersonal%2Fvanessa%5Furrea%5Furosario%5Fedu%5Fco%2FDocumen
ts%2FBIOLOG%C3%8DA%20UR%2F02%20%2D%20MaestréoC3%ADa%2F1%2E%20Tesis%20Maestr%
C3%ADa%2F00%20%2D%20Tesis%2F01%20%2D%20Metagen%C3%B3mica%2F04%20%2D%20Tesis
%20maestr9oC3%ADa%20UR%2F1%2E%20Figuras&view=0

Contribuciones del estudio:

Enfatiza en la importancia del monitoreo y vigilancia del recurso hidrico, tanto en aguas residuales
como superficiales

Se muestran los potenciales riesgos de la reutilizacion del recurso hidrico

Primera caracterizacion microbioldgica a nivel regional abarcando aspectos taxonémicos y
funcionales

Brinda un panorama actualizado del estado actual de los cuerpos hidricos a nivel microbioldgico
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Contribuciones especificas del estudiante dentro de la investigacion llevada a cabo. Sefialar las
actividades en las cudles estuvo involucrado activamente el estudiante:

La concepcidn del proyecto de investigacion (X)
El disefio del estudio (X)
La adquisicion de los datos a través de la experimentacion (X)
Andlisis e interpretacion de los datos (X)
Elaboracion del borrador del articulo (X)

Revision y aprobacion definitiva de la versidn que se presenta  ( X)
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