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ABSTRACT Viruses are the most abundant biological entities in all ecosystems of the
world. Their ubiquity makes them suitable candidates for indicating fecal contamination
in rivers. Recently, a group of Bacteroidetes bacteriophages named CrAssphages, which
are highly abundant, sensitive, and specific to human feces, were studied as potential
viral biomarkers for human fecal pollution in water bodies. In this study, we evaluated
the presence, diversity, and abundance of viruses with a focus on crAssphages via
metagenomic analysis in an Amazonian river and conducted correlation analyses on
the basis of physicochemical and georeferencing data. Several significant differences
in viral alpha diversity indexes were observed among the sample points, suggesting
an accumulation of viral organisms in the river mouth, whereas beta diversity analysis
revealed a significant divergence between replicates of the most downstream point (IT4)
when compared to the rest of the samples, possibly due to increased human impact
at this point. In terms of the presence of crAssphage, the analysis identified 61 crAss-
phage contigs distributed along the Itacailinas River. Moreover, our analysis revealed
significant correlations between 19 crAssphage contigs and human population density,
substantiating the use of these viruses as possible markers for human fecal pollution in
the Itacaitinas River. This study is the first to assess the presence of crAssphages in an
Amazonian river, with results suggesting the potential use of these viruses as markers for
human fecal pollution in the Amazon.

IMPORTANCE The Amazon biome is one of the most diverse ecosystems in the world
and contains the most vast river network; however, the continuous advance of urban
centers toward aquatic bodies exacerbates the discharge of pollutants into these
water bodies. Fecal contamination contributes significantly to water pollution, and the
application of an improved fecal indicator is essential for evaluating water quality. In
this study, we evaluated the presence, diversity, and abundance of crAssphages in an
Amazonian river and performed correlation analysis on the basis of physicochemical and
georeferencing data to test whether crAssphages are viable fecal pollution markers. Our
analysis revealed both the presence of crAssphages and their correlation with physico-
chemical data and showed significant correlations between the relative abundance of
crAssphages and human density. These results suggest the potential use of these viruses
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to aquatic bodies is increasing, exacerbating the discharge of pollutants and enabling
the potential dissemination of pathogens within these ecosystems (3-5).

The most widely used method for examining water quality is the detection of fecal
indicator bacteria (FIB), which are indicators of water contamination, with the bacteria
including fecal coliforms, Escherichia coli, Streptococcus, and Enterococcus (6, 7). However,
the exclusive use of bacteria for fecal contamination detection poses limitations since FIB
are present in both human and animal feces, making it impossible to detect contamina-
tion sources (8). FIB correlates poorly with human viral pathogens (9), which are relatively
persistent in water environments and resistant to current wastewater treatment methods
(10). Additionally, monitoring all viral pathogens is time-consuming and cost-prohibitive
for most developing countries, so there is an urgent need for a universal marker that can
be easily implemented in microbiological routines (8).

Viruses are ubiquitous organisms that are distributed throughout all ecosystems
around the globe, with their abundance estimated to be nearly 10°! virus-like particles
(11-13). They are obligate parasites in many organisms, and the most prevalent group
consists of bacteriophages, which are viruses that infect archaea and bacteria (14). Dutilh
et al. (15) first described the most abundant bacteriophages present in the human gut,
crAssphages. Since their discovery, this group of bacteriophages that infect bacteria from
the phylum Bacteroidetes (16) has been evaluated as a possible biomarker for human
fecal contamination (17). They have promising characteristics, such as high abundance
in sewage water, high human feces specificity, high correlation with human viral enteric
pathogens, and low replication rates outside the human gut (8, 18-20). The use of these
viruses as fecal biomarkers may circumvent the limitations of current bacterial indicators
(21); thus, it is necessary to evaluate the presence of these viruses in regions such as the
Amazon.

We used metagenomic shotgun analysis to explore the abundance and diversity of
crAssphages in the Itacaiunas River in Maraba, Para, Brazil. We compared the results with
the physicochemical parameters used in routine water quality analysis and with human
population density and deforestation data to correlate the river’s degree of anthropiza-
tion with crAssphage abundance. To our knowledge, this is the first study to analyze
crAssphage presence in an Amazonian river and to correlate it with georeferencing data
to determine biomarkers to be used for environmental health surveillance.

MATERIALS AND METHODS
Sampling area

The city of Maraba (PA), Brazil, was chosen as the focal area, as it lies along the course of
the Itacaitinas River, a significant waterway within the Itacaitiinas River Basin with an area
of 42,000 km?. It encompasses 10 municipalities in the southeastern region of the state
of Pard, including Maraba, Curionépolis, Eldorado dos Carajas, Parauapebas, Sdo Geraldo
do Araguaia, Canaa dos Carajas, Picarra, Agua Azul do Norte, Xinguara, and Sapucaia. The
Itacaitnas River is the primary conduit within this basin, spanning over 390 km (22).

The water samples were collected in triplicate from four distinct sampling locations
along the course of the Itacaiinas River: IT1 (5°24’09”S, 49°08'00”W), IT2 (5°21'57"S,
49°05'36”"W), IT3 (5°2124"S, 49°07°19”W) and IT4 (5°21718”S, 49°08'33”W). In total, 12
water samples were collected for analysis. The Itacaiinas River traverses the city of
Maraba, Para, which spans an expansive area of 15,128.058 km? and is inhabited by
a population of 266,536 individuals, as per the data from the Brazilian Institute of
Geography and Statistics (23). This urban center plays a pivotal role as a regional hub
and is particularly noteworthy for its prominence in the domain of mineral extraction,
with a primary focus on resources such as copper, manganese, and iron (23).

Sample collection and measurement of physicochemical parameters

The 12 freshwater samples were collected (from four points in triplicate) via a Van-Dorne
bottle, which was decontaminated with 10% hypochlorite and distilled water prior to
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the collection of each replicate. The acquired samples were subsequently transferred into
5-L polypropylene containers for each of the replicates. A total of four physicochemical
variables were measured via a HANNA HI 9828 multiparameter instrument: pH; electrical
conductivity (EC) (uS/cm); total dissolved solids (TDS) (ppm); and water-dissolved oxygen
content (ppm).

Sample preprocessing and DNA extraction

The collected samples were preprocessed via two filtration steps: initially, the samples
were subjected to negative pressure filtration through a 14-um nitrocellulose membrane
(Qually) to facilitate the removal of large solid particles. Next, the filtered samples
were processed via a 0.22-um nitrocellulose membrane (Millipore) to retain biological
materials. The nitrocellulose membranes, which included the biological components,
were subsequently transferred to polypropylene 50-mL Falcon tubes containing a
DNA-preserving solution composed of 50-mM Tris—HCl, 500-mM NacCl, and 125-mM EDTA
(pH 8.0). These prepared samples were then stored at a temperature of —80°C to maintain
the integrity of the genetic material prior to subsequent metagenomic DNA extraction
procedures.

DNA extraction was carried out with a DNeasy PowerSoil Pro Kit (QIAGEN) in
accordance with the manufacturer’s recommended protocols. To assess the concentra-
tion and purity of the extracted DNA, a NanoDrop 1000 spectrophotometer was used.
The integrity of the DNA was further evaluated via gel electrophoresis, with 0.5-ug/mL
ethidium bromide incorporated during the electrophoresis process. Samples with DNA
concentrations equal to or greater than 50-ng/pL and with a purity index within the
range of 1.4-2.0 were selected for subsequent sequencing analyses.

Georeferencing analysis

The methodology for mapping the anthropic signature of land use and land cover in
rivers is based on the concept of a hydrographical basin and geoprocessing techniques.
The deforestation level and population density were evaluated following the methodol-
ogy of Cavalcante et al. (24). The deforested area was calculated as the sum of all areas
with nonnatural land use and land cover based on the classification of the Mapbio-
mas Brazil project (https://brasil.mapbiomas.org/en/) version 6 for the year 2020. The
sampling points were chosen following a bioprospecting approach, with consideration
given to the gradient of anthropogenic impact and accessibility for sample collection
and are listed in the previous section.

Sequencing and bioinformatics
Sequencing library and quality control

The extracted DNA was sequenced via the lllumina NovaSeq 6000 platform with a 2 x
150-bp paired-end library. Next, the quality of the sequenced reads was evaluated with
the FastQC platform v0.11.2 (25), and the low-quality reads were removed with Fastp
v0.22.0 (26) using default parameters.

CrAssphage identification

The reads from each replicate were merged by sample and assembled with Megahit
v1.2.9 (27). Furthermore, the contigs were provided to VirSorter2 v2.2.4 (28) (param-
eters: keep-original-seq; include-groups dsDNAphage, ssDNA, NCLDV, Lavidaviridae;
min-length 5,000; min-score 0.5) and DeepVirFinder v1.0 (29) (parameters -l 500) for
viral sequence prediction. Then, contigs with scores > 0.95 were submitted to CheckV
v1.0.3 (checkv-db-v1.5) (30) to check for viral genome completeness. On the basis of the
protocol of Guo et al. (31), the contigs were maintained if their length was >3 kb, viral
gene =1, if contig length =5 kb, viral genes = 0, and host genes = 0, or if contig length
>10 kb, viral genes = 0, and host genes = 1. Contigs were removed if their length was
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>50 kb, if there were more than 3x more cellular-like genes than viral-like genes, and if
no proviral signals were assigned by CheckV. Moreover, the contigs were annotated via
the DRAMv pipeline v1.5.0 (32), and a final filtration step was performed. Contigs with
zero DRAMVv viral hits were removed, and on the basis of the list of potentially suspicious
genes provided by Guo et al. (31), contigs with >50% annotations containing suspi-
cious genes were removed. Finally, the filtered contigs were input into the Integrated
Phage HOst Prediction pipeline v1.3.3 (IPHOP - database: iPHoP_db_Aug23_rw) (33) for
host prediction and were also input into geNomad v1.11.0 (34) for contig taxonomic
assignment. The contigs assigned to the Crassvirales order were extracted and used for
posterior analysis. Finally, the completeness of the filtered contigs was again evaluated
via CheckV (30).

Statistical analysis

All contigs were used to construct a reference index via Bowtie 2 v2.4.2 (35). Then,
the reads were mapped to the contigs, and the read mapping data were retrieved
via SAMtools v1.12 (36). The relative abundances of the contigs were calculated by
normalizing the reads via the transcripts per million method (TPM), and the relative
abundances were log (x + 1) transformed. The contigs predicted to be viral were
extracted from the read mapping tables generated by Bowtie 2 and SAMTools.

The relative abundances of the viral contigs were used to calculate alpha and beta
diversity indices via the Vegan package (37). For alpha diversity, the Shannon and species
richness indices were used, and differences were calculated with an analysis of variance
test in R. For beta diversity, Bray—Curtis distances and a permutational multivariate
analysis of variance (PERMANOVA) test were performed to check for differences in data
dispersion with the adonis2 package (38). Moreover, a cladogram was plotted via Ward’s
hierarchical agglomerative clustering method (39). All of the utilized statistical tests were
performed in R.

The contigs classified as Crassvirales by geNomad were extracted, and then, the
normalized abundances were used to plot a cluster map with the seaborn Python library
(40). The seaborn cluster map function calculates the Euclidean distances between
rows and columns and then performs hierarchical clustering on the data via agglomera-
tive clustering. Finally, the correlations between crAssphages relative abundances and
environmental parameters were calculated. The normality of the data was evaluated via
the Shapiro—Wilk test, and the Spearman correlation coefficient was calculated. Statistical
tests were performed via the Python SciPy library (41).

RESULTS AND DISCUSSION
Sequencing and taxonomy overview

Metagenomic sequencing yielded approximately 409.3 million reads at the four
sampling points, with three replicates each (12 samples), with an average of 34.1 million
reads per replicate. The quality assessment results revealed an average Phred quality
score of 35 across all the reads, which were free from adapter contamination (Table S1).

Viral composition and diversity

A contig-based approach was taken to retrieve putative viral genomes. The viral
sequence prediction procedure was able to extract 18,210 viral contigs, which were
further taxonomically classified by geNomad into 20 viral families and three orders (Fig.
1). The majority of the reads mapped back to the viral contigs were classified only at the
order taxonomic level in the Caudoviricetes order; 80.41% and 1.3% did not receive any
classification by geNomad.

Regarding the classified viral data, at the family level, the Itacaiinas virome was
dominated by cyanophages, primarily from the family Kyanoviridae, constituting 70.38%
of the log(TPM + 1) transformed reads. Furthermore, Phycodnaviridae algae viruses
(9.87%), Autographiviridae bacteriophages (7.72%), Stanwilliamsviridae (2.89%),
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FIG 1 Viral contigs classified by geNomad. Phages classified in the Crassvirales order are represented in red.

Mimiviridae protist viruses (2.29%), and Straboviridae (1.88%) were detected. These
results align with other freshwater virome studies performed in river ecosystems, in
which a greater prevalence of cyanophages than bacteriophages and eukaryotic viruses
was detected (3, 42, 43). On the basis of this viral ecosystem, geNomad was able to
identify 61 contigs belonging to bacteriophages from the Crassvirales order, which
represented 1.69% of the virome data.

In terms of viral diversity, the raw reads mapped to the viral contigs were used to
calculate alpha and beta diversity indices. For alpha diversity, the Shannon and richness
indices revealed a significant increase in viral diversity along the course of the Itacaiu-
nas River. Both indices showed significant differences between the means of samples
(Shannon index: F = 39.31; P < 0.001; richness index: F = 32.62; P < 0.001). In terms of
Shannon index, both the IT1 and the IT2 samples significantly differed from IT3 and IT4
(Fig. 2). A similar pattern was observed for the richness index (Fig. 2

Previous studies have shown that land use, local geography, weather events, and tidal
effects may affect how viral particles are deposited and accumulate in different parts
of rivers (43, 44). The alpha diversity results in the current study suggest that human

—
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points are highlighted.

activities at the margins of the Itacaiinas River may generate an accumulation of viral
organisms in the river mouth since points IT3 and IT4 are closest to the most populated
areas of Maraba city.

For beta diversity analysis, the relative abundances of the viral contigs were used to
calculate Bray—Curtis distances, which were then clustered via the Ward algorithm and
plotted in a dendrogram (Fig. 3). It is possible to observe the presence of four major
clusters of samples, with replicates of samples IT1 and IT2 close to each other and those
of samples IT3 and IT4 also close.

PERMANOVA utilizing the Bray—Curtis index revealed significant differences among
the four sampling points (F value: 5.09; P value: 0.003). Pairwise PERMANOVA revealed
a significant dissimilarity between the IT4 samples and the remaining samples (Table
S3). The dissimilarity of most downstream points in the Itacaiinas River might repre-
sent differences in levels of anthropogenic impact since the IT4 sampling point is the
putatively most anthropogenically impacted point and is the point surrounded by the
highest human density; in contrast, the other sampling points are near areas with lower
population densities.

CrAssphage presence and abundance

Contigs classified in the Crassvirales order were filtered, and their relative abundances
were used in further methodological steps. The relative abundance of crAssphages
subtly increased from IT1 to IT2, followed by progressive increases at points IT3 and IT4
(Fig. S1). The metagenomic data together with the georeferencing data suggest that
there are potential sources of fecal contamination upstream of point IT1 in the city
of Marab4, and within the city’s territory, contamination becomes more apparent after
point IT2.

A potential contamination source at point IT1 could be a tributary river of the
Itacaitnas River, which is surrounded by areas with high levels of deforestation (53.51%),
as depicted in Fig. 4. Although the population levels in the region are not high, the
high levels of deforestation may be indicative of human settlement. Furthermore, human
expansion toward forests is typically associated with the settlement of communities with
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FIG 3 Viral beta diversity represented with Bray—Curtis distances in a dendrogram. The samples are labeled according to collection site.

limited urbanization and poor sanitation, which could contribute to the discharge of
fecal waste into water (1).

CrAssphages were identified at all sampling points, and this might be useful for
identifying areas with existing fecal contamination in the Itacaiinas River and for
initiating surveillance to prevent public health problems. This is consistent with previous
studies in which crAssphages were detected in recreational waters in Toronto (45) and
in putatively pristine sites from South African rivers (46). This information can be used
for further decision-making by the government to intervene in problems related to
water quality. Notably, the IT1 and IT2 sampling points are close to recreational areas,
and the presence of crAssphages in these areas may represent a risk for human health
since crAssphages are highly associated with human gastrointestinal viral pathogens.
For example, Jennings et al. (19) detected crAssphage covariation with norovirus in
Chile, and Crank et al. (47) detected crAssphage correlation with human polyomavirus in
Italian wastewater. Given that bacteria may have a synergistic relationship with viruses
pathogenic to humans, paving the way for viral infection (48) and even increasing viral
infectivity (49), the action of crAssphages in the human gastrointestinal tract microbial
community could also mediate the bacteria—virus relationship, explaining the existing
correlation between these pathogenic viruses and crAssphages.

CrAssphage contig distribution

To assess differences in crAssphage contig distribution along the course of the Itacaitinas
River, agglomerative clustering of the relative abundance of the contigs was performed,
and the results were plotted in a cluster map (Fig. 5). The analysis revealed a clear
separation between samples IT1 and IT2 and between samples IT3 and IT4, indicat-
ing that the crAssphage profile in more anthropized environments differed from that
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in less human-impacted environments. Two of the 61 contigs showed an exclusivity
pattern since they were present only in samples IT3 and IT4 and were completely
absent in samples IT1 and IT2 (IT3_3227517 and IT4_2005491). This observation aligns
with findings by Mafumo et al. (46), who noted crAss-like contigs present exclusively
in human-impacted sites but absent in less impacted environments; however, in the
present research, we could not guarantee that points IT1 and IT2 were free from human
interference.

Characterization and host prediction of crAssphage contigs

The completeness assessment for crAss-like contigs as evaluated by CheckV indicated
that 61 contigs presented a low completeness score (< 50% complete). An in silico
exploration of crAssphages within the Itacaitinas river virome resulted in the recovery of
14 contigs from IT1, 10 from IT2, 19 from IT3, and 30 from IT4.

With respect to crAssphage contig annotation via the DRAMv software, the analysis
revealed 804 genes categorized into six categories: hypothetical viral genes (73.38%)
(viral genes detected in silico but not validated), viral genes with unknown functions
(19.4%) (viral genes that are experimentally validated but whose function is unknown),
viral genes with host benefits (5,22%), viral genes with viral benefits (0.12%), viral
replication genes (1.24%), and viral structural genes (0.62%). In terms of crAssphage
marker genes, the analysis identified eight genes that were present at all sample points
(Fig. 6). Among these genes, we detected the terminase large subunit and portal protein,
two of the three conserved capsid and genome-packaging proteins of crAssphages (TerL,
portal, and MCP) (50), which are used as hallmark genes. Some other interesting genes
included HAD family hydrolase, pyrophosphatase, and DNA polymerase (Table S4). These
genes could be identified as possible candidate marker genes for crAssphage detection
in the Itacaiinas River, but further studies are needed to confirm their specificity for
crAssphage identification.

Moreover, a host prediction analysis revealed putative hosts for four crAssphage
contigs retrieved from the sample points IT2, IT3, and IT4. Among these putative hosts,
two were classified in the Bacteroida phylum, one was classified as Cyanobacteriota, and
one wasas classified as an Archaea. This association with Cyanobacteriota and Archaea
has never been reported by a study and may possibly be caused by IPHOP database
limitations. Another possibility is that since environmental Crassvirales phages share the
same environment as archaeal and cyanobacterial viruses, they may have some level
of genetic material exchange which may confound host taxonomy predictors. It is also
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necessary to state that only fragments of crAssphages were retrieved in these samples,

which limits the precision of phage host prediction tools.

In early studies, crAssphages were thought to infect only bacteria from Bacter-
oida, and efforts to cultivate them in Bacteroides intestinalis (51) and Bacteroides
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Distribution of unique crAssphage genes along the sample points.

thetaiotaomicron (52) were ultimately successful in the isolation of crAssphages.
However, recent studies based on in silico prediction have revealed crAssphages that
potentially infect bacteria in the phyla Pseudomonadota, Bacillota, and Verrucomicrobiota
in both the human microbiome and in environmental samples (46, 53).

As previously reported by Mafumo et al. (46), crAssphage may associate with other
hosts depending on environmental niche. Although it is early to state that Crassvirales
phages may infect cyanobacteria or archaea (54), in Mafumo et al. (46), the knowledge
on crAssphage diversity continues to grow, and new studies are continually reporting
that crAssphages replicate in environments other than the human gut microbiome;
these environments include the gut microbiomes of mammals such as dogs, cats, cattle,
and pigs (18, 55, 56) and even the environment (57). Understanding crAssphage diversity
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is essential for differentiating which crAssphages exclusively infect bacteria from the
human gut and which species can possibly replicate in the environment, facilitating the
identification of new crAssphage markers.

Influence of environmental factors on crAssphage distribution

The physicochemical parameters measured at the Itacaiinas River are detailed in Table
S2. Given the variations in viral communities across different sampling points, efforts
were made to comprehend how biological factors influence viral distribution in the river.
To this end, correlation tests were employed to evaluate the biological factors poten-
tially influencing crAssphage differences. First, only correlations between environmen-
tal factors (physicochemical and georeferencing data) were determined, and then,
correlations between the relative abundances of crAssphage contigs and environmental
parameters were assessed.

In Brazil, environmental management laws are governed by the National Environ-
mental Council (CONAMA), which is the Brazilian agency that provides the National
Environmental Policy related to the National Environmental System. The CONAMA
Resolution 357/2005 pertains to environmental guidelines for the classification of water
bodies on the basis of measurements of water physicochemical and biological parame-
ters.

With respect to the suitability of the parameters by the CONAMA Resolution,
dissolved oxygen (DO) is crucial in sustaining aquatic life because it impacts biolog-
ical and biochemical processes in water bodies; high DO values aid in rapid pollu-
tant degradation, whereas low DO levels impede this process (58, 59). The CONAMA
Resolution 357/2005 stipulates DO levels above 5 ppm for river water, and all points
evaluated in this study recorded values above the minimum limit, with IT2 showing
the lowest value: 6.22. EC is a measure used to detect how much electrical current a
solution can conduct, whereas TDS represents the total weight of dissolved mineral
elements per unit volume of water (60). CONAMA sets the TDS limit at 500 mg/L and
does not describe either the EC or the EC standard. According to the California State
Water Resources Control Board, the EC standard values for good freshwater range from
100 to 2,000 puS/cm. In the Itacaiunas River, EC and TDS values remained within the
stipulated specifications at all the sampling points, and both were significantly correlated
with each other (Spearman’s r: 0.93/P value: 1.1 x 107°) and were positively correlated
with DO EC vs. DO: Spearman’s r = 0.7/P value <0.05; TDS vs. DO: Spearman’s r = 0.79/P
value <0.05) (Fig. S2). Since EC, TDS, and DO may serve as indirect indicators of pollution
(60, 61), their correlation is consistent with the literature data.

In terms of the correlation of the relative abundance of crAssphages with environ-
mental data, we identified a series of significant Spearman’s correlations (Fig. 7), but
important considerations exist. Overall, no strong correlation was observed between
crAssphages and the physicochemical parameters, suggesting that these factors do not
explain the observed variation in crAssphage abundance. Given that pH, DO, EC, and TDS
are known to influence phage stability, decay, and persistence in the environment (62-
64), some degree of correlation with crAssphage abundance would have been expected.
The most likely explanation for this lack of significant correlations is the limited variation
in physicochemical parameters, as all measured values in the Itacaiinas River complied
with the CONAMA Resolution standards. Specifically, pH values, which should range
between 6 and 9 to support aquatic life and human consumption, remained within
this acceptable range. Consequently, the measured crAssphage correlations are based
on parameters that do not necessarily indicate risks to human consumption. These
results indicate that physicochemical parameters alone may not be enough to determine
human pollution in rivers, as the analysis revealed a considerable number of crAssphage
contigs at river sites with parameters suitable for aquatic life maintenance.

Considering that crAssphages are supported as markers of human fecal pollution,
the discussion will focus primarily on the correlation of crAssphages with human
density. The analysis revealed that 19 crAssphage contigs were positively correlated
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FIG 7 Correlations of crAssphage contig relative abundance with environmental parameters. The purple values indicate

negative correlations, whereas the yellow values indicate positive correlations. The x-axis labels represent the sample names

while the y-axis labels represent the contig names.

with the population, which substantiates their use as potential markers for human fecal
pollution. Correlation between several crAssphage contigs and human density was not
detected, since many Crassvirales phages can be found naturally in the environment (57).
Nevertheless, some of the uncorrelated crAssphage contigs may still work as feasible
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markers for the detection of human fecal pollution because river flow can lead to
pollution in areas that are far from the origin points of pollution, as described in the
“CrAssphage presence and abundance” section. Interestingly, a substantial number of
crAssphage contigs (five contigs) were negatively correlated with population density.
One possible cause for this arises from the location at which these contigs were retrieved
(IT1 and IT2). Although these sampling points are supposed to contain a small popula-
tion and thus have lesser anthropogenic impact than points IT3 and IT4, these locations
are normally used as recreational sites, which have a higher human concentration during
weekends than during weekdays. This means that even in putatively less impacted
environments, the presence of crAssphages indicates the dissemination of human fecal
pollution along the Itacaitnas River course.

Nevertheless, it is necessary to consider that the majority of studies concerning
crAssphage presence and abundance in water bodies consider only specific quantita-
tive PCR (qPCR) markers that do not account for the true diversity of crAssphages in
environmental samples. Since the metagenomic approach allows for the visualization
of a larger picture of crAssphage composition, it is possible to identify new crAssphage
species that are not necessarily related to human feces.

From the 19 human-correlated crAssphage contigs, an evaluation of gene content
was performed. We identified a set of four genes that are both present in the crAssph-
ages and found in all of the locations that include a crAssphage portal protein, a TerL
protein, a crAssphage DNA polymerase, and a hypothetical protein KNV36_gp052. These
genes need to be further evaluated to test their taxonomic resolution for identifying
crAssphages and could be used in the future for the development of gPCR or digital PCR
assays for the fast and inexpensive detection of crAssphages in Amazonian freshwater
bodies.

Limitations

The main limitations of the current study are related to the sampling locations.
Unfortunately, it was not possible to collect water from points further upstream and
downstream of the city of Maraba, which restricted the analysis to sampling points only
within the city limits. Furthermore, none of the water qualities of the samples were
considered inappropriate according to the CONAMA Resolution, which limits our ability
to correlate crAssphage with physicochemical pollution indicators. Furthermore, despite
the existence of substantial data in the literature on the correlation between crAssph-
ages and human viral enteric pathogens, we did not perform concentration measure-
ments of viral enteric pathogens throughout Itacaitinas to validate their relationship with
crAssphages. Finally, the filtration membrane used, which had a size of 0.22 um, allowed
many viruses to pass through. Although it is necessary to account for viral associations
in medium-sized particles, a recent study revealed that crAssphages may be significantly
associated with particles in the size range of 0.45-0.2 um (65), which would be retrieved
by a 0.22-pum membrane.

Conclusions

The findings of this study contribute to our current knowledge regarding the distribution
of crAssphages in water bodies worldwide. These viruses can be used as markers that
accurately detect human influence on the environment through molecular biology and
bioinformatic approaches. The analysis resulted in the identification of 61 crAssphage
contigs distributed along the course of the Itacaitnas River, indicating possible unseen
dissemination of fecal contamination in the river. The correlation analysis revealed
that 19 crAssphages were positively correlated with human population density across
the Itacaitnas River, corroborating their use as possible biomarkers for fecal contamina-
tion detection. The current data provide pertinent information regarding the use of
crAssphages as fecal pollution biomarkers that, in future studies, could be implemented
in gPCR or digital PCR panels for fecal contamination surveillance in Amazonian rivers as
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well as for decision-making regarding freshwater monitoring and treatment, given their
sensitivity and specificity.

ACKNOWLEDGMENTS

We thank the funding agencies Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior — CAPES, FAPESPA (Amazonia Foundation to Support Studies and Research),
the CNPqg (National Council for Scientific and Technological Development) project
#312316/2022-4, Secretary of State for Science, Technology, and Professional and
Technological Education (SECTET), Dean’s Office for Research and Graduate Studies/Fed-
eral University of Para—PROPESP/UFPA (PAPQ), the partnership SECTEC/UFPA/FADESP,
and Vale Institute of Technology for their financial support of this work.

D.T.M. conceptualized the research design and methodologies, conducted the
experiments, reviewed the literature, and wrote the original draft and manuscript.
O.V.CAA. and CW.D.D. provided insights into the data analysis. EFF.D.L.S., PR.M.P, and
R.B.L.C. offered expertise in theoretical frameworks and methodological refinement.
R.TJ.R. supervised and administered the project. All authors critically reviewed the
manuscript and approved the final version.

AUTHOR AFFILIATIONS

'Laboratory of Bioinformatics and Genomics of Microorganisms, Federal University of
Pard-UFPA, Belém, Pard, Brazil

?Institute of Biological Sciences, Federal University of Para-UFPA, Belem, Para, Brazil
*Laboratory of Simulation and Computational Biology — SIMBIC, Federal University of
Pard, Belém, Pard, Brazil

“‘Center of High Performance Computer and Artificial Intelligence — CCAD, Federal
University of Pard, Belem, Pard, Brazil

*Institute of Biological Sciences, Federal University of Minas Gerais, Belo Horizonte, Minas
Gerais, Brazil

®Campus Central de Herrera, Universidad Tecnoldgica de Santiago, Santo Domingo,
Dominican Republic

"Vale Institute of Technology - Sustainable Development, Belém, Brazil

AUTHOR ORCIDs

David Tavares Martins { http://orcid.org/0009-0008-2595-8756

Oscar Victor Cardenas Alegria & http://orcid.org/0000-0002-1914-478X
Carlos Willian Dias Dantas 2 http://orcid.org/0000-0002-3681-7886

Edian Franklin Franco De Los Santos (& http://orcid.org/0000-0001-9715-9437
Paulo Régenes Monteiro Pontes (2 http://orcid.org/0000-0002-8172-7820
Rosane Barbosa Lopes Cavalcante (2 http://orcid.org/0000-0002-5941-6460
Rommel Thiago Juca Ramos 2 http://orcid.org/0000-0002-8032-1474

AUTHOR CONTRIBUTIONS

David Tavares Martins, Investigation, Methodology, Writing — original draft, Writing —
review and editing | Oscar Victor Cardenas Alegria, Formal analysis, Methodology | Carlos
Willian Dias Dantas, Methodology | Edian Franklin Franco De Los Santos, Methodol-
ogy | Paulo Régenes Monteiro Pontes, Methodology | Rosane Barbosa Lopes Caval-
cante, Methodology | Rommel Thiago Jucd Ramos, Conceptualization, Formal analysis,
Investigation, Methodology, Writing - review and editing

May 2025 Volume 91 Issue 5

Applied and Environmental Microbiology

10.1128/aem.01470-24 14


http://orcid.org/0009-0008-2595-8756
http://orcid.org/0000-0002-1914-478X
http://orcid.org/0000-0002-3681-7886
http://orcid.org/0000-0001-9715-9437
http://orcid.org/0000-0002-8172-7820
http://orcid.org/0000-0002-5941-6460
http://orcid.org/0000-0002-8032-1474
https://doi.org/10.1128/aem.01470-24

Full-Length Text

DATA AVAILABILITY

Applied and Environmental Microbiology

The data presented in the study were deposited in the National Center for Biotechnology
Information (NCBI) database under BioProject ID PRINA1122411. The scripts used for the
generation of images can be found in github.com/labgm/CrAssphage_Analysis_Ama-
zon_River_Martins_et_al.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (AEM01470-24-s0001.docx). Tables S1 to S4 and Figures ST and

S2.

REFERENCES

1.

May 2025 Volume 91

Ellwanger JH, Kulmann-Leal B, Kaminski VL, Valverde-Villegas JM, Veiga
A, Spilki FR, Fearnside PM, Caesar L, Giatti LL, Wallau GL, Almeida SEM,
Borba MR, Hora VPD, Chies JAB. 2020. Beyond diversity loss and climate
change: impacts of Amazon deforestation on infectious diseases and
public health. An Acad Bras Cienc 92:e20191375. https://doi.org/10.1590
/0001-3765202020191375

Latrubesse EM, Arima EY, Dunne T, Park E, Baker VR, d'Horta FM, Wight C,
Wittmann F, Zuanon J, Baker PA, Ribas CC, Norgaard RB, Filizola N, Ansar
A, Flyvbjerg B, Stevaux JC. 2017. Damming the rivers of the Amazon
basin. Nature 546:363-369. https://doi.org/10.1038/nature22333
Guerrero-Latorre L, Romero B, Bonifaz E, Timoneda N, Rusifiol M, Girones
R, Rios-Touma B. 2018. Quito’s virome: metagenomic analysis of viral
diversity in urban streams of Ecuador’s capital city. Sci Total Environ
645:1334-1343. https://doi.org/10.1016/j.scitotenv.2018.07.213
Nogueira WG, Gois BVA, Pinheiro K da C, Aragao A de O, Queiroz ALC, da
Silva AL, Folador AC, Ramos RTJ. 2022. Viral metagenomics reveals
widely diverse viral community of freshwater Amazonian lake. Front
Public Health 10:869886. https://doi.org/10.3389/fpubh.2022.869886
Reddy S, Kaur K, Barathe P, Shriram V, Govarthanan M, Kumar V. 2022.
Antimicrobial resistance in urban river ecosystems. Microbiol Res
263:127135. https://doi.org/10.1016/j.micres.2022.127135

Ashbolt NJ, Grabow WOK, Snozzi M. 2001. Routledge handbook of water
and health

Edberg SC, Rice EW, Karlin RJ, Allen MJ. 2000. Escherichia coli: the best
biological drinking water indicator for public health protection. J Appl
Microbiol 88:1065-116S. https://doi.org/10.1111/j.1365-2672.2000.tb05
338.x

Toribio-Avedillo D, Blanch AR, Muniesa M, Rodriguez-Rubio L. 2021.
Bacteriophages as fecal pollution indicators. Viruses 13:1089. https://doi.
org/10.3390/v13061089

Dias E, Ebdon J, Taylor H. 2018. The application of bacteriophages as
novel indicators of viral pathogens in wastewater treatment systems.
Water Res 129:172-179. https://doi.org/10.1016/j.watres.2017.11.022
Girardi V, Demoliner M, Gularte JS, Spilki FR. 2019. ‘Don’t put your head
under water”: enteric viruses in Brazilian recreational waters. New
Microbes New Infect 29:100519. https://doi.org/10.1016/j.nmni.2019.100
519

Bar-On YM, Phillips R, Milo R. 2018. The biomass distribution on Earth.
Proc Natl Acad Sci USA 115:6506-6511. https://doi.org/10.1073/pnas.17
11842115

Mushegian AR. 2020. Are there 10°' virus particles on earth, or more, or
fewer? J Bacteriol 202. https://doi.org/10.1128/JB.00052-20

Dantas CWD, Martins DT, Nogueira WG, Alegria OVC, Ramos RTJ. 2024.
Tools and methodology to in silico phage discovery in freshwater
environments. Front Microbiol 15:1390726. https://doi.org/10.3389/fmic
b.2024.1390726

Suttle CA. 2007. Marine viruses — major players in the global ecosystem.
Nat Rev Microbiol 5:801-812. https://doi.org/10.1038/nrmicro1750
Dutilh BE, Cassman N, McNair K, Sanchez SE, Silva GGZ, Boling L, Barr JJ,
Speth DR, Seguritan V, Aziz RK, Felts B, Dinsdale EA, Mokili JL, Edwards
RA. 2014. A highly abundant bacteriophage discovered in the unknown
sequences of human faecal metagenomes. Nat Commun 5:4498. https://
doi.org/10.1038/ncomms5498

Issue 5

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Smith L, Goldobina E, Govi B, Shkoporov AN. 2023. Bacteriophages of
the order Crassvirales: what do we currently know about this keystone
component of the human gut virome?Biomolecules 13:584. https://doi.o
rg/10.3390/biom 13040584

Farkas K, Adriaenssens EM, Walker DI, McDonald JE, Malham SK, Jones
DL. 2019. Critical evaluation of CrAssphage as a molecular marker for
human-derived wastewater contamination in the aquatic environment.
Food Environ Virol 11:113-119. https://doi.org/10.1007/512560-019-093
69-1

Stachler E, Kelty C, Sivaganesan M, Li X, Bibby K, Shanks OC. 2017.
Quantitative CrAssphage PCR assays for human fecal pollution
measurement. Environ Sci Technol 51:9146-9154. https://doi.org/10.102
1/acs.est.7b02703

Jennings WC, Galvez-Arango E, Prieto AL, Boehm AB. 2020. CrAssphage
for fecal source tracking in Chile: covariation with norovirus, HF183, and
bacterial indicators. Water Res X 9:100071. https://doi.org/10.1016/j.wro
a.2020.100071

Sabar MA, Honda R, Haramoto E. 2022. CrAssphage as an indicator of
human-fecal contamination in water environment and virus reduction in
wastewater treatment. Water Res 221:118827. https://doi.org/10.1016/j.
watres.2022.118827

Andrianjakarivony FH, Bettarel Y, Desnues C. 2023. Searching for a
reliable viral indicator of faecal pollution in aquatic environments. J
Microbiol 61:589-602. https://doi.org/10.1007/s12275-023-00052-6
Cirillo B, AlImeida O. 2020. The limits to the operation of municipal public
power in the management of water resources of marapanim and
Itacaitinas river basin, state of Para. Revista Geografares1:268-292. https:
//doi.org/10.7147/geo.v1i31.31165

Instituto Brasileiro de Geografia e Estatistica. 2022. Censo Brasileiro de
2022

Cavalcante RBL, Fleischmann A, Pontes PRM. 2023. Looking upstream:
analyzing the protection of the drainage area of Amazon rivers. Water
Resources Research.

Andrews S. FastQC: a quality control analysis tool for high throughput
sequencing data. Available from: https://github.com/s-andrews/FastQC.
Retrieved 05 Aug 2023.

Chen S, Zhou Y, Chen Y, Gu J. 2018. Fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34:i884-i890. https://doi.org/10.1093/bioin
formatics/bty560

Li D, Luo R, Liu C-M, Leung C-M, Ting H-F, Sadakane K, Yamashita H, Lam
T-W. 2016. MEGAHIT v1.0: a fast and scalable metagenome assembler
driven by advanced methodologies and community practices. Methods
102:3-11. https://doi.org/10.1016/jymeth.2016.02.020

Guo J, Bolduc B, Zayed AA, Varsani A, Dominguez-Huerta G, Delmont TO,
Pratama AA, Gazitua MC, Vik D, Sullivan MB, Roux S. 2021. VirSorter2: a
multi-classifier, expert-guided approach to detect diverse DNA and RNA
viruses. Microbiome 9:37. https://doi.org/10.1186/s40168-020-00990-y
Ren J, Song K, Deng C, Ahlgren NA, Fuhrman JA, Li Y, Xie X, Poplin R, Sun
F.2020. Identifying viruses from metagenomic data using deep learning.
Quant Biol 8:64-77. https://doi.org/10.1007/s40484-019-0187-4

10.1128/aem.01470-24 15


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1122411/
https://github.com/labgm/CrAssphage_Analysis_Amazon_River_Martins_et_al
https://doi.org/10.1128/aem.01470-24
https://doi.org/10.1590/0001-3765202020191375
https://doi.org/10.1038/nature22333
https://doi.org/10.1016/j.scitotenv.2018.07.213
https://doi.org/10.3389/fpubh.2022.869886
https://doi.org/10.1016/j.micres.2022.127135
https://doi.org/10.1111/j.1365-2672.2000.tb05338.x
https://doi.org/10.3390/v13061089
https://doi.org/10.1016/j.watres.2017.11.022
https://doi.org/10.1016/j.nmni.2019.100519
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1128/JB.00052-20
https://doi.org/10.3389/fmicb.2024.1390726
https://doi.org/10.1038/nrmicro1750
https://doi.org/10.1038/ncomms5498
https://doi.org/10.3390/biom13040584
https://doi.org/10.1007/s12560-019-09369-1
https://doi.org/10.1021/acs.est.7b02703
https://doi.org/10.1016/j.wroa.2020.100071
https://doi.org/10.1016/j.watres.2022.118827
https://doi.org/10.1007/s12275-023-00052-6
https://doi.org/10.7147/geo.v1i31.31165
https://github.com/s-andrews/FastQC
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1016/j.ymeth.2016.02.020
https://doi.org/10.1186/s40168-020-00990-y
https://doi.org/10.1007/s40484-019-0187-4
https://doi.org/10.1128/aem.01470-24

Full-Length Text

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

May 2025 Volume 91

Nayfach S, Camargo AP, Schulz F, Eloe-Fadrosh E, Roux S, Kyrpides NC.
2021. CheckV assesses the quality and completeness of metagenome-
assembled viral genomes. Nat Biotechnol 39:578-585. https://doi.org/10
.1038/541587-020-00774-7

Guo J, Vik D, Adjie Pratama A, Roux S, Sullivan M. 2021. Viral sequence
identification SOP with VirSorter2 v3. Protocols.io. https://doi.org/10.175
04/protocols.io.owm5pc86

Shaffer M, Borton MA, McGivern BB, Zayed AA, La Rosa SL, Solden LM,
Liu P, Narrowe AB, Rodriguez-Ramos J, Bolduc B, Gazitua MC, Daly RA,
Smith GJ, Vik DR, Pope PB, Sullivan MB, Roux S, Wrighton KC. 2020.
DRAM for distilling microbial metabolism to automate the curation of
microbiome function. Nucleic Acids Res 48:8883-8900. https://doi.org/1
0.1093/nar/gkaa621

Roux S, Camargo AP, Coutinho FH, Dabdoub SM, Dutilh BE, Nayfach S,
Tritt A. 2023. iPHOP: an integrated machine learning framework to
maximize host prediction for metagenome-derived viruses of archaea
and bacteria. PLoS Biol 21:23002083. https://doi.org/10.1371/journal.pbi
0.3002083

Camargo AP, Roux S, Schulz F, Babinski M, Xu Y, Hu B, Chain PSG,
Nayfach S, Kyrpides NC. 2024. Identification of mobile genetic elements
with geNomad. Nat Biotechnol 42:1303-1312. https://doi.org/10.1038/s
41587-023-01953-y

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with
Bowtie 2. Nat Methods 9:357-359. https://doi.org/10.1038/nmeth.1923
Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO,
Whitwham A, Keane T, McCarthy SA, Davies RM, Li H. 2021. Twelve years
of SAMtools and BCFtools. Gigascience 10:giab008. https://doi.org/10.10
93/gigascience/giab008

Oksanen J. 2010. Vegan: community ecology package. http://vegan.r-for
ge.r-project.org/.

Anderson MJ. 2001. A new method for non-parametric multivariate
analysis of variance. Austral Ecol 26:32-46. https://doi.org/10.1046/j.144
2-9993.2001.01070.x

Ward JH. 1963. Hierarchical grouping to optimize an objective function.
J Am Stat Assoc 58:236-244. https://doi.org/10.1080/01621459.1963.105
00845

Waskom M. 2021. Seaborn: statistical data visualization. J Open Source
Software 6:3021. https://doi.org/10.21105/j0ss.03021

Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau
D, Burovski E, Peterson P, Weckesser W, Bright J, et al. 2020. SciPy 1.0:
fundamental algorithms for scientific computing in Python. Nat
Methods 17:261-272. https://doi.org/10.1038/541592-019-0686-2

Lu J, Yang S, Zhang X, Tang X, Zhang J, Wang X, Wang H, Shen Q, Zhang
W. 2022. Metagenomic analysis of viral community in the Yangtze River
expands known eukaryotic and prokaryotic virus diversity in freshwater.
Virol Sin 37:60-69. https://doi.org/10.1016/j.virs.2022.01.003

Gu X, Tay QXM, Te SH, Saeidi N, Goh SG, Kushmaro A, Thompson JR, Gin
KY-H. 2018. Geospatial distribution of viromes in tropical freshwater
ecosystems. Water Res 137:220-232. https://doi.org/10.1016/j.watres.20
18.03.017

Adriaenssens EM, Farkas K, McDonald JE, Jones DL, Allison HE, McCarthy
AJ. 2021. Tracing the fate of wastewater viruses reveals catchment-scale
virome diversity and connectivity. Water Res 203:117568. https://doi.org
/10.1016/j.watres.2021.117568

Li E, Saleem F, Edge TA, Schellhorn HE. 2024. Assessment of crAssphage
as a human fecal source tracking marker in the lower Great Lakes. Sci
Total Environ 912:168840. https://doi.org/10.1016/j.scitotenv.2023.16884
0

Mafumo N, Bezuidt OKI, le Roux W, Makhalanyane TP. 2023. CrAssphage
may be viable markers of contamination in pristine and contaminated
river water. mSystems 8:e0128222. https://doi.org/10.1128/msystems.01
282-22

Crank K, Li X, North D, Ferraro GB, laconelli M, Mancini P, La Rosa G,
Bibby K. 2020. CrAssphage abundance and correlation with molecular
viral markers in Italian wastewater. Water Res 184:116161. https://doi.org
/10.1016/j.watres.2020.116161

Lalbiaktluangi C, Yadav MK, Singh PK, Singh A, lyer M, Vellingiri B,
Zomuansangi R, Ram H, Zothanpuia. 2023. A cooperativity between
virus and bacteria during respiratory infections. Front Microbiol
14:1279159. https://doi.org/10.3389/fmicb.2023.1279159

Issue 5

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Applied and Environmental Microbiology

Dhalech AH, Fuller TD, Robinson CM. 2021. Specific bacterial cell wall
components influence the stability of coxsackievirus B3. J Virol
95:€0142421. https://doi.org/10.1128/JVI.01424-21

Gulyaeva A, Garmaeva S, Ruigrok RAAA, Wang D, Riksen NP, Netea MG,
Wijmenga C, Weersma RK, Fu J, Vila AV, Kurilshikov A, Zhernakova A.
2022. Discovery, diversity, and functional associations of crAss-like
phages in human gut metagenomes from four Dutch cohorts. Cell Rep
38:110204. https://doi.org/10.1016/j.celrep.2021.110204

Shkoporov AN, Khokhlova EV, Fitzgerald CB, Stockdale SR, Draper LA,
Ross RP, Hill C. 2018. ®CrAss001 represents the most abundant
bacteriophage family in the human gut and infects Bacteroides
intestinalis. Nat Commun 9:4781. https://doi.org/10.1038/s41467-018-07
225-7

Hryckowian AJ, Merrill BD, Porter NT, Van Treuren W, Nelson EJ, Garlena
RA, Russell DA, Martens EC, Sonnenburg JL. 2020. Bacteroides thetaiotao-
micron-infecting bacteriophage isolates inform sequence-based host
range predictions. Cell Host Microbe 28:371-379. https://doi.org/10.101
6/j.chom.2020.06.011

Yutin N, Benler S, Shmakov SA, Wolf YI, Tolstoy I, Rayko M, Antipov D,
Pevzner PA, Koonin EV. 2021. Analysis of metagenome-assembled viral
genomes from the human gut reveals diverse putative CrAss-like phages
with unique genomic features. Nat Commun 12:1044. https://doi.org/10.
1038/541467-021-21350-w

Hu H, Kristensen JM, Herbold CW, Pjevac P, Kitzinger K, Hausmann B,
Dueholm MKD, Nielsen PH, Wagner M. 2024. Global abundance patterns,
diversity, and ecology of Patescibacteria in wastewater treatment plants.
Microbiome 12:55. https://doi.org/10.1186/540168-024-01769-1

Edwards R, Vega A, Norman H, Ohaeri MC, Levi K, Dinsdale E, Cinek O,
Aziz R, McNair K, Barr J, et al. 2019. Global phylogeography and ancient
evolution of the widespread human gut virus crAssphage. bioRxiv. https:
//doi.org/10.1101/527796

Li Y, Gordon E, Shean RC, Idle A, Deng X, Greninger AL, Delwart E. 2021.
CrAssphage and its bacterial host in cat feces. Sci Rep 11:815. https://doi.
org/10.1038/s41598-020-80076-9

Piedade GJ, Schon ME, Lood C, Fofanov MV, Wesdorp EM, Biggs TEG, Wu
L, Bolhuis H, Fischer MG, Yutin N, Dutilh BE, Brussaard CPD. 2024.
Seasonal dynamics and diversity of Antarctic marine viruses reveal a
novel viral seascape. Nat Commun 15:9192. https://doi.org/10.1038/s414
67-024-53317-y

Wei Y, Jiao Y, An D, Li D, Li W, Wei Q. 2019. Review of dissolved oxygen
detection technology: from laboratory analysis to online intelligent
detection. Sensors (Basel) 19:3995. https://doi.org/10.3390/s19183995
Fitri A, Maulud KNA, Rossi F, Dewantoro F, Harsanto P, Zuhairi NZ. 2021.
Spatial and temporal distribution of dissolved oxygen and suspended
sediment in Kelantan river basin. 4th International Conference on
Sustainable Innovation 2020-Technology, Engineering and Agriculture
(ICoSITEA 2020); Yogyakarta, Indonesia

Hassan Omer N. 2020. Water quality parameters. In Water quality -
science, assessments and policy. IntechOpen.

Lyons KJ, Ikonen J, Hokajérvi A-M, Résanen T, Pitkdnen T, Kauppinen A,
Kujala K, Rossi PM, Miettinen IT. 2023. Monitoring groundwater quality
with real-time data, stable water isotopes, and microbial community
analysis: a comparison with conventional methods. Sci Total Environ
864:161199. https://doi.org/10.1016/j.scitotenv.2022.161199

Xiao Y, Huang P, Huang Z, Yu K, Song Y, Guo N, Dai H, Jiang M, Xu Y,
Wang D, Wei Q. 2022. Influencing factors on the preservation of lytic
bacteriophage VP3. Biosaf Health4:314-320. https://doi.org/10.1016/j.bs
heal.2022.06.004

Jonczyk E, Ktak M, Miedzybrodzki R, Gorski A. 2011. The influence of
external factors on bacteriophages—review. Folia Microbiol (Praha)
56:191-200. https://doi.org/10.1007/s12223-011-0039-8

Mathieu J, Yu P, Zuo P, Da Silva MLB, Alvarez PJJ. 2019. Going viral:
emerging opportunities for phage-based bacterial control in water
treatment and reuse. Acc Chem Res 52:849-857. https://doi.org/10.1021
/acs.accounts.8b00576

Greaves J, North D, Bibby K. 2022. Particle association and size fraction of
molecular viral fecal pollution indicators in wastewater. Environ Sci:
Water Res Technol 8:1814-1821. https://doi.org/10.1039/D2EW00126H

10.1128/aem.01470-24 16


https://doi.org/10.1038/s41587-020-00774-7
https://doi.org/10.17504/protocols.io.bwm5pc86
https://doi.org/10.1093/nar/gkaa621
https://doi.org/10.1371/journal.pbio.3002083
https://doi.org/10.1038/s41587-023-01953-y
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/gigascience/giab008
http://vegan.r-forge.r-project.org/
https://doi.org/10.1046/j.1442-9993.2001.01070.x
https://doi.org/10.1080/01621459.1963.10500845
https://doi.org/10.21105/joss.03021
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1016/j.virs.2022.01.003
https://doi.org/10.1016/j.watres.2018.03.017
https://doi.org/10.1016/j.watres.2021.117568
https://doi.org/10.1016/j.scitotenv.2023.168840
https://doi.org/10.1128/msystems.01282-22
https://doi.org/10.1016/j.watres.2020.116161
https://doi.org/10.3389/fmicb.2023.1279159
https://doi.org/10.1128/JVI.01424-21
https://doi.org/10.1016/j.celrep.2021.110204
https://doi.org/10.1038/s41467-018-07225-7
https://doi.org/10.1016/j.chom.2020.06.011
https://doi.org/10.1038/s41467-021-21350-w
https://doi.org/10.1186/s40168-024-01769-1
https://doi.org/10.1101/527796
https://doi.org/10.1038/s41598-020-80076-9
https://doi.org/10.1038/s41467-024-53317-y
https://doi.org/10.3390/s19183995
https://doi.org/10.1016/j.scitotenv.2022.161199
https://doi.org/10.1016/j.bsheal.2022.06.004
https://doi.org/10.1007/s12223-011-0039-8
https://doi.org/10.1021/acs.accounts.8b00576
https://doi.org/10.1039/D2EW00126H
https://doi.org/10.1128/aem.01470-24

	CrAssphage distribution analysis in an Amazonian river based on metagenomic sequencing data and georeferencing
	MATERIALS AND METHODS
	Sampling area
	Sample collection and measurement of physicochemical parameters
	Sample preprocessing and DNA extraction
	Georeferencing analysis
	Sequencing and bioinformatics

	RESULTS AND DISCUSSION
	Sequencing and taxonomy overview
	Viral composition and diversity
	CrAssphage presence and abundance
	CrAssphage contig distribution
	Characterization and host prediction of crAssphage contigs
	Influence of environmental factors on crAssphage distribution
	Limitations
	Conclusions



