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The piranha gut microbiome
provides a selective lens into river
water biodiversity
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Advances in omics technologies have enabled the in-depth study of microbial communities and
their metabolic profiles from all environments. Here metagenomes were sampled from piranha
(Serrasalmus rhombeus) and from river water from the Rio Sdo Benedito (Amazon Basin). Shotgun
metagenome sequencing was used to explore diversity and to test whether fish microbiomes are

a good proxy for river microbiome studies. The results showed that the fish microbiomes were not
significantly different from the river water microbiomes at higher taxonomic ranks. However, at
the genus level, fish microbiome alpha diversity decreased, and beta diversity increased. This result
repeated for functional gene abundances associated with specific metabolic categories (SEED level
3). A clear delineation between water and fish was seen for beta diversity. The piranha microbiome
provides a good and representative subset of its river water microbiome. Variations seen in beta
biodiversity were expected and can be explained by temporal variations in the fish microbiome

in response to stronger selective forces on its biodiversity. Metagenome assembled genomes
construction was better from the fish samples. This study has revealed that the microbiome of a
piranha tells us a lot about its river water microbiome and function.

Keywo rds Metagenomics, Serrasalmus rhombeus, Host-associated microbiome, Amazon river microbiome,
Biotechnology

Microbiomes are a trove of biological activity with the potential to advance the fields of biotechnology and
industry 5.0'. Next-generation sequencing has allowed us to delve deeper into microbiomes, bringing microbial
ecology into the age of ‘big data’ where we can generate sequence data en-masse that can be parsed for metabolic
or functional information of interest’*. However, the habitats that host these precious bioproducts and their
associated microbial candidates can often be highly complex and diverse. Approaches that simplify the com-
munity present an easier avenue to unravel the metabolic interactions within the target ecosystems™°. One such
strategy is through the gut microbiota of host organisms, which has been shown to produce a simplified subset
of the greater environment”.

The gut microbiome presents a unique environment for bioprospecting as the commensal microorganisms are
often involved with digestion and nutrient availability, containing enzymes that can improve the bioavailability
of compounds®. Genome-resolved metagenomics of the collective data of the human gut microbiome alone has
uncovered thousands of hitherto uncultured prokaryotes, along with protein sequences with no known functional
representatives’. The exploration of gut microflora has shown promise towards the discovery of novel bioprod-
ucts, with searches expanding to non-human organisms. Where microbial candidates with plastic biodegrada-
tion potential from mealworms have been described'’; bioactive compounds from fish and shellfish with health
benefits in pharmaceutical or aquaculture settings reported''; enzymes with industrial applications from mud
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crabs described'?, as well as cow dung microflora which hosts a range of potential enzymes and compounds for
widespread applications in biotechnology and bioremediation*. Taken together, gut microbiomes provide a lens
into wider environments by enriching and simplifying the environmental biodiversity within the resident hosts.

One group of organisms that shares a direct relationship with their ecosystems are fish, which due to the
nature of their existence form an intimate holobiont with the aquatic environment and their gut microbiota'*™".
The relationship between gut and environment in fish can often be distinguished over geographical regions,
with distinct patterns appearing across spatial distances'’ "%, with the gut providing a relatively stable environ-
ment, free from environmental perturbations®. The investigation of fish microflora has improved aquaculture
practices '»**2 and has been shown to be a source of novel antimicrobial compounds, which is key to combatting
the growing horde of multidrug-resistant pathogens®*?*. To investigate the ability of fish to act as a method for
enriching taxa and functions from the aquatic environment, whole shotgun sequencing was used to compare the
metagenomes of the Rio Sdo Benedito, a river located in the Amazon Basin in Para, Brazil and the gut microbiome
of the endemic Redeye Piranha (Serrasalmus rhombeus). Our aims were to investigate differences in microbial
community composition between gut microbiome and environment, such as differential metabolic gene abun-
dances, as well as the propagation of underrepresented taxa from the environment. In addition, we sought to
evaluate the suitability of fish for their bioprospecting potential in freshwater environments.

Results

Taxonomic profile of the metagenomes

The study investigated two sample groups obtained from the Sdo Benedito River, Brazil (Fig. 1): gut microbiota
of Serrasalmus rhombeus via anal swabs (n=4) and water microbiome samples (n=4). Comparative analyses
were performed on metagenomic sequences obtained from both sample groups, with a distinct difference in the
overall distribution of prokaryotic taxa observed between the anal swab and river water metagenomes (Fig. 2).
Bacterial phyla from Actinobacteria, Firmicutes, and Proteobacteria were present in all samples, with a minute
representation of Bacteroidota, Deinococcus-Thermus, and Planctomycetota, along with archaeal representatives
from Euryarchaeota within the river water samples (Supplementary Table 1). Anal swabs appear to be mostly
represented by Actinobacteria and Firmicutes, whereas river water contains mainly members from Actinobac-
teria and Proteobacteria. At the genus level, a finer distinction between the anal swab and river water samples

Fig. 1. Photos of fish and river sampling on the Rio Sdo Benedito, located in the Amazon Basin in Par4, Brazil.
(a—c) Example specimens of the endemic Redeye Piranha (Serrasalmus rhombeus) sampled in the study. (d)
Demonstration of river water sampling using a Sterivex filter unit.
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Fig. 2. Taxonomic profile of the Rio Sdo Benedito fish and water metagenomes. The graph shows distribution
of the 15 most abundant prokaryotic genera from anal swab and water samples and their respective phyla.

was observed. In the anal swab group, each phylum is dominated by only one or two genera—notably Kocuria
and Cellulosimicrobium within the Actinobacteria, and Mammaliicoccus in the Firmicutes. In comparison, the
river water samples had a more diverse representation of genera from each respective bacterial phylum reported.
Mycobacterium and Mycolicibacterium are the major representatives of Actinobacteria, while Brevundimonas and
Novosphingobium are the most abundant genera in Proteobacteria. Additionally, the Actinobacteria observed in
the river water contained genera that were at negligible levels in the anal swabs and vice versa.

There appeared to be a significant difference in the alpha diversity at the genus level in the prokaryotic com-
munities between the anal swab and river water metagenomes (Shannon index, one-way ANOVA, P <0.001). In
parallel to the taxonomic profile, the alpha diversity measured seemed to be much lower in the anal swab samples
compared to the river water (Fig. 3a). Similarly, there was a significant difference observed between the commu-
nity structures from the anal swab and river water metagenomes (PERMANOVA, with pseudo-F ratio, p<0.01).
The principal component analysis plot also suggests that the community structures of prokaryotes differ between
the two sample groups (Fig. 3b). The river microbiome seems to cluster closely, suggesting a greater similarity in
prokaryotic community structure, whereas the fish microbiota, appears to be dissimilar to the river water, as well
as within their own sampling group. This was also seen in the unique genera count within the anal swab sampling
group (Fig. 3¢c) which showed less overlap in common taxa compared to the river water (Fig. 3d). The prokaryotic
genera count within the two sample groups from the Rio Sao Benedito shows that the river water sampling group
has a much higher number of unique genera when compared to the anal swab sampling group (Fig. 3e). The
relatively small overlap of taxa between the river and fish microbiomes appeared consistent with both the data
from the taxonomic profile, as well as what was observed in the diversity measures. There appears to be a small
group of prokaryotic genera that are unique to the anal swab microbiome, despite the fish microbiome being
largely derived from the river water. This suggests that the conditions within the host-associated ecosystem may
promote a subset of taxa that may be otherwise underrepresented within the aquatic environment of the river.

Functional profiles of metabolic gene abundances

Differential abundance analyses of metabolic genes in the anal swab and river water samples showed differ-
ences at SEED Level 1, which provided a generalized overview of different metabolic categories (Fig. 4a). At
SEED Level 1, significant differences in metabolic gene abundances were observed in several categories (Fig. 4b)

with genes related to “Carbohydrates”, “Cell Division and Cell Cycle”, “DNA Metabolism”, “Iron acquisition and

» cc

metabolism”, “Nucleosides and Nucleotides” and “Stress Response” significantly enriched in the fish microbiota.
More categories of genes were significantly abundant in the river water, namely from “Central Metabolism,”

» «

“Fatty Acids, Lipids and Isoprenoids”, “Membrane Transport’, “Motility and Chemotaxis”, “Nitrogen Metabolism”,
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Fig. 3. Diversity measures of Rio Sdo Benedito water and piranha anal swab samples at the genus level for
prokaryotic communities. (a) Alpha diversity represented by Shannon Index showing significant differences
between anal swab and river samples (one-way ANOVA, P <0.001). (b) Beta diversity represented by principal
component analysis plot showing differences in the structure of prokaryotic communities from anal swab and
river water samples. The axes show the Principal Components (PC), with PC1 and PC2 respectively explaining
65.5% and 22.8% of the total variance. Only entries where at least 10 reads were classified within a given sample
from either swab or water metagenomes were used for diversity measures. Venn diagram representing unique
and common counts of prokaryotic genera between (c) anal swabs, (d) water and (e) both sampling groups
overall. For Venn Diagram counts, only entries where at least 10 counts were classified to a genus within an
individual swab or river sample were included.
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Fig. 4. Differential abundance of metabolic genes from the anal swab and river water metagenomes. Differences
in relative abundance of metabolic gene groups categorized at SEED Level 1 were visualized via (a) heatmap of
all classified functional genes with (b) the significant differences in differential abundance displayed as a bar plot
with error bars (two-sided Welchss t test, with Benjamin-Hochberg method for false discovery rate, q<0.05).
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The Shannon Index shows close similarity of the alpha diversity of functional gene abundances in the anal
swab and river water samples at SEED level 3, which consists of more specific metabolic categories (Fig. 5a). The
beta-diversity of the functional profile as visualized by the principal component analysis plot, showed a clear
delineation between the two sampling groups, with a tighter clustering in the water samples (Fig. 5b), which
appears consistent with the data observed in the taxonomic diversity (Fig. 3b). The distinct community struc-
tures observed in the metabolic profile appeared to be significantly different (PERMANOVA, with pseudo-F
ratio, p <0.05). When compared to the taxonomic data, the classified metabolic genes showed >60% overlap at
the SEED Level 3 categories within and across respective sampling groups (Fig. 5c—e). This indicates that there
are core metabolic processes that are critical for survival across both environments. The relative smaller group
of unique metabolic genes observed in each respective sampling group, along with the observations seen in the
taxonomic profile, are likely due to adaptations from ecological differences between an aquatic environment
(river water) and a host-associated ecosystem (gut microbiota).

» « »

, “Respiration”, “Secondary Metabolism”, “Sulfur Metabolism”, and

Recovery of metagenome-assembled genomes

Metagenomes from the anal swab and river water sampling group underwent co-assembly within their respec-
tive groups. The anal swab group co-assembly produced better assembly statistics compared to the river water
co-assembly and read mapping information showed that substantially more of the reads (78.96% vs 5.30%) were
utilized in the assembly process (Supplementary Table 2). Co-assembly of the river water metagenomes yielded no
bins or metagenome-assembled genomes (MAGs). Conversely, co-assembly of the metagenomes from anal swab
samples produced four MAGs, with the genome quality and classification statistics available in Supplementary
Table 3. Three recovered MAGS were identified by GTDB-tk as Kocuria rhizophila A (86.39% completeness),
Kocuria marina (16.4% completeness), and Mammaliicoccus sciuri (36.78% completeness). The fourth MAG was
unable to be classified by GTDB-tk. The recovered genomes appear to be from the highest represented genera
from the taxonomic profile of the anal swab samples and were either underrepresented or not observed in the
river water samples (Fig. 1). This suggests that the fish microbiota can enrich underrepresented taxa from the

Shannon Diversity (Seed Level 3)
© Swab @ Water

5.8504
2 = 0.010 9
= Swab 4
5] 3 Ob 3
2 5825 . 0005 "
- S
g g Water 4 Water2
= 0000} © =
S 5.800 — Swab 2 | | Water 3
] 8 Water 1
(% a —0.005
§ 5.775
-0010
5.7504 -0015/
Swab Water sﬁm
(n=4) (n=4) ~002 —001 000 0.01 0.02
Sample Group PC1 (72.5%)
d Water 2 Water 3 e
Swab 3 d '31; “12
10 Swab 4 Water1__{__(6:84%) ><_ (265%) - Waterd  swab il
(1.99%) L ‘/,(442%, 56 | :
9‘, 0.88%) .47 1.32%)
(1.79%) \ £ 22 16 /
(525870/) 15 ' (4.86%) 4(3.53%) 'y 5
217 (4%71%) \ (3.31%) 285 ] 4 (1.1%) | 125 76
- o ¥ \ 63% 1 %
) (2 430y R /n (A77%) (21.63%) (13.15%)

5
(0.2%) (1:1%)72(1.55%)

6 T
\ (132%)

Fig. 5. Diversity and abundance measures of Rio Sdo Benedito water and piranha anal swab samples for
functional genes at SEED level 3. (a) Alpha diversity represented by Shannon Index between anal swab and
river samples. (b) Beta diversity represented by principal component analysis plot showing differences in

the community metabolic structure from anal swab and river water samples. The axes show the Principal
Components (PC), with PC1 and PC2 respectively explaining 72.5% and 11.9% of the total variance. Only
entries where at least 10 reads were classified within a given sample from either swab or water metagenomes
were used for diversity measures. Venn diagram representing unique and common counts of functional genes
categorized at SEED level 3 between (c) anal swabs, (d) water and (e) both sampling groups overall. For Venn
Diagram counts, only entries where at least 10 counts were classified to a category within an individual swab or
river sample were included.
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river environment, as well as provide a simplified microbiome with the potential for enabling shallow genome-
resolved metagenomics.

Discussion

Our study revealed that the S. rhombeus gut microcosm presents taxonomically distinct communities when
compared to the microbiome of the Rio Sdo Benedito. Notably, the gut appears to enrich prokaryotic genera that
were underrepresented in the river water and produces simplified communities (Fig. 2). As expected, the Shannon
index was higher for the river samples, indicating that their communities are more diverse and uniform; while
the fish gut metagenomes possessed more biased microbial communities which is probably explained by variable
conditions in the gut environment. The beta diversity analysis showed that river water and fish gut metagenomes
clearly clustered separately. Furthermore, the fish gut samples displayed greater intra sample variability in their
microbial communities. This could be a result of a more dynamic gut microbiota, which is strongly affected by
host factors such as stress and diseases®.

At the genus level, Kocuria, Mammaliicoccus, and Cellulosimicrobium are the dominant genera identified in
the fish gut microbiome. Mammaliicoccus is a novel genus proposed by Madhaiyan, Wirth, and Saravanan (2020),
who suggested the reassignment of five Staphylococcus species®. Interestingly, the type strains from this genus
were isolated from mammals, namely ruminants as well as their meat and dairy products, other farm animals,
along with canines?”?. Here, we report the discovery of Mammaliicoccus species in the Redeye piranha gut, sam-
pled from the Amazon basin. On the other hand, we observed that Mycolicibacterium and Mycobacterium were
the most abundant genera in the river water samples. However, it is worth mentioning that Mycolicibacterium is
considered a taxonomic synonym to Mycobacterium?®. Therefore, we can conclude that the Sio Benedito water
metagenomes are composed of 20-40% of Mycobacterium species.

Considering that piranhas feed at all depths and move freely within river ecosystems, we hypothesized that
they act as a lens to the river’s microbial community. In this manner, they sample and enrich a small subset of
the total river’s microbial community, which allows for the recovery of nearly complete metagenome-assembled
genomes®’. In contrast, the metabolic gene profile, although containing differences between the gut and river
microbiomes, appears to have much more overlap (Figs. 4, 5). This is explained as the fish gut microbiome has
been observed to be derived from the aquatic habitat'*'3, which in turn suggests that the functional traits of the
core microbiome of the river water persist within the fish gut microbiome®'. This indicates that the fish gut has
the potential to present a simplified representative model, allowing for a more accessible lens to the ecological
process and functional capacity of the more diverse river microbiome™’.

Concerning the functional analyses, some of the categories displayed differentially abundant frequencies. We
observed a differentially abundant profile for the respiration category in the water metagenomes (Fig. 4b). This
could be because the Mycobacterium genus is more prevalent in these metagenomes and that Mycobacterium are
obligate aerobes®. On the other hand, the gut metagenomes are mainly composed of representatives from the
Kocuria genus, which are facultatively anaerobic®®. Altogether, both these circumstances create conditions that
justify the statistically different results. In addition, the fish gut metagenomes presented more abundant sequences
for carbohydrate metabolism. A possible explanation could be the fact that piranha have a rich and diverse diet,
allowing for a similarly diverse group of bacteria to metabolize more types of carbohydrates™.

As expected, the motility and chemotaxis systems were more abundant in the river water samples. In aquatic
ecosystems, bacteria are divided into either particle-attached bacteria or free-living bacteria®. While particle-
attached bacteria colonize those substrates and metabolize the organic matter, free-living bacteria depend on their
ability to perceive chemical stimuli and move towards resources, oxygen concentration, and other environmental
conditions via fimbriae, pili, and flagella. On the other hand, bacteria that colonize hosts, such as those from the
fish gut, depend more on their ability to interact with the host cells and adhere to surfaces™®.

The iron acquisition and metabolism group were statistically more abundant in the fish gut metagenomes.
In most ecosystems, especially in open waters, iron is a limiting nutrient and as a result microorganisms have
developed methods to capture and attract this element, such as via siderophores®. It is interesting to hypothesize
that the iron acquisition and metabolism group may be more abundant in the fish gut metagenome samples due
to the harshness and competitiveness found there. This is likely a microbial response to the hosts “nutritional
immunity”, where trace elements such as iron is sequestered by the host to limit pathogenicity within the gut
microbiome?®.

The comparisons of the host-associated and environmental ecosystems in fish populations have recently
provided a springboard towards the understanding of how the microbiome can be understood and utilized
to improve fish health, combat pathogens, and provide sustainable aquaculture practices**°. Delving into the
beneficial microbes within the fish gut flora, provides an avenue for improving the likelihood of bioprospecting
taxa with useful bioproducts**2. Within the S. rhombeus gut, the study found several bacterial candidates of inter-
est. Fish microbiomes are a source of metabolites against multidrug-resistant bacteria®. For instance, Kocuria
rhizophila produces antimicrobial substances, namely bacteriocins®. Similarly, we identified Mammaliicoccus
sciuri within the S. rhombeus gut flora, with some representatives harboring substances with probiotic properties
which could be potential candidates for gut health therapies®!. The exploration of the fish gut flora may also serve
as a enrichment approach to elucidate underrepresented taxa from the environment*.

The lower complexity community of the fish gut microbiome may also provide a more accessible metagen-
ome for in-silico studies. Genome mining has been a valuable technique for the discovery of bioproducts from
genomic data**, but has also been pivotal in uncovering hitherto undiscovered enzymes and natural prod-
ucts with unknown activity*. The microbial MAGs uncovered by de novo recovery from the natural environ-
ment have been critical in expanding the tree of life*® and unlocked the massive biosynthetic potential of the
world’s oceans?, but the massive computational power needed to process these high diversity communities
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make genome-resolved metagenomics costly and difficult*®#°. The gut microbiota was able to bin several MAGs,
one with over 88% completion, compared to no bins from the relatively diverse river sample (Supplementary
Table 2). Although this represents only a small derivative of the river’s microbiome, this approach was able to
recover MAGs from a relatively small sequencing dataset, presenting a more accessible approach for in-silico
bioprospecting and genome mining.

Conclusion

Piranha (Serrasalmus rhombeus) from the Rio Sdo Benedito, a river in Amazon Basin in Brazil were selected as a
model Amazon Basin fish to investigate and compare river and fish gut microbiomes. Taxonomic and functional
diversity were compared between the water and fish with the results clearly indicating that the gut microbiome
provides a lens on the river water diversity. A lens which both simplifies the waters microbiome complexity,
enriches for taxa of biotechnological interest and genome mining while demonstrating that functional diversity
is not lost in the less diverse fish microbiome. Using piranha to elucidate river water diversity and function s a
new and promising science, but further studies are required with other fish species and in other rivers to test
this hypothesis.

Methods

Sample collection and preparation

Piranha are a ubiquitous shoaling fish found throughout almost all the river in the Amazon basin. They feed at
all depths in the water and move freely within river systems. A model fish that roams around within its environ-
ment and a good candidate to sample the river water environment and all in it. Fish and river water samples
were collected from the Rio Sdo Benedito, located in Para, Brazil (Fig. 1, Supplementary Table 4, Supplementary
Fig. 1) Wild fish were collected live and released unharmed, they varied in size from 15 to 25 cm, were not sexu-
ally dimorphic and gender not recorded, they were caught from the same general location near the Thaimacu
Pousada (Supp Fig 1), all were caught within two hours. All experimental protocols with live animals were carried
out in accordance with relevant guidelines and regulations in agreement with ARRIVE https://arriveguidelines.
org. The methodology was approved by the ethics committee of the Postgraduate Programme for Biotechnology
at Centre for Health Sciences at UFR].

Fish used for sampling in this study were endemic S. rhombeus caught from the Rio Sdo Benedito. Anal
swabs for collecting individual fish microbiota samples were performed via a cotton wool bud inserted in anus
to depth of 1cm (area of swab material), twisted 360° three times and removed. River water was sampled on
location, with 500ml of water filtered via a Sterivex filter unit (Merck) with 0.22 um pore size Millipore Express
(PES) membrane at each sampling site to collect the microbiota present. Swab and filter samples collected from
the river were frozen until use in downstream processing. DNA was extracted from the swab and filter samples
using the DNeasy® PowerSoil® Pro Kit (QIAGEN, Cat. No./ID: 47014) following the manufacturer’s instructions
and was quantified by Qubit (Invitrogen). Library preparation was performed using the Nextera XT DNA Library
Prep kit v2 (Illumina) to prepare the DNA samples for whole genome sequencing. Samples were sent to LAGBIO
(Parand, Brazil) for sequencing on the Miseq platform (Illumina) using the 2 x 150 bp chemistry and produced
an average of 207K reads per sample.

Metagenomic profiling and analyses

The quality control of raw reads was performed using fastp (0.23.2)*° with default parameters. Prior to compara-
tive ecological analyses of the taxonomic and metabolic profiles, datasets were subsampled to an equal depth with
the sample with the lowest read count using seqtk (1.3.1; https://github.com/lh3/seqtk). Taxonomic profiling
was performed using Kraken2 (2.1.2)*! and the prebuilt Kraken2 “Standard” database (released on 06/05/2023),
with classified data filtered for prokaryotes only. Functional profiling was done using SUPER-FOCUS (1.5)
with diamond (0.9.14)% as the aligner, and the DB_90 database option selected.

Taxonomic profile data was explored at the genus level, whereas functional gene profiles were investigated
at the SEED Level 1 and 3 metabolic subcategories (Supplementary Table 5)**. Alpha diversity measures using
the Shannon Index, as well as one one-way ANOVA, and PERMANOVA statistical calculations on taxonomic
and metabolic abundance data were performed using the vegan R package (2.6.4)*, with the Shannon diversity
visualized using ggplot2 (3.4.1)*. Unique taxa and functional genes between anal swab and river water samples
were visualized using the ggVennDiagram (1.2.2)*” R package. STAMP (2.1.3)*® was used to visualize the beta-
diversity of all samples at the SEED Level 3 functional profile, as well as at the genus level for the taxonomic
profile, via a principal component analysis plot using an ANOVA test, with Tukey—Kramer post-hoc test for
confidence interval and Benjamin-Hochberg method for false discovery rate correction. STAMP was also used
to visualize differential abundances in functional genes at the SEED Level 1 subcategories between the anal swab
and river water sampling groups, applying a two-sided Welch’s t test, with the Benjamin-Hochberg method for
false discovery rate correction.

)50

Metagenomic assembly and binning

De novo co-assembly was performed on all combined metagenomic reads for the anal swab samples, as well as
respectively for the river water samples using MEGAHIT (1.2.9)*° with the default parameters. Read mapping of
metagenomic reads to contigs assembled by MEGAHIT was conducted using Bowtie 2 (2.5.0). The subsequent
mapping data processed by Samtools (1.15)%! for downstream analyses as well as for checking read mapping sta-
tistics. Binning was done with MetaBAT 2 (2.15)%? on the contigs and associated mapping data with minimum
contig length set to 1500 base pairs. CheckM (1.2.2)*® was used to assess the completeness and contamination
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levels of the recovered metagenomic bins. All recovered MAGs were classified using GTDB-tk (2.3.2)% with the
R214 GTDB release data.

Data availability
The datasets generated and/or analysed during the current study are available in the NCBI repository, under
BioProject ID PRJNA1064611.
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