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ARTICLE INFO ABSTRACT

Keywords: Aquaponics, a bio-integrated system that combines fish farming and vegetable cultivation, has gained significant
Pathogenic bacteria attention due to its rapid expansion and potential for sustainable food production. In aquaponics, along with
Foodborne

plants and fish, both beneficial and harmful microorganisms are also present. This study was conducted to assess
the microbiota diversity of Nile tilapia reared with lettuce in aquaponic systems, with a focus on food safety
implications. A total of 144 Nile tilapia juveniles with an average initial weight of 30.7 + 0.03 g were randomly
stocked and allocated to three treatments, each with three replicates. In treatment one, the fish were not chal-
lenged with any pathogenic bacteria, while in treatments two and three, they were challenged with Escherichia
coli (ATCC 8739) and Vibrio cholerae (ATCC 9458), respectively. Faecal and blood samples were collected before
and after challenging Nile tilapia. The diversity of microbial communities was assessed by sequencing the V1-V3
regions of the 16S rRNA gene using Illumina NextSeq2000. In total, 216 amplicon sequence variants were
identified in faecal samples and 162 in blood samples, all belonging to the bacteria kingdom. Taxonomic analysis
demonstrates that multiple detected genera encompass species with known pathogenicity to humans and
documented association with foodborne illnesses and mortality. These included Agrobacterium, Streptococcus,
Klebsiella, Clostridium, Brucella, Plesiomanas, Edwardsiella, Aeromonas, and Bacillus. The findings highlight the
importance of incorporating public health considerations within an aquaponic system in which vegetables are
grown together with fish, in order to reduce the risks of contamination and enhance food safety.

Public health
Microbiota diversity

1. Introduction

Aquatic food culture systems are diverse and offer environmental,
economic, and social benefits and services for humans. These systems
are increasingly recognized worldwide for their valuable ecosystem
services, which sustain aquatic biodiversity and preserve the environ-
ment FAO (2024). Aquaponics is one such system, a bio-integrated,
sustainable, and closed recirculation system that combines soilless
cultivation of edible plants with fish rearing by recycling nutrients from
fish waste for vegetable production through the nitrifying bacteria, and
the vegetables absorb the nutrients from the water, thus purifying water

for the fish, creating mutually beneficial ecosystems for both organisms
(Love et al., 2014; Prastowo et al., 2024; Rakocy et al., 2006). Aquaponic
practice is growing rapidly due to its environmental benefits and eco-
nomic sustainability. It reduces pollution, fertilizer costs, and water
exchange, whose availability is limited. However, several challenges,
such as system design, hydroponic components, optimal fish density,
management techniques, potential water pollution, and microbial
contamination within the systems, are also increasing, highlighting the
need for research in various components of the system (Prastowo et al.,
2024; Atique, 2023; Yep and Zheng, 2019). Previous studies conducted
in aquaponics systems recommended differentiating between beneficial
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microorganisms and those that can cause diseases in humans Hollyer
et al. (2009). Understanding the bacterial community in the various
components of the aquaponics system is crucial, as it sustains a healthy
and sustainable environment for fish and plants (Prastowo et al., 2024;
Sawyer, 2021). Factors such as rearing system, bacterial interactions,
fish phases, water quality parameters, season, nutrient availability,
stress, hygiene levels, antibiotics, diet, and surrounding water signifi-
cantly influence and modulate the composition and development of the
bacterial community in different components of the systems (Atique,
2023; Bereded et al., 2022; Deng et al., 2021; Giatsis et al., 2015; Kelly,
2010; Ringg et al., 2003; Schmidt et al., 2011; Song et al., 2016; Talwar
et al., 2018; Wong and Rawls, 2012).

A variety of fish can be grown in aquaponics system, including
tilapia, which is an African fish that has been introduced in many
countries for aquaculture. It significantly contributes to the livelihoods
and economies of rural societies in many developing countries El-Sayed
and Fitzsimmons (2023). Seventy-five percent of aquaponics systems
use Nile tilapia due to its resilience, rapid growth, and ability to thrive in
various climatic and ecological regions (Abd El-Hack et al., 2022;
Grammer et al., 2012; Hussain and Brown, 2024; Tiwari et al., 2025).
Nile tilapia contains microbiota that protect the fish against pathogenic
microorganisms and assist with nutrient digestion, adaptation to
extreme environmental conditions, metabolic processes, and overall
integrity (Diwan et al., 2024; Merrifield and Rodiles, 2015). However,
Nile tilapia also harbor pathogenic microorganisms that may cause
foodborne infections in humans (Sawyer, 2021; Bereded et al., 2022;
Elumalai et al., 2017). A literature review conducted by (Novotny et al.,
2004 reported that Nile tilapia hosts human bacterial pathogens such as
Vibrio, Clostridium, Mycobacterium, Aeromonas, Legionella, and
Plesiomonas.

In aquaponics, microorganisms such as Aeromonas, Pseudomonas,
Flavobacterium, Fusibacter, Planctomycetes, Parcubacteria, Lenti-
sphaerae, Ignavibacteria, Hydrogenedentes, Gammatimonadetes, Fuso-
bacteria, Cyanobacteria/Chloroplast, Cloacimonetes, Chloroflexi,
Candidatus-Saccharibacteria, Bacteroidetes, and Armatimonadetes
have already been identified (Prastowo et al., 2024; Tiwari et al., 2025;
Eck et al., 2021; Ruiz et al., 2023; Sanchez et al., 2019; Schmautz et al.,
2017; Yamane et al., 2021). The presence of these bacteria can promote
plant growth (Tiwari et al., 2025; Day et al., 2021) and may also pose
risks to humans through consumption of raw or undercooked food
(Sawyer, 2021; Bereded et al., 2022). Pathogens such as Vibrio cholerae
and Escherichia coli have been reported as part of tilapia microbiota,
raising concerns about food safety (Banerjee and Ray, 2017; Bereded
et al., 2020; Hamom et al., 2020; Wang et al., 2017). These pathogens
can multiply in aquatic environments and colonize tilapia (Wang et al.,
2017; Ali et al., 2023; Elewasy et al., 2024; Elgendy et al., 2022;
Hounmanou et al., 2019; Tey et al., 2015). In aquaponics, many studies
have examined microbial communities in biofilters, fish tanks, water,
plant roots, sedimentation tanks, sumps, and hydroponic units. Studies
focusing on the faecal and blood microbiota of Nile tilapia from the
perspective of food safety are scarce. Therefore, this study was con-
ducted to characterize the faecal and blood microbiota of Nile tilapia
challenged with E. coli and V. cholerae in aquaponics systems with let-
tuce, in the context of food safety. These bacteria were selected because,
in addition to being recognized in the CZ ID 2024 List of Pathogens, the
WHO 2024 Priority List, and the NCBI Pathogen Detection Organisms
Group as causative agents of infectious diseases in humans associated
with the consumption of raw or undercooked fish or vegetables, they
have also been isolated from tilapia and lettuce (Banerjee and Ray,
2017; Bereded et al., 2020).

2. Material and methods
2.1. Study location

This study was carried out from April to May 2025 at the fish farming
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center of the Department of Animal Science, Luiz de Queiroz College of
Agriculture, University of Sao Paulo, Piracicaba, SP, Brazil, located at
22°42'30" S latitude and 47°38'01" W longitude. The area has a humid
subtropical to tropical climate, with summer rain (November-March)
and a drier winter (May-August). The annual average rainfall and tem-
perature are around 1280 mm to 1500 mm and 20-21 °C, respectively.

2.2. Statement of ethical clearance

The procedures for the care and use of animals were adhered to. This
study was approved by the Ethics Committee on Animal Use of Luiz de
Queiroz, College of Agriculture-ESALQ (CEUA/ESALQ), with protocol
number CEUA 1853260225 and ID 000612.

2.3. Experimental design and treatments

The experiment was conducted in an aquaponic system comprised of
nine fish culture tanks, each holding 70 L of water and eighteen hy-
droponic units. The fish tanks were randomly assigned to three treat-
ments, each with three replicates in a completely randomized design.
The treatments involved challenging the fish with pathogenic bacteria as
follows: treatment one served as the control, whereby the fish were not
challenged with any pathogenic bacteria; in treatment two, the fish were
challenged with Escherichia coli (ATCC 8739), and in treatment three,
the fish were challenged with Vibrio cholerae (ATCC 9458). Each treat-
ment was randomly allocated to three fish culture tanks.

2.4. Aquaponic system setup

The setup of the aquaponic system (19 m x 15 m) is shown in Fig. 1.
Fish were cultured in tanks, each tank having a submersible pump
connected to a biofilter (Janeca, IPF-5990, China) housing bio-balls
(K2-44MM, Lana Produtos, Brazil) for nitrifying bacteria, along with
an air stone for aeration. Nitrifying bacteria colonization and stabiliza-
tion of the nitrification process occurred over 15 days before lettuce
seedlings were introduced into the system. Each fish tank was linked to
two lines of hydroponic units (30 cmx15 c¢cm x 4 cm), each with nine
plants. Fish tanks were filled with deionized water, purified via reverse
osmosis (Biothec, CM-230, Brazil), sterilized using a UV filter (Ocean-
Tech Professional Aquarium, UV-567, 8000 L/min), and tested negative
for bacterial contamination on Eosin Methylene Blue (EMB) agar for
E. coli, Thiosulfate Citrate Bile Sucrose (TCBS) agar for V. cholerae, and
Tryptic Soy Agar (TSA), a non-selective medium. Water was pumped
from the fish tanks to the hydroponic units through a submersible pump
(Jeneca, IPF-5990-10V, China) with a capacity of 4000 L/h, and
returned to the fish tanks by gravity. The hydroponic units were
equipped with LAD lamps (ES-600Q-72A, SawGlant, China) providing a
photoperiod of 18 and 6 h during the day and night, respectively.

= Hydroponic units with lettuce

= Submersible pump connected to biofilter

> Fish tanks with Nile tilapia

Fig. 1. Aquaponic system used during the study to raise Nile tilapia and
grow lettuce.
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2.5. Lettuce seedling production and planting

To produce lettuce seedlings, pellet seeds of Lactuca sativa var. crispa
L. were purchased from an accredited company (Blueseeds, BS AC0055,
Brazil). The seeds were germinated in seedling growing trays for hy-
droponic (MINGOTI, 53 cmx27 cm x 4 cm), containing substrate for
plant growth (cod 75, rice straw, Carolina Soil, Brazil). Before and after
germination, the seedlings were watered twice a day with water ob-
tained from a previously used aquaponic system from the fish farming
center. The seedlings were transplanted in the aquaponic system 28 days
after germination, when the root system was capable of accessing nu-
trients from the fish tank.

2.6. Stocking of Nile tilapia juveniles

Nile tilapia juveniles with a mean weight of 30.7 &+ 0.03 g were
collected from the fish culture tanks at the fish farming center of the
Department of Animal Science, Luiz de Queiroz College of Agriculture,
University of Sao Paulo, Brazil. The juveniles were quarantined for 15
days in two tanks with good water quality (well water) before being
stocked in the fish tanks at a density of 16 fish per tank. They were fed ad
libitum twice a day (at 9:00 and 17:00 h) with a feed produced by the
Department of Animal Science. The information about the ingredients
used to formulate the food is listed in Table 1 below.

2.7. Challenging Nile tilapia with pathogenic bacteria

The Nile tilapia cultured in fish tanks were challenged for five days
with two bacterial species (Escherichia coli ATCC 8739 and Vibrio chol-
erae ATCC 9458). Escherichia coli ATCC 8739 was provided by the fish
microbiology laboratory, Department of Food Science and Technology,
University of Sao Paulo, Brazil, with 10° UFC/ml. Vibrio cholerae ATCC
9458 was provided by the Tropical Cultures Collection-André Tosello
Foundation, Brazil, with 10° UFC/ml. The identity and purity of the
bacterial strains were confirmed by cultivation in EMB agar for E. coli
and TCBS agar for V. cholerae. Colony-forming units (CFUs) were esti-
mated by spectrophotometer analysis using a 600 Plus spectrophotom-
eter (FEMTO Ind. Com. Instruments, Ltd., Brazil). Nile tilapia juveniles
were reared for 30 days in aquaponics systems, then the fish were
challenged by injecting 0.5 ml of 1 x 10* UFC/ml of each pathogenic
bacteria, via the peritoneal vein using sterile hypodermic needles (SR-
Products LA Salud SA, Paraguay).

2.8. Water quality monitoring in the aquaponic system

To assess the water quality within the systems, temperature and

Table 1
Ingredients used to formulate the diet used for feeding fish
during the experiment.

Ingredients %
Fish meal 40
Wheat gluten 10
Maize bran 24
Rice bran 25
Vitamin and mineral Premix* 1

" 1 kg of mixture contains folic acid: 250 mg; pantothenic
acid: 5000 mg; mixed herb flavouring: 50 mg; BHT: 15 g;
biotin: 50 mg; copper: 1995 mg; choline: 50 g; onion
extract: 87 mg; grape seed extract: 15.6 mg; Iron: 13. 47 g;
iodine: 75 mg; manganese: 3733 mg; niacin: 5000 mg; cal-
cium propionate: 200 mg; selenium: 75 mg; vitamin A:
1000000UI; vitamin B1l: 500 mg; vitamin B12: 3750 mg;
vitamin B2: 1750 mg; vitamin B6: 2488 mg; vitamin C:
25 g; vitamin D3: 500000UI; vitamin E: 18750UI; vitamin
K3: 500 mg; zinc: 20 g.

Aquaculture Reports 47 (2026) 103475

dissolved oxygen (DO) were measured twice a day (at 8:00 h and
16:00 h) using an oximeter (AT160, Alfakit, Brazil). pH was measured
once a day at 16:00 h using a pH-meter (SL110, SOLAR instrumentation
1td, Brazil) while electrical conductivity (EC) was measured once a week
using condutivimeter mCA-150, MS TecnoPon Special Equipment Ltd.,
Brazil. Furthermore, a chemical kit from ProDac Test Brazil was used to
confirm the presence of nitrate within the systems.

2.9. Data collection

For microbiota analysis, before and after Nile tilapia being chal-
lenged with pathogenic bacteria (Escherichia coli and Vibrio cholerae),
three fish from each treatment were collected after a 48-h fast. The fish
were anaesthetized by being put on ice, and then blood was collected
from the caudal vein using sterile hypodermic needles (SR-Products LA
Salud SA, Paraguay), after disinfecting the fish surface with a gauze
soaked in 70 % ethanol. The blood was put into a 2 ml sterile centrifuge
tube kept on a polypropylene microcentrifuge tube rack placed on ice.
After collecting the blood, the fish were sacrificed by exposure to the
anesthetic benzocaine (1 g/10 L of water) to collect the intestine. In-
testines were removed from the fish and placed in a petri dish containing
PBS solution to remove external residues, then the feces were collected
by squeezing the intestine and put into a 2 ml sterile centrifuge tube,
also kept on a polypropylene microcentrifuge tube rack placed on ice.
Both blood and faecal samples were sent to the Animal Biotechnology
Laboratory of the College of Agriculture, Luiz de Queiroz, University of
Sao Paulo, Brazil, 30 min after collection, for DNA extraction, poly-
merase chain reaction (PCR) amplification, and sequencing.

2.10. DNA extraction, PCR, and sequencing

The DNA extraction from both blood and faecal samples was per-
formed using the Extracta 96 equipment (Loccus), with the MagMax
Core Mechanical Lysis Module and the MegMax Core Nucleic Acid Pu-
rification Kit (Thermo Fisher Scientific), following the manufacturer's
protocol. A specific amount was used for each sample type (i.e., 100 pL
of blood and 200 pL of faecal supernatant). The region V1-V3 of the 16S
rRNA gene was amplified. For amplification, the PCR was performed
using specific primers (27_F AGAGTTTGATCCCTCAG and 1492 R
GGTTACCTTGTTACGACTT) at 10 uM. The PCR reactions were carried
out in a final volume of 25 pL, containing 1 pL of genomic DNA, 10 pL of
PCRBIO Ultra Mix, 0.5 uL of each primer, and 13 pL ultrapure water. The
temperature cycling protocol consisted of an initial denaturation at
95 °C for 3 min, followed by 25 cycles of denaturation at 95 °C for 30 s,
annealing at 62 °C for 30 s, and extension at 72 °C for 30s. A final
extension was performed at 72 °C for 5 min, followed by a hold at 4 °C.
The PCR products were assessed by gel electrophoresis using a 1.5 %
agarose gel and subsequently purified with AMPure XP Beads (Beckman
Coulter, Life Sciences). After purification, the PCR products were used in
another PCR reaction using the following primer pair: 26SV1V3
(16SV1_27F AGAGTTTGATCMTGGCTCAG and 16SV3_534R
ATTACCGCGGCTGCTGG) at 10 uM. The PCR reaction followed the
same conditions described above. The amplified products were again
visualized on a 1.5 % agarose gel and purified with AMPure XP Beads.
Subsequently, Illumina adapters were attached in a PCR reaction using
Nextera XT Index Primer 1 (N7xx) and Nextera XT Index Primer 2 (S5xx)
with the 16SV1V3 PCR products. These PCR products were purified with
AMPure XP Beads and visualized on a 1.5 % agarose gel. The PCR
products were quantified using a NanoDrop and then normalized to the
same concentration. An equimolar pool of all samples was prepared and
further quantified by qPCR to confirm and determine the final pool
concentration in Nm, using the KAPA Library Quantification kit for
Mlumina. Sequencing was performed on the Illumina NextSeq2000
platform with 2 x 300 bp reads.
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2.11. Bioinformatics and statistical analyses

The data were analyzed as described previously by Callahan et al.
(2016a) using a suite of packages implemented in the R programming
language, available through the Bioconductor project (Gentleman et al.,
2004; Huber et al., 2015). Bioconductor workflow for Microbiome Data
Analysis from raw reads to community analyses (https://f1000research.
comy/articles/5-1492).

The multiplexed reads were assigned to biological samples. The
DADA2 program Callahan et al. (2016b), an open-source package in R,
was used for amplicon error modelling and correction without OUT
(Operational Taxonomic Units) construction. Fastq files were filtered to
trim PCR primer sequences and remove the 3’ ends and chimeras, while
maintaining overlap between reads for subsequent merging and recon-
struction of the amplified region.

After sequence data processing with DADA2, taxonomies were
assigned to each ASV (Amplicon Sequence Variant) using a naive
Bayesian classifier implemented in DADA2 Wang et al., (2007). The
SILVA database was used as the taxonomic reference Glockner et al.
(2017), and all ASVs with less than 1 % of reliable alignment with the
database were not classified. Taxonomic classification generated by
DADA2 and their abundances were imported into the phyloseq package
McMurdie and Holmes (2013) in R.

The alpha diversity for each treatment before and after the challenge
was calculated using the Shannon index and the Gini-Simpson index. To
compare the communities between the treatments before and after the
challenge, beta diversity was assessed using the generated OTUs and
visualized with MDS. The normal distribution of alpha diversity was
tested with the Shapiro-Wilk test, while the homogeneity of the data was
examined using the Bartlett test. The statistical significance of alpha
diversity was evaluated using ANOVA.

3. Results
3.1. Water quality parameters

Water quality parameters measured during the experiment are
shown in Table 2. The water temperature in the system remained stable
across treatments, ranging from 25.75 + 2.99 °C to 25.88 + 2.71 °C.
Dissolved oxygen (DO) had average values between 6.41 + 1.05 mg/L
and 6.81 + 1.02 mg/L, and the pH stayed near neutrality, with values
from 7.08 + 0.53-7.18 + 0.58. The electrical conductivity (EC) of the
water ranged from 167.83 + 39.02-176.66 + 38.42 pS/cm. Ammonia
and nitrite concentrations were similar across all treatments, averaging
about 0.38 mg/L. Nitrate values were also stable between treatments,
with an average of 91.7 + 19.46 mg/L. Statistical analyses showed no
significant differences among the treatments (P > 0.05).

Table 2
Water quality parameters during the study.
Water quality Treatments P-
parameters value
T, T, Ts
Temperature(°C) 25.86 25.75 25.88 0.8743
+ 2.86 +2.99 +2.71
DO (mg/1) 6.81 +1.02 6.63 £ 0.98 6.41 +£1.05 0.0974
pH 7.18 £ 0.58 7.11 £ 0.61 7.08 £ 0.53 0.2761
EC (uS/cm) 168.33 176.66 167.83 0.8086
+41.93 +38.42 =+ 39.02
Ammonia (mg/1) 0.39 £ 0.12 0.38 +£0.12 0.39 £0.12 0.8964
Nitrite (mg/1) 0.38 +£0.13 0.38 + 0.13 0.38 +0.13 1
Nitrate (mg/1) 91.7 91.7 91.7 1
+19.46 +19.46 +19.46
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3.2. Identified Nile tilapia microbiota

The Venn diagram in Fig. 2 illustrates the distribution of ASVs in the
faecal and blood samples. It reveals that each environment is unique,
with each sample having a distinct microbiota community. A total of
125 ASVs for faecal samples and 71 SVs for blood samples were
observed. However, some bacteria species were present in both samples
(Todd, 2014), indicating commonalities in the microbial community.

3.3. Nile tilapia microbiota and food safety

Taxonomic analysis of both faecal and blood samples revealed the
presence of 378 ASVs, of which 257 were possible to classify at the genus
level. About 27 of those genera are pathogenic to humans and are
associated with the consumption of raw or undercooked fish or vege-
tables. Aeromonas, Streptococcus, Klebsiella, Agrobacterium, Bacillus,
Brucella, Clostridium, Edwardsiella, Mycobacterium, Staphylococcus,
Stenotrophomonas, Ralstonia, Legionella, Plesiomonas, and Citrobacter
are some of the genera identified in this study that include at least one
human pathogenic species linked to the consumption of contaminated
fish or vegetables.

3.4. Diversity of gut microbiota

A total of 216 ASVs in faecal samples were analyzed, all of them
belonged to the kingdom Bacteria and were classified to the genus level.
However, some ASVs were not taxonomically classified beyond the
genus level. Fig. 3 shows the genus-level abundance of faecal microbiota
before challenge (FA) and after challenge (FD). The FA group showed
high and balanced microbial diversity, with multiple genera represented
in variable proportions across the treatments, with Bacillus and Ceto-
bacterium being the dominant genera. The FD group showed a decrease
in microbiota diversity only in treatment 3; however, Cetobacterium
remained the dominant genus in all treatments. Before the challenge,
treatment 1 was richer in microbiota composition, and the lowest
microbiota composition was observed in treatment 2. After the chal-
lenge, treatment 1 (control) and treatment 2 (challenged with E. coli)
showed a significant increase in microbiota composition, more than
double the diversity, while in treatment 3, in which the fish were
challenged with V. cholerae, the microbiota composition was reduced.
This pattern reflects a state of dysbiosis in microbial composition related
to the challenge imposed on Nile tilapia.

The Beta diversity visualized by Multidimensional Scaling (MDS)
plots was used to compare the microbial community structures in faecal
samples across different treatments (Fig. 4). The results showed that in
the faecal samples, Axis 1 explained 40.2 % of the variance, while Axis 2
explained 19.9 %. Samples were separated mainly along Axis 1, sug-
gesting that this axis represents the primary differences between groups.

Fig. 2. Venn diagram showing the unique and shared ASVs between faecal and
blood samples.
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Fig. 3. Bar charts representing the relative abundance of the bacterial genera in faecal samples for each treatment before (FA) and after (FD) the challenge.

Treatments were found to be partially overlapping, but there was a
visible separation between the FA and FD groups, indicating that the FA
group represents communities that are more similar to each other, while
the FD group shows a greater variability in microbial composition.

The alpha diversity index analysis in faecal samples (Fig. 5) revealed
that the FA group showed relatively high diversity (around 2.12-2.96)
for the Shannon index (Fig. 5A). In contrast, the FD group exhibits a
wider spread, with some points dropping below 0.12. The Simpson index
(Fig. 5B) in the FA samples again showed higher diversity than the FD
group, which indicated a marked decline in diversity. Therefore, the FA
group maintained consistently higher alpha diversity than the FD group,
which shows reduced diversity.

3.5. Diversity of blood microbiota

A total of 162 ASVs were analyzed in the blood samples of Nile
tilapia. The results of the diversity analysis of blood samples are repre-
sented in Fig. 6. The SA group (before the challenge) showed higher
diversity with treatment 2 having the highest microbiota composition
and treatment 1 the lowest. with The unclassified bacteria
Nile tilapia in treatments 1 (control) and 2 (challenged with E. coli)
exhibited a reduction in microbiota diversity after the challenge,
whereas fish in treatment 3, challenged with V. cholerae, showed a sig-
nificant increase in microbial diversity. However, in both treatments,

Interestingly, these results contrast with those observed in faecal sam-
ples, whereby in treatment 2, the injection of E. coli doubled the mi-
crobial diversity, while in treatment 3, the injection of Vibrio reduced it.

The Beta diversity visualized by Multidimensional Scaling (MDS)

analysis showed that axis 1 and axis 2 explained 33.8 % and 2 19 %,
respectively, of the variance in blood samples (Fig. 7), showing a more
dispersed distribution, with weaker clustering among treatments.
However, a moderate distinction between the SA and SD groups was still
observed, especially along axis 1, suggesting the effects of challenging
the fish on blood-associated microbial profiles. These findings indicate
that challenging the fish with pathogenic bacteria can influence the
microbial community composition in blood samples.

The result of alpha diversity analysis (Fig. 8) revealed that the SA
groups in treatments 1 and 2 showed consistently higher Shannon di-
versity (0.12 — 1.81) while those in treatment 3 exhibited more vari-
ability, including lower values (lower than 0.21). For the SD groups,
those in treatment 3 tended to show the highest diversity (above 2.14),
while those in treatment 1 exhibited the lowest (below 0.02 in some
cases). Overall, Shannon diversity was higher in the SA group than in the
SD group, except for treatment 3, which showed a slight increase in the
SD group (Fig. 8A). The Simpson index (Fig. 8B) also revealed higher
diversity in SA group than in SD group across the treatments. The fish in
treatment 2 consistently showed high diversity in both groups, while
those in treatment 3 again showed variable results, particularly for the
SA group. The fish in treatment 1 generally had the lowest Simpson
diversity, particularly in the SD group. Therefore, treatment 2 main-
tained the most stable and highest microbial diversity, while treatment 1
was associated with lower diversity, particularly in the SD group.

4. Discussion
4.1. Water quality parameters

During the experiment, key water quality parameters, including
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temperature, pH, dissolved oxygen, electrical conductivity, ammonia,
nitrite, and nitrate, were continuously monitored and remained within
the recommended ranges for optimal Nile tilapia growth and survival
(Prastowo et al., 2024; Krastanova et al., 2022; Tyson and Simonne,
2014; Estim et al., 2019; Ujjania et al., 2021). These parameters were
stable throughout the experimental period and showed no significant
differences among treatments, indicating that well-controlled and suit-
able water quality conditions were successfully maintained. This sta-
bility was likely supported by the presence of a biofilter, which
promoted the continuous conversion of ammonia to nitrite and subse-
quently to nitrate, thereby preventing the accumulation of toxic com-
pounds and contributing to pH regulation. In addition, nutrient uptake
by lettuce and the constant water circulation within the system likely

enhanced nutrient removal and water homogenization, minimizing
abrupt fluctuations in temperature, dissolved oxygen, and electrical
conductivity. Maintaining optimal water quality is critical, as physico-
chemical parameters strongly influence microbial community structure
and interactions in aquaculture systems (Bruno et al., 2023; Ortiz et al.,
2023; Sylvain et al., 2016). Previous studies have demonstrated that
variations in pH, temperature, ammonia, and nitrite can markedly alter
microbial composition and diversity in fish and their surrounding
environment (Bruno et al., 2023; Ortiz et al., 2023; Sylvain et al., 2016;
Chen et al., 2025; Wei et al., 2025; Han et al., 2025). Therefore, the
observed stability of water quality suggests that the microbial changes
detected in this study were not driven by fluctuations in water quality
parameters but were more likely associated with the applied
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Fig. 6. Bar charts representing the relative abundance of the bacteria genera in blood samples for each treatment before (SA) and after (SD) the challenge.
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experimental treatments.

4.2. Nile tilapia microbiota composition

Bacterial communities in aquaponics vary across different compart-
ments, and the injection of pathogens can impact the microbiota com-
munities in fish (Prastowo et al., 2024; Luan et al., 2023). In this study,

we evaluated the microbiota composition in faecal and blood of Nile
tilapia before and after being challenged with E. coli (ATCC 8739) and
V. cholerae (ATCC 9458). The findings revealed that faecal samples are
richer in microbial community than blood samples, although they share
some bacteria communities. This may be related to the connectivity
between the fish gut and the environment. The ingestion of water and
feed may have allowed the migration of microorganisms from water to
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the gut, thus increasing its composition. The microbial composition of
the fish gut depends on diet and environmental factors. It plays an
essential role in the host's metabolism and immune modulation Luan
et al. (2023). Some studies have observed that a greater proportion of
the OTUs detected in fish intestines were shared with the aquatic envi-
ronment, indicating that many gut microorganisms originated from the
external environment (Yang et al., 2022; Kim et al., 2021). observed that
the microbial community in fish is strongly shaped by the host habitat;
they found that freshwater and marine fish had significantly different
microbial communities. Freshwater fish have a high level of connectivity
with their habitat, which allows microorganisms from the environment
to interact with the fish's intestine, and this increases the diversity of
microorganisms, particularly in subtropical regions, such as southern
Brazil (Kim et al., 2021; Kanika et al., 2024). A study conducted with
Lutjanus campechanus indicated that microbiota diversity in faecal
samples is more abundant than in blood samples Tarnecki et al. (2016).

Blood may have prevented the multiplication of some bacterial
communities. The study carried out with Rainbow Trout plasma
revealed that the plasma has high antimicrobial activity and contains
specific proteins with different biological activities, which include
antibacterial properties, such as immunoglobulins and lectins Mizaeva
et al. (2023). Reinforce the idea that the blood of healthy animals is a
sterile environment by observing that blood cultures were positive for
bacterial growth in a few elasmobranchs.

The transfer of microorganisms from the intestine to the blood may
explain the presence of shared microorganisms between the faecal and
blood samples. According to (Fronton et al., 2025; Khan et al., 2022),
bacteria can move to the blood from niches closely associated with the
blood, such as the intestine, oral mucosa, and skin.

The findings of this study also revealed significant differences in
microbial composition among the treatments and between the period
before and after the challenge with pathogenic bacteria, indicating that
the challenge impacted the microbiota composition in both samples. In
faecal samples, before the challenge, the fish in treatment 1 had the
highest microbiota composition, while those in treatment 3 had the
lowest. After challenging, the Nile tilapia in treatment 2 challenged with
E. coli increased their microbiota composition, while those in treatment
3 challenged with V. cholerae reduced. In blood samples before the
challenge, the fish in treatment 2 showed high microbiota composition,
while those in treatment 1 had the lowest microbiota composition. After
the challenge, the fish in treatment 2 indicated a reduction in microbiota
composition, while those in treatment 3 showed a significant increase in
microbiota composition. These findings suggest that the environment in
faecal samples before the challenge provided better conditions for the
growth of various bacterial communities in treatment 3, while the
environment after the challenge restricted the growth of many bacterial
communities in the same treatment and was favorable for treatment 2.
However, in blood samples, although the environment before the chal-
lenge favored the growth of some microbial communities in treatment 2,

after the challenge, the environment was favorable only in treatment 3.
According to Banerjee and Ray (2017), the microbiota composition may
vary based on the environment and the conditions of the host. Different
microbiota communities can establish themselves in the gut of the fish
and, over time, become more resilient to changes in the health status of
the fish (Deng et al., 2021; Eck et al., 2021). In tilapia, microbiota
composition is strongly influenced by the health of the fish, and its
immunity is impacted by co-infection (Deng et al., 2021; Cai et al., 2023;
Kotob et al., 2016; Ofek et al., 2022).

Numerous studies (Ruiz et al., 2023; Schmautz et al., 2017), have
been conducted on the microbiota of various compartments within
aquaponic systems. Some bacterial phyla present in these compartments
were also detected in the gut and blood of tilapia used in this study,
suggesting that the fish microbiota may originate from these compart-
ments through water intake.

In faecal samples, Nile tilapia challenged with E. coli in treatment 2
increased the microbiota composition, while in blood samples, the fish
in the same treatment showed a reduction in microbiota composition.
Treatment 3 challenged with V. cholerae showed a significant increase in
microbiota composition in blood samples; however, in faecal samples,
the fish in the same treatment experienced a decrease in microbiota
composition. The injection of E. coli into the intestine may have created
inflammation that favored the development of new microbial commu-
nities. In pigs, intravenous injection of E. coli activated a strong pro-
inflammatory response, characterized by a significant increase in the
expression of tumor necrosis factor alpha (TNF-a) soon after injection,
which helped to control the multiplication of pathogenic microorgan-
isms Spyropoulos et al. (2020). The presence of inflammatory bacteria in
the intestine can increase intestinal permeability, causing disorders that
trigger an increase in the intestinal microbiota Kim et al. (2020).
However, the injection of V. cholerae led to the reduction of the micro-
bial community in the feacal samples. Vibrio spp injected in fish (Cyn-
oglossus semilaevis and Danio rerio) and shrimp (Litopenaeus vannamei)
significantly altered the intestinal microbiota, leading to the reduction
or even elimination of microbial community by overcompeting the
normal flora of the intestine (Breen et al., 2021; Hao et al., 2023; Liao
et al., 2022).

Blood is considered a sterile environment by some studies, such as
that of Mylniczenko et al. (2007). The injection of microorganisms may
have activated the defense, allowing the reduction of bacterial com-
munities, but also, it may have created conditions for the entry of mi-
croorganisms from the intestine. Previous studies have shown that,
depending on the type of sample, injection of Vibrio can increase the
microbiota diversity. Dicentrarchus labrax infected with Vibrio harveyi
have been shown to have a higher Shannon index compared with the
healthy fish Camara-ruiz et al. (2021). Factors such as the aquatic
environment, the presence of other microorganisms, and the health
status of the fish shape the relationship between E. coli and microbial
diversity in aquatic environments. Environments rich in E. coli allow the
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formation of pathogenic bacterial biofilms, and the co-presence of E. coli
with pathogenic Bacillus spp. such as B. cereus, creates conditions for the
formation of pathogenic biofilms. However, sanitized environments
reduce biofilm formation Kuan et al., (2025).

The dominance of the Cetobacterium genus observed in the faecal
samples across all treatments, mainly after the challenge, may be due to
the fact that tilapia is a freshwater fish, in which this genus is often found
at high concentrations. Alternatively, its presence may also be linked to
the fish's self-defense against pathogenic species. Cetobacterium genus is
a fish-dominant commensal bacterium present in the fish intestine (Ofek
et al., 2022; Dou et al., 2023; Eck et al., 2019; Larsen et al., 2014; Zhang
et al., 2022). Its dominance is associated with a faecal origin in cultured
tilapia, and its presence in the fish intestine is not influenced by the age
of the fish (Deng et al., 2021; Sanchez et al., 2019; Schmautz et al.,
2017). As the fish grows, the proliferation of the genus Cetobacterium
increases in the intestine (Cai et al., 2023; Ramirez et al., 2018). The
genus Cetobacterium reduces the composition of pathogenic bacteria
and viruses in the intestines of tilapia, but supports beneficial genera,
thus improving the health of the tilapia intestine and its resistance
against pathogenic bacteria (Zhang et al., 2022; Xie et al., 2022; Zhao
et al., 2023; Zhou et al., 2022).

In this study, blood samples were dominated by f-o-c-p-p-bacteria, an
unclassified bacterium whose ASVs were only classified at the kingdom
level. This may be due to the lack of precise sequence correspondence in
the SILVA database used for taxonomic assignment of the DNA sequence
reads, or the sequences are probably new or have not been previously
detected in the blood of Nile tilapia.

4.3. Nile tilapia microbiota and food safety

In this study, several bacterial genera detected in faecal and blood
samples include species known to cause foodborne diseases in humans.
Although 16S rRNA analysis did not allow for species-level identifica-
tion, the identified genera (e.g., Aeromonas, Streptococcus, Klebsiella,
Bacillus, Clostridium, Edwardsiella, Mycobacterium, Staphylococcus, Ple-
siomonas, and Citrobacter) comprise well-known human pathogens
associated with contaminated food consumption. Pathogenic species
such as Aeromonas veronii, Aeromonas hydrophila (D’Sa and Harrison,
2010; Bhowmick and Bhattacharjee, 2018; Janda and Abbot, 1999),
Bacillus cereus (Hou et al., 2013; Tewari and Abdullah, 2015; Todd,
2014), Clostridium perfringens Todd (2014), Streptococcus agalactiae,
S. iniae (D’Sa and Harrison, 2010; Baiano and Barnes, 2009), Klebsiella
oxytoca, K. aerogenes, K. pneumoniae (Yang et al., 2022; Cortés-Sanchez
et al., 2025; Elsafi et al., 2024; Ni et al., 2021), Plesiomonas shigelloides
(D’Sa and Harrison, 2010; Janda and Abbot, 1999), Edwardsiella tarda
(Janda and Abbot, 1999; Hirai et al., 2015), Mycobacterium avium (D’Sa
and Harrison, 2010, Agrobacterium radiobacter (Paphitou and Rolston,
2003), Staphylococcus aureus Todd (2014), and Citrobacter freundii
(Cortés-Sanchez et al., 2025; Jabeen et al., 2023) have been associated
with illness and mortality in humans. These pathogens have previously
been isolated from tilapia (Fadel et al., 2025) and are listed as human
pathogens in the CZ ID Pathogen List 2024 (https://czid.org/pathogen_li
st), the WHO Priority List 2024 (https://www.who.int/publications/i
/item/9789240093461), and the NCBI Pathogen Detection Organisms
group (https://www.ncbi.nlm.nih.gov/pathogens/organisms/). They
are associated with a wide range of clinical conditions, including
gastroenteritis, septicemia, diarrhea, food poisoning, urinary tract in-
fections, meningitis, and respiratory infections (D’Sa and Harrison,
2010; Bhowmick and Bhattacharjee, 2018; Janda and Abbot, 1999; Hou
etal., 2013; Tewari and Abdullah, 2015; Todd, 2014; Baiano and Barnes,
2009; Cortés-Sanchez et al., 2025; Elsafi et al., 2024; Ni et al., 2021;
Hirai et al., 2015; Paphitou and Rolston, 2003; Jabeen et al., 2023).
Notably, several of these bacteria have been isolated from both fish and
vegetables, including lettuce (Yang et al., 2022; Elsafi et al., 2024; Ni
et al., 2021; Fadel et al., 2025). Therefore, the cultivation of Nile tilapia
in aquaponic systems with lettuce may pose a public health risk, as
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pathogenic bacteria can persist in water, circulate within the system,
and contaminate or internalize in vegetables (Elumalai et al., 2017; Hou
etal., 2013; Sobiczewski and Iakimova, 2022). In aquaponics, water acts
as a key transmission route, facilitating cross-contamination and the
accumulation of biological hazards (Sobiczewski and Iakimova, 2022;
Dong and Feng, 2022). Consequently, fresh produce grown in aquaponic
systems may present food safety risks due to contamination originating
from fish (Nissen et al., 2021; Wang et al., 2021, 2020).

The presence of potentially pathogenic bacteria for humans in
aquaponics systems has implications for the health of the operators of
these systems, because they may be contaminated through direct contact
with the system water, fish, biofilters, and plant roots. Individuals with
skin wounds, compromised immune systems, or who do not use
adequate protective equipment are more prone to opportunistic in-
fections. Thus, the presence of these microorganisms reinforces the
importance of adopting good biosecurity practices, including the use of
gloves, hand hygiene, proper cleaning of equipment, and regular
monitoring of the microbiological quality of the system. Due to these
risks for human infection, methods such as UV light and ozone have been
tested to control pathogens in aquaponic systems. However, these
methods have proved not to be effective due to the existence of some
resistant bacteria species and the possibility of these treatments harming
beneficial microorganisms through DNA damage (Eck et al., 2019). To
overcome this problem, the use of probiotics may be the best solution
because they do not pose a risk to the health of cultured fish and planted
vegetables or to humans (Prastowo et al., 2024; Sirakov et al., 2016;
Rivas-Garcia et al., 2020).

5. Conclusion

This study assessed the diversity of microbiota in Nile tilapia
cultured with lettuce in aquaponic systems, with a focus on food safety
implications. The findings demonstrated that exposing Nile tilapia to
E. coli and Vibrio altered the diversity and abundance of microbiota in
both the faecal and blood samples. In faecal samples, injection of E. coli
increased the microbiota composition, while the injection of V. cholerae
reduced the microbiota composition. In blood samples, E. coli reduced
the microbiota composition, while V. cholerae increased the microbiota
composition. These findings revealed a dysbiosis of microbiota structure
impacted by the challenge. Analysis of microbiota composition in faecal
and blood samples revealed the presence of microorganisms such as
Streptococcus, Klebsiella, Clostridium, Brucella, Edwardsiella, Staphy-
lococcus, Mycobacterium, Legionella, and Plesiomonas, which are
linked to illness such as vomiting, fever, diarrhea, meningitis, abdominal
cramps, urinary tract infections and septicemia resulting from the con-
sumption of raw and undercooked fish or vegetables. This highlights the
need for appropriate sanitary measures to prevent their transmission to
vegetables grown in aquaponics, such as the use of probiotics to control
human pathogens in the systems before the introduction of lettuce
seedlings. We recommend further study for identifying microorganisms
at the species level in fish, especially those with pathogenic potential for
humans, and associated with the consumption of contaminated food. In
addition, further studies are also recommended to evaluate whether
human pathogenic bacteria present in fish can contaminate water and
vegetable roots and subsequently be internalized into the edible parts of
the plants.
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