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RESUMO

O uso de antimicrobianos no controle de doencas bacterianas na aquicultura é uma préatica
preocupante devido aos seus potenciais impactos nos sistemas aquaticos. Este trabalho
visou avalaiar o impacto da terapia antimicrobiana em sistemas de aquicultura de tilapia,
sendo dividido em duas partes. O primeiro capitulo consiste na revisao geral da literatura
cientifica abrangendo trés topicos: i) controle de compostos de nitrogénio na tilapicultura,
ii) estado atual dos estudos sobre o microbioma intestinal da tilapia, e iii) revisdo da
terapia com florfenicol na tilapicultura. No segundo capitulo, foi avaliado o impacto do
tratamento metafilatico com florfenicol (FLO) na estrutura da microbiota bacteriana do
intestino posterior de tildpias cultivadas em sistema de biofloco (BFT) e em sistema
Semi-Fechado (agua clara, CW). Além disso, a microbiota bacteriana do biofloco foi
avaliado para verificar o potencial impacto indireto da terapia com florfenicol. Foram
estabelecidos quatro tratamentos: BFT sem FLO (BFT) e com FLO (BFT-FLO), e Agua
Clara sem FLO (CW) e com FLO (CW-FLO). Cada tratamento no BFT consistiu em
quatro tanques de biofloco nitrificante e 80 tilapias juvenis em cada tanque. Para o
sistema de agua clara, dois tanques semelhantes com troca diaria de 20% da agua e
namero igual de peixes foram acondicionados, utilizando um tanque para cada
tratamento. Os peixes nos grupos BFT-FLO (n=4 tanques) e CW-FLO (n=1 tanque)
receberam terapia incorporando florfenicol no alimento comercial por 10 dias. Os grupos
controle de BFT (n=4 tanques) e CW (n=1 tanque) receberam ragdo convencional durante
0 mesmo periodo. Apds a terapia de 10 dias, os peixes de todos os grupos foram
alimentados com racdo convencional por 20 dias. A andlise fisico-quimica dos parametros
de qualidade da &gua foi realizada ao longo de todo o periodo experimental. Amostras do
intestino posterior das tilapias de todos os tanques foram coletadas em quatro momentos
diferentes: dia 0 (antes do inicio da terapia), dia 6, dia 11 e dia 31 (vinte dias ap6s da
terapia). Simultaneamente, amostras de agua (50 mL) foram coletadas nos mesmos
periodos. Apos a extracdo de DNA das amostras intestinais (n=97) e de biofloco (n=97),
0s materiais genémicos foram submetidas a amplificacdo da regido V3/V4 do gene 16S
rRNA (~460 pb) e preparacao de bibliotecas metagendmicas, seguindo as recomendagdes
do sistema MiSeq (lllumina Inc, EUA). As sequencias obtidas foram processadas
computacionalmente usando um pipeline proprio baseado no programa Qiime.2 e
anotacdo taxondmica através da referéncia SILVA SSU r.138.1. Analises estatisticas da
qualidade da agua, bem como anélise de diversidade e deteccdo de tdxons impactados no
nivel de género, foram conducidas mediante pacotes estatisticos do R. Todos o0s
parametros fisico-quimicos entre ambos os tratamentos ndo apresentaram diferencas
significativas. A analise de diversidade alfa e beta das comunidades bacterianas no
intestino e no biofloco exibiu mudancas significativas devido & exposi¢do a terapia
alimentar com florfenicol. Além disso, varios géneros bacterianos da microbiota (por
exemplo, Cetobacterium) foram impactados pela terapia com florfenicol no intestino e no
biofloco. Os resultados mostraram que a terapia com florfenicol induz alteragbes na
diversidade e na estrutura composicional das comunidades bacterianas do intestino
posterior da tilapia e dos bioflocos, sem efeitos prejudiciais nos parametros fisico-
quimicos da agua no BFT. Coletivamente, esses achados sugerem que a terapia alimentar
com florfenicol em tilapias cultivadas no BFT néo prejudica a estabilidade do sistema.

Keywords: metataxonomica; tilapia, intestine; microbioma; florfenicol; biofloco;
aquaculture.



ABSTRACT

The use of antimicrobials for controlling bacterial diseases in aquaculture is a concerning
practice due to its potential impacts on aquatic systems. This work aims to assess the
impact of antimicrobial therapy in aquaculture systems for tilapia, and it is divided into
two parts. The first chapter comprises a general scientific literature review covering three
topics: i) control of nitrogen compounds in tilapia aquaculture systems, ii) current state of
intestinal microbiome studies of tilapia, and iii) a brief review of florfenicol feed therapy
in aquacultured tilapia. In the second chapter, we aimed to evaluate the impact of
metaphylactic treatment with florfenicol (FLO) feed therapy on the bacterial community
structure of the tilapia hindgut microbiome cultured in Biofloc Technology (BFT) and
Semi-Closed (clear-water, CW) systems. Additionally, the aquatic bacterial microbiome
of BFT was evaluated to verify the potential indirect impact of florfenicol feed therapy.
Four treatments were established: BFT without FLO (BFT) and with FLO (BFT-FLO),
and Clear-Water without FLO (CW) and with FLO (CW-FLO). Each treatment in the
BFT consisted of four tanks containing nitrifying biofloc and 80 juvenile tilapias in each
tank. For the clear-water system, two similar tanks with 20% daily water exchange, and
an equal number of fishes were conditioned, using one tank for each treatment. Fish in
the BFT-FLO (n=4 tanks) and CW-FLO (n=1 tank) groups received feed therapy by
incorporating commercial florfenicol for 10 days. The control groups of BFT (n=4 tanks)
and CW (n= 1 tank) received conventional feed during the same period. After the 10-day
therapy, fish in all groups were fed conventional feed for 20 days. Physicochemical
analysis of water quality parameters was conducted throughout the experimental period.
Tilapia hindgut samples from all tanks were collected at four different time points: day-0
(before feed therapy initiation), day-6, day-11, and day-31 (twenty days after feed therapy
cessation). Simultaneously, water samples (50 mL) were collected at the same four time
points. After DNA extraction of hindgut and water samples, 32 and 97 DNA samples
from water biofloc and tilapia hindgut, respectively, along with 2 Mock samples (BEI-
Resources, USA), were subjected to amplification of the V3/V4 region of the 16S rRNA
gene (~460 bp) and preparation of amplicon metagenomic libraries following Illumina's
recommendations. Sequencing was performed using the MiSeq System (Illumina Inc,
USA). The obtained reads were processed computationally using an in-house pipeline
based on the Qiime.2 program and taxonomic annotation through the SILVA SSU r.138.1
reference. Statistical analysis of water quality variables, as well as diversity analysis and
detection of impacted taxa at the genus taxonomic level, were performed using statistical
R packages. All physicochemical parameters between both treatments did not show
significant differences. The Mock samples reached their expected diversity. Alpha and
beta diversity analysis of bacterial communities in hindgut and biofloc exhibited
significant shifts due to exposure to florfenicol feed therapy. Additionally, several
bacterial genera (e.g., Cetobacterium) were detected to be impacted by the feed therapy
in hindgut and aquatic bacteria microbiota. The results showed that the florfenicol feed
therapy induces alterations in the diversity and compositional structure of tilapia hindgut
and biofloc bacterial communities, but with no detrimental effects on physicochemical
water parameters in BFT. Collectively, these findings suggest that florfenicol feed therapy
in tilapia cultured in BFT does not harm system stability.

Keywords: metataxonomic; tilapia hindgut; microbiome; florfenicol; biofloc;
aquaculture.
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1. GENERAL INTRODUCTION

The Nile tilapia (Oreochromis niloticus) is a fish native to the African continent, but widely
introduced in several countries on different continents around the world (with the exception of
Antarctica) for aquaculture or fish farming purposes. According to the FAO, global Nile
tilapia production, updated for the year 2021, reached 4.8 million tons. This quantity
represented 8.1% of global aquaculture production, consolidating the production of this
species as the third most important aquaculture fish globally. In addition, tilapia is an
important international commodity, ranking by FAO in 2021 as the third most traded
aquaculture fish by quantity (562 thousand tons) and the second by trade value ($1.6 billion).
Nile tilapia farming occurs in different production systems, with the most commonly used
being Open and Semi-closed Systems in freshwater.

In Brazil, according to the Instituto Brasileiro de Geografia e Estatistica (IBGE), aquaculture
production of Nile tilapia represented 66% of all national fish production in the year 2022.
These production levels were attributed to the encouragement of intensive farming
installations in semi-open (net ponds) and semi-closed systems (earth ponds), taking
advantage of the extensive water resources available across almost the entire Brazilian
continental territory, such as, rivers, lakes, and dams. However, the mass production of Nile
tilapia in these types of systems is subject to uncontrolled environmental conditions,
impacting repeatability in farming operations throughout production cycles.

In the present time, the Precision Fish Farming approach has emerged as a means to improve
animal health and welfare while increasing productivity, yield, and environmental
sustainability in commercial intensive aquaculture. One aim of Precision Fish Farming is to
enhance accuracy, precision, and repeatability in farming operations. Since semi-open and
semi-closed systems exhibit some limitations on this task because of direct enviromment
dependency on some water parameters and fish management, closed aquaculture systems
have been developed as an alternative and it is being adapted for the commercial aquaculture
exploitation of various fish species, such as Nile tilapia.

Closed aquaculture systems are characterized by requiring minimal water exchange and
offering the possibility of better control over the influence of the external environment on the
animals and the cultivation water. This is advantageous from a sanitary standpoint as it
minimizes the risk of disease transmission and improves the management of wastewater
release into aquatic ecosystems. Currently, Recirculating Aquaculture Systems (RAS) and the
Biofloc System (BFT) are the main available technologies for closed systems for use in
commercial aquaculture in locations with limited water resources. However, BFT is indicated
as an option with lower installation and management technical requirements compared to
RAS.

BFT involves manipulating the carbon:nitrogen (C/N) ratio to convert toxic nitrogenous waste
(i.e., ammonia and nitrite) into bioflocs (i.e., a symbiotic conglomerate) and nitrate in order to
maintain appropriate aquatic environment quality for the survival of the cultivated species
with reduced water exchange.
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Currently, there is a lot of interest and research being conducted with the aim of improving the
BFT for application in aquaculture systems. This type of cultivation system focuses on the
rearing of filter-feeding aquaculture species (e.g., tilapia and shrimp) due to their nutrient
recycling effect with low water exchange. This is associated with the development of
sustainable aquaculture in economic and environmental terms. Furthermore, studies highlight
the positive effects of the BFT on the physiology and zootechnical performance (e.g.,
reproduction, growth, feed efficiency, among others) of commercial species maintained in this
cultivation system. Additionally, the beneficial effect on the immune system and resistance to
pathogens of animals cultivated in BFT is noteworthy, which has been associated with the
influence of bacterial biofloc consumption on intestinal microbiota in fish and shrimp
maintained in this type of system.

The characteristics of the bacterial community inhabiting the microscopic conglomerates or
bioflocs are highly variable. This is due to the influence of various factors, such as the type of
cultivated species and stocking, the physicochemical characteristics of the culture water, the
dosage and type of carbohydrate used to stimulate biofloc, the composition of the feed
provided to the cultivated animal, exposure to sunlight, and the age of the biofloc.

On the other hand, the treatment and control of infectious diseases in aquaculture systems still
rely on the use of antimicrobial therapies, even in closed systems. Antimicrobials are typically
administered along with the feed, which is intended to treat all animals contained within the
same production unit (tank, box, or dug well). This strategy is known as metaphylaxis and is
used in intensive aquaculture systems, in which separating sick animals from healthy ones is
inconvenient or even impractical. However, metaphylaxis involves the uncontrolled
distribution of antimicrobials to the treated animals; since healthy individuals generally
consume more food than sick ones. Consequently, there is high exposure of antimicrobials to
the microbiota of healthy fish, as well as to the aquatic microbiota of the cultivation
environment, leading to the spread of bacterial resistance processes. These antimicrobial
resistance processes are considered a potential threat to animal, human, and environmental
health.

In Brazil, nowdays, there are only two antimicrobial molecules, oxytetracycline and
florfenicol, licensed for use in commercial fish aquaculture. Antimicrobial resistance to both
molecules has already been reported in pathogenic bacteria for tilapia, leading to an increase
in antimicrobial dosage to control animal mortality during outbreaks of clinical disease.

In studies of intestinal microbiota in fish subjected to antimicrobial therapy, intestinal
dysbiosis characterized by reduced bacterial diversity and modulation in bacterial profile
during the medication phase has been observed. However, these observations were made
under conditions of cultivation in semi-closed systems (i.e., with continuous exchange of
cultivation water greater than 20%). Would the interactions between the main bacterial
communities (i.e., fish microbiota and dispersed biofloc in the water column) change after the
use of antimicrobials in an BFT? Although there is a lot of information and great interest from
the scientific community in studying bacterial microbiota in fish, there is currently a lack of
information that can specifically address this question.

The studies of microbiota in farmed fish, as well as the bacterial populations involved in the
aquatic environment where these animals are cultivated, have been recorded for a long time.
However, these initial studies were limited to the use of classical techniques of bacterial
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isolation and counting through cell culture on agar plates. Such classical techniques had the
disadvantage of not being able to isolate and identify a significant amount of bacterial species
(i.e., more than 99% of the bacteria in a given bacterial community could not be cultured) that
were present in a bacterial microbiota sample, so the results obtained would have low
inferential power. But that changed with the arrival of molecular techniques based on DNA,
which evolved to reach our current days in the era of Next-Generation Sequencing (NGS)
technologies.

NGS technologies have enabled massive parallel sequencing, and furthermore, with their
continuous cost reduction, they have made possible a greater diffusion and availability of this
approach with high inferential power in the study of large bacterial communities from
aquaculture systems and the microbiota of cultivated animals. This explains the progressive
increase, in the last decade, of scientific publications on microbiota in many fish species of
interest for aquaculture.

Studies of fish intestinal microbiota using NGS techniques have been revealing the
importance of this intestinal microbiota in digestive processes and its relationship with other
physiological activities of the fish, such as nutrition, reproduction, growth, disease resistance,
among others. These relationships are of great importance in the field of aquaculture, as they
provide new relevant insights for the management of cultured fish.

Given that the BFT system has shown interesting advantages among commercial aquaculture
cultivation systems, it is important to consider the potential challenge for this system during
the treatment of fish diseases using antimicrobials, which can indirectly impair the stability of
composition and functionality of the bacterial consortium. Therefore, the objective of this
thesis is to compare the effect of applying an antimicrobial permitted for use in commercial
aquaculture on the bacterial population dynamics of the intestinal microbiota of fish cultured
in both BFT and a semi-closed system. Aditionally, verify the impact of this fish antimicrobial
therapy on bacterial microbiota of biofloc system.
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2. HIPOTHESIS

2.1 The impact of florfenicol feed therapy on the diversity and bacterial composition of

tilapia hindgut depends on the aquaculture system in which the fish are reared.

2.2 The impact of florfenicol fish feed therapy on diversity and bacterial compostion of
biofloc microbiota, as well as the water physicochemical stability of BFT is no

negligible.

2.3 The impact of florfenicol therapy on both bacteria microbiota of biofloc and tilapia

hindgut are observable even after withdrawall period.

3. OBJECTIVES

3.1 General

Evaluate the effect of antimicrobial feed therapy in tilapia on gut and biofloc bacteria
mictobiotas, as well as on the physicochemical stability of bioflof system in different
temporal points.

3.2 Specific

e Evaluate and compare the effect florfenicol feed therapy on the diversity and
compositional bacterial populations of microbiota hindgut in tilapia reared in the
biofloc and clear-water aquaculture systems during four temporal points.

o Evaluate the effect of florfenicol fish feed therapy on the bacterial aquatic microbiota
and the physicochemical water variables of the biofloc system during four temporal
points.
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4. Chapter I: LITERATURE REVIEW

4.1 Bacterial role on nitrogen compounds control of Tilapia Aquaculture: Semi-

closed and Biofloc-Technology Systems

4.1.1 Introduction

Aquaculture of Nile tilapia (Oreochromis niloticus) occurs in different production
systems, where the semi-open and semi-closed systems in freshwater environments are the
most used (Snow et al., 2012). Semi-open system aquaculture is understood as fish
cultivation within water bodies without inflow and outflow water regulation (e.g.,
aquaculture in net pens within dams or ponds). It should be noted that in semi-open
systems, water quality parameters strictly depend on the environmental conditions where
they are located (WOAH, 2023). On the other hand, semi-closed system aquaculture
occurs within artificial production units (excavated ponds, polyethylene tanks, or masonry
tanks), which receive a continuous flow of water from external sources (i.e., wells, rivers,
and nearby lakes) (WOAH, 2023). Although semi-closed systems are designed to
modulate the flow of water in and out of the production units (which can be increased,
decreased, or even stopped), continuous water exchange in the system is always necessary
to reduce levels of toxic elements (e.g., ammonia) and residues (e.g., feces and leftover
food) that are generated and accumulated within the system during the aquaculture cycle
production.

Differently, closed system aquaculture is characterized by requiring minimal water
exchange and offering the possibility of better control over external environment
influences on water and cultivated fish (WOAH, 2023). This is advantageous from a
sanitary point of view as it minimizes the risk of disease transmission and allows for better
management of residual water releases into aquatic ecosystems. Currently, Recirculating
Aquaculture Systems (RAS) and Biofloc Technology (BFT) are the main available
technologies for closed systems used in commercial aquaculture in areas with limited
water resources. However, BFT is indicated as an important option because its lower
installation and management costs compared to RAS (Ahmad et al., 2017; Crab et al.,
2012; Fleckenstein et al., 2018).

Regardless the aquaculture system, the system design should ensure the best water quality
for promoting full animal performance expression of cultivated species. In the following
lines, it is showed the main mechanisms behind the control of nitrogenous compounds that
occur within a semi-closed and biofloc systems applied to tilapia aquaculture.

4.1.2 Origin of nitrogenous compounds in tilapia aquaculture systems
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Aquaculture involves species maintenance within production units, which can be a net
pen, an excavated pond, or a land-based tank. To ensure develop and reach commercial
target weight of cultivated species, aquaculture farmer administers delivery of feed
through a feeding program. Commercial feeds provided of nutritional and balanced
composition can drive proper fish growth. Once feed is introduced into the production
unit, tilapia begins the digestion process to utilize most of the nutrients contained in the
feed. Percentage of protein nitrogen assimilated by tilapia (converted into biomass) from
feed can vary around 23% to 40%, depending on feed type and the feeding strategy used
(Osti et al., 2017a; Verdegem et al., 1999). On the other hand, nitrogen from non-
assimilable protein needs to be excreted into the aquatic environment in the form of
ammonia and urea (Ebeling et al., 2006). Total ammonia (which includes unionized
ammonia and its ionized form, ammonium ion) is primarily excreted through the gills in
ammoniotelic fish, such as tilapia (Wood et al., 1989). Additionally, microorganisms
inhabiting the water column can generate ammonia from unconsumed residual feed and
feces of fish through the process of mineralization (Stein and Klotz, 2016).

However, high concentrations of dissolved ammonia in the aquatic environment are toxic
to tilapia. Despite both components of ammonia (unionized ammonia and ammonium ion)
have toxic effects on fish, unionized ammonia exhibits the greatest toxicity to fish
(Randall and Tsui, 2002; Silva et al., 2013). Zhu et al. (2019) found that ammonia can be
lethal to tilapia at concentrations of 5.4 mg/L, causing detrimental changes at the cellular
level. Concentrations above 2 mg/L of ammonia can induce stress in tilapia, making them
more susceptible to infectious disease events (Evans et al., 2006). Therefore, it is
recommended that the concentration of ammonia nitrogen in tilapia cultivation water
should be maintained at values below 1 mg/L (Manduca et al., 2020) to ensure non-toxic
levels of unionized ammonia and ammonium ion in the water column.

On the other hand, ammonia is not the only nitrogen compound that can be present in
aquaculture system. This ammonia can serve as a substrate for microorganisms inhabiting
the water column. The natural occurrence of nitrifying bacteria (bacteria capable of
ammonia oxidation) in tilapia aquaculture units is possible (Fan et al., 2017; Giatsis et al.,
2015). The presence of these ammonia-oxidizing bacteria can lead to the formation of
nitrogen compounds such as nitrite and nitrate (Sedlacek, 2020). These elements, nitrite,
and nitrate, when dissolved in the water column, can have toxic effects on tilapia.
Although higher concentrations of nitrite and nitrate (compared to ammonia) are needed
to cause clinical toxicity (Monsees et al., 2017; Yanbo et al., 2006), it is recommended in
tilapia aquaculture to maintain levels no higher than 8 mg/L of nitrite and 500 mg/L of
nitrate (Manduca et al., 2020), regardless of aquaculture system used. The following
sections will address the physical and microbiological processes that occur in a semi-
closed aquaculture system and BFT for the control of nitrogen compounds, with a focus
on ammonia, nitrite, and nitrate.

4.1.3 Control of nitrogenous compounds in semi-closed aquaculture systems

In semi-closed aquaculture systems, water exchange occurs in all production units to
allow remotion of residual solids (composed of food residues and animal feces) and
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dilution of dissolved nitrogen compounds in the water column (Prangnell et al., 2019;
Verdegem, 2013). This water exchange is achieved by introducing a flow of water
originating from a source with minimal or no organic load (Verdegem et al., 1999).

On the other hand, although the removal of nitrogen compounds in semi-closed systems
primarily occurs through the dilution effect generated by the daily water exchange rate,
there is a possibility of nitrogen compound accumulation (Jung et al., 2017). To ensure the
complete removal of nitrogen compounds, higher rates of daily water exchange will be
necessary. However, in production units where exchange rates of 100% are achieved in
longer time intervals than 24 hours, the extended retention time of nitrogen compounds
and food residues may stimulate the formation and establishment of plankton (Verdegem
et al.,, 1999). This can be more evident in outdoor production systems, where the
establishment of microalgae (primary producers) can occur (Verdegem, 2013). The
formation of microalgae within semi-closed outdoor systems is advantageous because
they can utilize nitrogen compounds through the direct absorption of ammonia (Kang and
Wen, 2015) and nitrate (Taziki et al., 2015), and to a lesser extent, nitrite (Gonzéalez-
Camejo et al., 2020). Notwithstanding, this algae biomass formation could be detrimental
due to the increase in the biochemical oxygen demand (BOD), which may compete with
the oxygen demand of cultured fish; therefore, the monitoring of dissolved oxygen should
be strictly maintained to avoid prolonged hypoxia issues in the aquaculture system
(Obirikorang et al., 2020). In addition, a long accumulation of nutrients, as inorganic
nitrogen and phosphorus, can exceeds the tolerance threshold of a semi-closed system
(Osti et al., 2017b), specially at levels of daily water exchange lower than 100%
(Zimmermann and Fitzsimmons, 2004). Consequently, harmful algae blooms and water
quality deterioration could be seen in the system.

4.1.4 Control of nitrogenous compounds in biofloc aquaculture systems

BFT is an efficient aquaculture system for controlling nitrogenous compounds within
bioflocs. According to Treece (2019), the first theoretical reference closest to the concept
of biofloc may have been recorded in 1964 in a publication that discussed the formation of
aggregates rich in organic material, called "food bubbles,” which are utilized by smaller
marine species. In the early 1970s, a study was published on the use of activated sludge (a
residue obtained from sewage treatment plants) as an alternative ingredient in the diet of
cultured shrimp (Deshimaru and Shigeno, 1972). In the same decade, the first trials of
BFT applied to shrimp farming were conceived (Emerenciano et al., 2012). Interestingly,
this aquaculture system combined the principles of the ammonia oxidation process that
occurs in sewage treatment plants through the activated sludge system (which involves
continuously aerated wastewater) with the principle of utilizing bacterial protein, as seen
in ruminants (Cuzon et al., 2004; Samocha et al., 2019). The application of this system in
tilapia farming was only recorded from the 1990s onwards (Treece, 2019), with a focus on
the development of aquaculture in regions with limited hydric resources that hindered the
high exchange rates of water of traditional aquaculture systems (Emerenciano et al.,
2013).
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Biofloc is an aggregate of organic matter of varying sizes (from microscopic particles to 1
mm of size) that remain suspended in the water column. Biofloc consists of a consortium
of microorganisms (bacteria, protozoa, microalgae, yeasts, fungi, copepods, nematodes)
that are sustained within a unifying matrix composed of bacterial secretions, entangled
filamentous microorganisms, and electrostatic forces (Samocha et al., 2019). The principle
of BFT involves cultivating fish species, such as tilapia, along with microorganisms that
remove ammonia and recycle organic waste generated during cultivation (feces and
leftover feed) (Treece, 2019).

BFT can be categorized into three types based on the pathway of nitrogen compound
control (especially ammonia) exerted by dominant microorganisms in the cultivation
system: chemolithoautotrophic, heterotrophic, and photoautotrophic (Fimbres-Acedo et
al., 2020). However, in outdoor aquaculture production systems, it is possible to observe
that within the same cultivation unit, each of these pathways for nitrogen compound
control may dominate during different periods (Abakari et al., 2021a). This occurs
because there are physicochemical changes in the aquatic environment in outdoor systems
that can selectively favor the dominance of specific microorganisms from one period to
another (Fan et al.,, 2017; Sohier and Bianchi, 1985). Next, it is described and
characterized the pathways for nitrogen compound control in the different types of BFT.
These types of BFT are classified according to the carbon source used by the
microorganisms. While autotrophus microrganims (such photoautotrophus and
Chemolithoautotrophus) use inorganic carbon sources for carbone metabolism,
heterotrophus depends of organic carbon (Grogan, 2012).

4.1.4.1 Photoautotrophic BFT System

In this biofloc system, microorganisms with photosynthetic capabilities, such as
microalgae and cyanobacteria, dominate (Prangnell et al., 2019). As photoautotrophus,
these microrganims can convert inorganic carbon (CO2) into organic carbon while
harnessing energy from sunlight through photosynthesis. This acquired energy is utilized
to transform nitrogen compounds (ammonia, nitrite, and nitrate) into amino acids through
the assimilation processes (Fimbres-Acedo et al., 2020; Gonzalez-Camejo et al., 2020).

According to Suarez-Puerto et al., (2021), photoautotrophic conversion rate of nitrogen
compounds depends on light intensity, exposure time to light, and substrate concentration.
Additionally, photosynthetic microorganisms play a crucial role as oxygenators and are
generally efficient in ammonia removal (Jung et al., 2017; Miranda-Baeza et al., 2017).
However, water quality in photoautotrophic BFT is more dynamic and likely to experience
extreme fluctuations compared to systems dominated by heterotrophs and
chemolithoautotrophs (Suérez-Puerto et al., 2021). This is because most of microalgae and
cyanobacteria have aerobic respiration in the absence of sunlight, leading to oxygen
consumption and an increase in CO2 in aquaculture units during the night (Perez-Garcia
and Bashan, 2015; Soo et al., 2014). On the other hand, tilapia aquaculture based on
system with microalga enrichment has long practice. Since the first positive registers of
alga growth stimulation on zootechinical performance of tilapia cultured in semiclosed
systems (Boyd, 1976), its use in semi-intensive production with low water daily exchange
(<10%) is very popular in the South of Brazil (Zimmermann and Fitzsimmons, 2004).
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This alga growth stimulation is named as biomanipulation (Zimmermann and
Fitzsimmons, 2004) or pond fertilizatition (Diana, 2012) and probably this practice is the
precursor of the photoautotrofic biofloc system.

Nowadays, some photosynthetic microorganisms have been successfully tested for tilapia
aquaculture in photoautotrophic BFT. Among them are the microalgae Chlorella vulgaris
and Scenedesmus obliquus, as well as the cyanobacterium Oscilatoria sp. (Jung et al.,
2017; Miranda-Baeza et al., 2017).

4.1.4.2 Heterotrophic BFT System

Indeed, heterotrophic BFT has received significant attention in scientific literature within
the field of aquaculture. Its popularity can be traced, at least in part, to the work of
Avnimelech (1999), which introduced pragmatic approaches to ammonia control using the
Carbon:Nitrogen (C:N) ratio (typically around 15 to 20:1) for aquaculture purposes.
Through the immobilization (assimilation) of nitrogen compounds and their conversion
into biomass by heterotrophic bacteria, which can be either attached to or detached from
the biofloc aggregates, the cultivated species can utilize this biomass directly or indirectly
as a secondary source of protein (Abakari et al., 2021b, 2021a). Heterotrophic bacteria can
use ammonia as a source of nitrogen while obtaining carbon (which serves as an energy
source) from organic substances such as sugar, alcohol, organic acids, among others
(Emerenciano et al., 2017).

Several bacterial taxa that fall within the heterotrophic group have been identified in water
and sediments of aquaculture systems with probable nitrification capabilities, including
Pseudomonas, Limnohabitans, Sphingomonas, Staneria, Exiguobacterium, among others
(Baskaran et al., 2020). In addition to aerobic nitrification (Ebeling et al., 2006; Qiao et
al., 2020; Rajta et al., 2020), heterotrophs can exhibit various metabolic pathways
involved in the nitrogen cycle, such the reduction of nitrite to gaseous nitrogen
(denitrification) and dissimilatory reduction of nitrate to nitrite and then to ammonia
(ammonification), either under aerobic or anaerobic conditions. In fact, both nitrification
and denitrification processes can occur simultaneously in heterotrophic bacteria in aerobic
environments (Baskaran et al., 2020; Martikainen, 2022; Qiao et al., 2020; Rajta et al.,
2020; Stein and Klotz, 2016). Notwithstanding, it is believed that heterotrophic
ammonium assimilation is the primary and most effective way of ammonium utilization in
this bacteria group (Yang et al., 2022).

In a heterotrophic biofloc system, the goal is to achieve ammonia assimilation and
enhance it by an external source of carbon within a properly oxygenated aquatic
environment (Avnimelech and Kochba, 2009; Ebeling et al., 2006). However, a biofloc
system purely dominated by heterotrophic bacteria would require high oxygenation
demands (aeration), as well as the periodic supply of dissolved organic carbon and
significant management efforts to control the constantly generated bacterial biomass
(Ebeling et al., 2006; Prangnell et al., 2019).

4.1.4.3 Chemolithoautotrophic BFT System
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In chemolithoautotrophic BFT, the removal of ammonia occurs through the action of
nitrifying chemolithoautotroph bacteria who, by definition, can use ammonia or nitrite as
source of energy (a procces named nitrification) and CO. as source of carbone (also
known as carbon fixation). Nitrifying bacteria that inhabit the water column are attached
to or detached from the biofloc aggregates. Nitrification process from ammonia to nitrate
typically involves two successive steps: it begins with the oxidation of ammonia to nitrite
by ammonia-oxidizing bacteria (AOB) and concludes with the oxidation of nitrite to
nitrate by nitrite-oxidizing bacteria (NOB) (Hagopian and Riley, 1998). Both
chemolithoautotrophic bacteria (AOB and NOB) occur in aerobic conditions, but also in
microaerobic (Hanaki et al., 1990; Laanbroek and Gerards, 1993), and even anaerobic
environments (Schmidt et al., 2002). Commonly found representatives within the AOB
group include Nitrosomonas, Nitrosococcus, Nitrosobulus, Nitrospira, and Nitrosovibrio,
while NOB includes Nitrobacter, Nitrococcus, Nitrospira, and Nitrospina. Occasionally, it
may be possible to find some members of the Archaea domain, such as Nitrosopumilus
maritimus, which have demonstrated ammonia-oxidizing capability. Additionally, there
are complete-ammonia-oxidation bacteria (comammox) like Nitrospira inopinata, which
can oxidize ammonia all the way to nitrate. Ultimatelly, there are anaerobic-ammonium-
oxidation bacteria (anammox) that can convert ammonia and nitrite to nitrogen gas in
absence of oxygen in aquatic environments, as seen in the Planctomycetes genus (Abakari
etal., 2021a, 2021b; Fimbres-Acedo et al., 2020; Sedlacek, 2020; Xu et al., 2020).

On the other hand, a BFT dominated by chemolithoautotrophic bacteria can be established
indoors to avoid the inhibitory effect of sunlight on the nitrification process (Samocha et
al., 2019). However, a theoretically pure system of chemolithoautotrophs could lead to a
reduction in alkalinity, pH and the rapid accumulation of nitrate, which would require
periodic water exchanges, and pH and alkalinity estabilizers (Ferreira et al., 2021,
Prangnell et al., 2019; Silva et al., 2022).

4.1.4.4 Mixotrophic systems

BFT that incorporate heterotrophic bacteria, chemolithoautotrophs, and photosynthetic
microorganisms are considered mixotrophic because they involve a combination of
different metabolic pathways for the control of nitrogen (Prangnell et al., 2019). In fact,
the common strategy in biofloc aquaculture systems of initially developing a heterotrophic
phase (which requires a carbohydrate source) followed by a chemolithoautotrophic phase
(which does not require carbohydrate sources), when managed outdoors, is highly likely
to become a mixotrophic system because sunlight actively stimulates the growth of
photosynthetic microorganisms in aquaculture units (Martinez-Porchas et al., 2020; Xu et
al., 2016).
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4.2 Modulation of gut microbiota in tilapia

4.2.1 Introduction

Microbial systems are the primary forms of organization that predominate on Earth. It is
fair to say that animals and plants (macrobes) coexist within a planet dominated by
prokaryotic microbes (Whitman et al., 1998). The perception of the microbial world began
with the first observations of "animalcules” by Leeuwenhoek in 1677 (Lane, 2015). This
was followed by the golden age of microbiology, driven by the reports and pioneering
studies of Louis Pasteur, Robert Koch, and a long list of scientists who laid the initial
foundations for the study of bacterial microbes through cultivation techniques (Bonnet et
al., 2019). However, with the discovery of large bacterial communities using molecular
techniques for the detection of bacterial DNA (i.e., non-culture-based methods) in
environmental samples, it became evident how little we knew (and still know) about
microbial systems that are omnipresent across the globe (Byndloss and B&umler, 2018;
Escobar-Zepeda et al., 2015; Steen et al., 2019).

There are microbial systems (bacterial communities) that can evolve in association with
multicellular species such as plants or animals, known as host-associated microbial
systems or microbiotas (Jones et al., 2019; Sieber et al., 2017). Nowadays, with a focus on
studying human and animal microbiota, the importance of these microbial systems in
various physiological and pathological aspects affecting us and animal production systems
is gradually being revealed (Byndloss and Baumler, 2018; Kogut and Arsenault, 2016).

To emphasize the evolution of the gut microbiota concept and the contemporany theories
delineated in scientific literature, the ongoing discourse revolves around its origin and
function as a host-associated microbial system. Additionally, a comprehensive compilation
of the diverse factors that appear to impact gut microbiota is provided, with a particular
emphasis on the species Oreochromis niloticus (Nile tilapia).

4.2.2 What is gut microbiota?

The term "microbiota” has been used and conceptualized in different ways. For the
specific purposes of this review, we have considered using the proposal put forth by Berg
et al. (2020), who define microbiota as the total of living microorganisms located in the
intestine of a host organism. These same authors emphasize the differentiation between
microbiota, microbiome, and metagenome. In this context, the microbiome encompasses
the microbiota and the entire spectrum of molecules produced by these microorganisms,
including their own structural elements (i.e., nucleic acids, proteins, lipids,
polysaccharides) and metabolites (signaling molecules, toxins, organic and inorganic
elements), as well as molecules produced through interactions with the host and
influenced by the environment in which this microbiota resides. On the other hand, the
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metagenome is defined as the collection of genomes and genes of the microorganisms that
make up the microbiota (Berg et al., 2020). It is important to emphasize that although
these proposed concepts greatly contribute to our comprehension of the intricate
microbiota-host relationship, the authors have not included in their microbiome definition
the molecules that the host may also contribute. These host-derived elements, such as
nucleic acids, peptides, metabolites, hormones, bile salts, gastric secretions, among others,
can enter the intestinal lumen either through dietary intake or via direct secretion from the
intestinal epithelium.

The interaction between the intestinal microbiota and its established sites, specifically the
mucosa and intestinal lumen, undergoes changes over time. Consequently, depending on
the duration of residence of a microorganism in the intestine, a distinction can be made
between autochthonous and allochthonous microbiota. The former, also referred to as
persistent, adhesive, or resident microbiota, pertains to the bacterial community
specialized in growing in and adhering to the mucus lining of the gut, and is considered as
long-term colonizers. On the other hand, allochthonous or transient microbiota
characterizes the community residing within the gut lumen and is considered as short-term
colonizers originating from food items and the surrounding water (Nyholm et al., 2022;
Tarnecki et al., 2017). Despite these distinctions, differentiating whether the identified
autochthonous microbiota is genuinely native or, conversely, a contaminant that has
migrated from other compartments of the gastrointestinal system remains a challenging
task (Spiegelhauer et al., 2020). In order to try to understand both bacteria populations,
some authors have indicated an approach which consider autochthonous or permanent gut
bacteria which are detected only in gut contents, while allochthonous or transient bacteria
are present in both aquatic and gut environments simultaneously (Yang et al., 2021). In
turn, other hypothesis considers gut microbiota as a complex population implied into
several cycles of immigration, colonization and emigration between gut and aquatic
environment (Robinson et al., 2018).

In both human and murine models, gut microbiome research suggests the existence of
distinctive variations in the autochthonous microbiota inhabiting the mucus layer,
depending on the specific gut segment. This morpho-functional environment (comprising
intestinal mucus, microorganisms, soluble factors, and extracellular vesicles) has recently
been designated as the muco-microbiotic (MuMi) layer (Fucarino et al., 2022). Although
studies on the MuMi layer in the small intestine are limited, it is hypothesized to consist of
low-viscosity intestinal mucus that is continuously infiltrated by microorganisms from the
luminal content.

However, the bacterial diversity and density in the small intestine is typically lower due to
the harsh luminal environment characterized by high concentrations of digestive enzymes,
bile salts, and antimicrobial peptides. Additionally, bacteria colonizing the MuMi layer of
small gut are often subjected to biochemical and physical removal by antibacterial
mediators produced by specialized gut epithelium (e.g., Paneth cells) and peristaltic
movements, respectively (Herath et al., 2020; Martinez-Guryn et al., 2019).

Conversely, the more extensively explored colonic MuMi layer exhibits higher viscosity
mucus with a lower removal rate of microorganisms through peristalsis. Consequently,
microorganisms in the colonic MuMi layer (autochthonous) and luminal content
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(allochthonous) generally display differentiable composition. In addition, colonic MuMi
layer shows a lower dynamism compared to the small intestine (Inaba et al., 2023;
McCallum and Tropini, 2024; Prochazkova et al., 2023).

In studies conducted on various fish species, the aim was to comprehend the distinctions
between autochthonous and allochthonous microbiota based on the location within the fish
gut. Numerous domestic species, including rainbow trout and Atlantic salmon, as well as
wild species such as rabbitfish, Atlantic cod, Spanish toothcarps, Eastern mosquitofish,
and Valencian toothcarps, exhibited variations between the bacterial microbiota of the
MuMi layer and luminal content. Across all these cases, a consistent observation was the
reported lower diversity of bacteria in the MuMi layer (Nyholm et al., 2022). However, in
the case of Nile tilapia, findings are controversial so far. Bereded et al. (2020) reported no
discernible differences in diversity and bacterial composition between autochthonous and
allochthonous microbiota across three compartments (stomach, midgut, and hindgut) of
the gastrointestinal tract of wild Nile tilapia. Conversely, Wu et al. (2021) shown that
domestic Nile tilapia has differentiable bacteria diversity and composition between
MuMilayer and luminal content from stomach and hindgut. Probably these differences
between studies can be attributed to domestic and wild conditions of fish evaluated in
each one.

On the other hand, both studies reported similarly low diversity between MuMi layers in
the stomach and hindgut (Bereded et al., 2020; Wu et al., 2021), which contrasts with
findings in Atlantic salmon (Gajardo et al., 2016) and murine and human models, where
higher bacterial diversity is observed in distal gut segments. Examining the alpha diversity
of luminal contents, fish species exhibit a diverse alpha-diversity structure for each
segment (Sparagon et al., 2022; Xu et al., 2022). A potential explanation for these
differences among fish species lies in physiological functions, feeding behaviors, age,
environment, and other factors, all of which warrant further investigation (Clements et al.,
2014; Sarkar and Ghosh, 2014).

4.2.3 The microbiota as an ecosystem and an invisible organ

The intestinal microbiota is acknowledged as a complex and dynamic ecosystem (Gerber,
2014; Jochum and Stecher, 2020). It qualifies as an ecosystem due to the diverse
interactions that microorganisms maintain with both the host and among themselves. To
comprehend these interactions with the host, microorganisms have been categorized
functionally as symbiotic commensals, pathobionts, and pathogens (Hornef, 2015).
However, this deterministic classification fails to consider that microorganisms perform
functions depending on the context and often alter their metabolism based on both
microbial context and environmental conditions (Jochum and Stecher, 2020).

Recognizing this, it has been suggested to employ alternative terms, such as non-
pathogenic and pathogenic microbiota, to better incorporate and acknowledge the states of
mutualistic (eubiosis) or non-mutualistic (dysbiosis) relationships that may occur between
microorganisms and the host (Riccio and Rossano, 2020). On the other hand, as not all the
functions that a single microorganism can perform in the microbiome are currently



26

known, assigning specific classificatory terms and groupings to constituents of the
microbiota remains challenging (Jochum and Stecher, 2020).

The intestinal microbiota is also dynamic because the same factors influencing its initial
development continue to exert a continuous and enduring shaping effect on the host's
spatio-temporal scale. This partly accounts for the substantial compositional variation at
the phylum level in the intestinal microbiotas of different human individuals; moreover,
this variation increases exponentially when comparisons are made at the level of microbial
species (Osman et al., 2019).

However, it is noteworthy that fish appear to exhibit a low phylogenetic diversity in their
microbiota, with the phyla Proteobacteria, Firmicutes, and Bacteroidetes representing up
to 90% of the intestinal microbiota in various fish species, alongside a variable
participation of the phyla Fusobacteria, Actinobacteria, and Verrucomicrobia (Collins et
al., 2021; Kim et al., 2021, p. 202; Talwar et al., 2018). It is important to acknowledge that
this finding might evolve as it is not directly comparable to the wealth of studies on the
microbiota of a single species, such as Homo sapiens, in contrast to the relatively fewer
studies on the superclass of fish, which encompasses more than 33,000 species (Froese
and Pauly, 2024; Kim et al., 2021).

On the flip side, owing to the integration and active participation of the microbiota in
various organic functions of the host, there has been a prevailing tendency in scientific
literature to characterize the intestinal microbial population as an "organ™ (Riccio and
Rossano, 2020). However, this concept has faced criticism, grounded in both
embryogenesis issues and physiological perspectives, particularly as new evidence from
invertebrate animals reveals a reduced and sometimes undetectable intestinal microbiota
during specific developmental cycles (Fucarino et al., 2022; Hammer et al., 2019).

In response to these critiques, the term "holobiont” has been proposed to attempt to define
the multicellular biological complex formed by eukaryotes (hosts) along with prokaryotes.
However, it is crucial to note that this concept is still evolving and necessitates further
debate (Riccio and Rossano, 2020).

4.2.4 Alfa and beta diversity evaluation of microbiota

4.2.4.1 Brief historical contextualization of diversity

The concept of terrestrial life (on planet Earth) can be understood as "any self-
sustaining chemical system with the ability to undergo Darwinian evolution.” "Self-
sustaining system™ is understood as something that does not require the intervention of
a higher entity in the space-time scale and, moreover, can regenerate its own
components (Liu, 2020). The forms of life that inhabit planet Earth are extremely
diverse, and the study of these life forms is approached by biology through sub-
disciplines: Macrobiology (the study of living being’s observable to the naked eye or
macrobes) and Microbiology (the study of living beings not observable to the naked
eye or microbes) (Ward, 2006).
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Malaterre (2013) indicates that biodiversity, or the variety of life, exists at every
hierarchical level and spatial scale of biological organizations: genes within
populations, populations within species, species within communities, communities
within habitats, habitats within biomes, and biomes within the biosphere. This
conceptualization of biodiversity, established in 1980, was based on pre-existing
concepts of ecological diversity developed in the 1950s within macroecology.
Macroecology primarily focuses on studying patterns of species abundance within a
community (organisms coexisting in the same space and time) of macroorganisms
(animals and plants), as well as variations in species richness across latitudes,
elevations, or areas, and changes in community similarity with respect to spatial
distance or environmental conditions (Barberan et al., 2014).

On the other hand, during the consolidation of macroecology, there was little
development in microbiological ecology (the ecology of prokaryotic and unicellular
eukaryotic organisms). This lack of interest was, in fact, a reflection of the
methodological limitations of the pre-DNA sequencing era, when the use of culture-
based techniques did not allow for the evaluation of a large proportion of non-
cultivable species in microbiological samples. However, this changed with the
development of sequencing tools and mass DNA analysis of bacteriological samples,
which allowed for a clearer view of microbiological systems (Cameron et al., 2021;
Malaterre, 2013; Reese and Dunn, 2018).

The study of non-cultivable microbial communities only began to advance with the
development in the 1970s of automated sequencing techniques and the establishment
of species markers through the use of ribosomal RNA genes (Escobar-Zepeda et al.,
2015). Thus, Stein et al. (1996) conducted the first metagenomic amplicon study,
identifying non-cultivable bacterial species from a sample of seawater through
amplification and sequencing of ribosomal RNA genes. With the ability to assess the
diversity or variability of microbiological systems, the demand for appropriate
methodologies to assess and compare these microbiological diversities was initially
met through the use of concepts developed by macroecology (Malaterre, 2013).

Considering the initial efforts in conceptualizing ecological diversity, (Whittaker,
1960) theorized that the diversity of an ecosystem could be partitioned into three
types: alpha diversity (the richness and abundance of species within a single location
within an ecosystem), beta diversity (the difference or similarity of species between
different locations within the same ecosystem), and gamma diversity (the total number
of species and their respective abundance within the ecosystem). Furthermore, these
partitions could maintain two different relationships: additive (gamma diversity is the
result of the sum of alpha and beta diversities) or multiplicative (gamma diversity is
the result of the multiplication of alpha and beta diversities) (Golodets et al., 2011;
Jost, 2007).

The different ways to measure alpha and beta diversity will be addressed next.

4.2.4.2 Alpha diversity
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Although microbiological systems encompass various hierarchical levels, it is
common to assess microbiological biodiversity in terms of species, despite the current
challenges faced by this concept in prokaryotes (Achtman and Wagner, 2008;
Malaterre, 2013; Prosser et al., 2007; Schloter et al., 2000). However, as it will be
discussed in a next section of this chapter (item 4.2.6: What factors modulate the
bacterial microbiota?), the majority of reports on the alpha diversity of tilapia gut
microbiomes are evaluated at the ASV (Amplicon Sequence Variant) or OTU
(Operational Taxonomic Unit) levels, with fewer studies focusing on other taxonomic
levels such as phylum, class, order, family, or genus.

Alpha diversity is a parameter of local diversity that seeks to measure the richness and
abundance of species within a specific region or locality. When we refer to richness,
we are measuring the absolute number of species present within a specific region.
Abundance, on the other hand, indicates the proportion of the population of a given
species relative to the total number of individuals inhabiting the same region
(Malaterre, 2013). According to Willis (2019), the alpha diversity metrics summarize
the structure of an ecological community with respect to its richness (number of
taxonomic groups), evenness (distribution of abundances of the groups), or both.
Interestingly, Willis (2019) also noted that in microbial ecology, alpha diversity
analysis of amplicon sequencing data is a common initial approach to assessing
differences between environments. In this context, we consider alpha diversity as an
attempt to characterize and quantify the average diversity or taxa variability in terms
of the abundance of both rare and dominant taxa populations present in a sampled
community.

There are different metrics of taxonomic alpha diversity developed for the study of
macrobiotic systems, which are also applied in microbiome studies (Kers and
Saccenti, 2022). While diversity estimators (such as Richness, Chaol index, and ACE
index) provide information on the actual or approximate number of taxa, diversity
indices (such as Shannon, Simpson, Gini, Pielou's evenness) quantify the evenness
distribution of all populations within a community to varying degrees. Additionally,
other alpha diversity metrics, such as Faith’s Phylogenetic Diversity and metagenomic
diversity, measure variability while considering phylogenetic or functional traits of all
taxa within a community (Finn, 2024; Pavoine and Ricotta, 2019).

Since each available metric has its own interpretation, and the choice of them depends
on the researcher's approach, comparisons of alpha diversity analysis between studies
are not facilitated. In an attempt to standardize the use of alpha diversity metrics in
macroecology, a consensus was reached to use Hill’s numbers (Chiu and Chao, 2016).
They are a family of mathematically unified diversity indices that include the
following alpha diversity metrics: richness, Shannon index, and Simpson index.

One approach to estimate Hill’s numbers is by constructing rarefaction/extrapolation
curves, taking into account the sample size (sequencing depth or number of sequences
obtained in each sample) and the sampling effort (a parameter measuring the
completeness of the number of sequences needed to characterize a community) (Hsieh
and Chao, 2017). Additionally, Hill’s numbers can offer an intuitive biological
explanation of Shannon and Simpson diversity indices. In the case of richness (when
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Hill’s number is g=0), it would show the number of taxa present within a sample
regardless of their abundance; meanwhile, the Shannon (g=1) and Simpson (g=2)
indices would show the number of similarly proportional taxa (weighing between
abundant and rare species) and dominant species (highest abundance) within a sample,
respectively (Golodets et al., 2011; Reese and Dunn, 2018). This approach aims to
address problems arising from obtaining metagenomic data from microbiological
systems, such as subsampling errors, taxa undetection, or misclassification of taxa that
may occur during the sequencing and processing of such data (Chiu and Chao, 2016;
Hsieh and Chao, 2017).

Although the assessment of alpha diversity through rarefaction/extrapolation curves is
not very applied in research on tilapia intestinal microbiota, this method is becoming
more accessible and useful for overall microbiome studies (Schloss, 2024).

4.2.4.3 Beta diversity

According to Ricotta (2017), beta diversity was conceptualized by Whittaker (1960) as
the amount of variation in species composition between sample units located within
the same ecosystem. The author also emphasizes that calculating beta diversity
measurement depended on the values of alpha and gamma diversity, whether
considering the additive or multiplicative partition of diversity. Consequently, there
was a need to conceptualize beta diversity independently of the values of alpha and
gamma diversity. Thus, an approach was developed to consider beta diversity as an
average dissimilarity or multiple dissimilarity measures between sample groups
(Ricotta, 2017). To measure how close two samples of amplicon metagenomic data are
compositionally, different dissimilarity measures (also known as ecological distances)
such as Bray-Curtis distance, UniFrac, and weighted UniFrac can be used (Calle,
2019; Lozupone and Knight, 2008).

The UniFrac distance measures the phylogenetic distance between two communities
while take account only presence/absence data (unweighted UniFrac) or only taxa
abundance (weighted UniFrac). On the other hand, the Bray-Curtis distance measures
the similarity between communities based only on compositional information (Paliy
and Shankar, 2016), while Jaccard Distance measure similarity based on
presence/absence information (Kers and Saccenti, 2022). Similarly, to alpha diversity
metrics, there is no a consensus of which metric to use for beta diversity assessment in
microbiome studies. In tilapia gut microbiome studies, it was observed that all this
mentioned metrics were applied.

Although all dissimilarity values (dissimilarity matrix) are obtained by pairwise
comparisons between each of the samples, it is necessary to generate ordination plots
in order to visualize beta diversity and facilitate the identification of possible clusters
in the evaluated data. Among the ordination methods commonly used in beta diversity
analysis, we have PCoA (Principal Coordinate Analysis) and NMDS (Non-metric
Multidimensional Scaling) (Calle, 2019).
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Once tentative groupings (or lack thereof) based on the similarity of the evaluated
samples are observed in the ordination plots, it is possible to perform multivariate
statistical tests of abundance difference to assess if there are significant differences in
microbial composition between communities from two or more groups. Among the
tests commonly used in the evaluation of distance matrices obtained from dissimilarity
measures, we have PERMANOVA (Permutational Multivariate Analysis of Variance)
and ANOSIM (Analysis of Similarity) (Calle, 2019).

4.2.5 Origin of intestinal microbiota

It is believed that the microbial colonization of the gastrointestinal tract in humans occurs
at birth, and studies on the processes of colonization and establishment of this microbiota
are being intensively developed. Preliminary evidence shows that these processes of
microbiota establishment likely begin before birth through maternal microbiota
metabolites circulating in the offspring's bloodstream (Ganal-Vonarburg et al., 2020).
After birth, breastmilk feeding as well as the host's effects, in terms of immune and sexual
maturity, appear to play a crucial role in the establishment and definition of the intestinal
microbiota (Fehr et al., 2020; Yuan et al.,, 2020). Recently, it was questioned the
importance of vaginal maternal microbiota on gut colonization of newborn (Dos Santos et
al., 2023).

Similarly, in bony fishes it was believed that colonization of the intestinal microbiota
occurs immediately after egg hatching (Butt and Volkoff, 2019; Gomez and Balcazar,
2008; Vatsos, 2017). According to Talwar et al. (2018), colonization in the larval phase
begins as a stochastic or random process, acquiring bacterial community precursors from
the aquatic environment; then, a progressive shift is observed towards a deterministic or
non-neutral process (i.e., the effect of selective pressure and active dispersal by the host,
and host-microorganism or microorganism-microorganism interactions), culminating in
the fish's maturity phase. However, this hypothesis is supported by limited studies
confined to the omnivorous species Danio rerio and other species with different feeding
habits than tilapia (Butt and Volkoff, 2019; Talwar et al., 2018). In contrast, studies on
variation and modification of the microbiota in tilapia due to abiotic factors (environment
where the host is located) and biotic factors (genetics, domestication, diet, disease status,
or host contact with different molecules or substances such as antibiotics, probiotics,
prebiotics, or toxins) are much more widespread (Haygood and Jha, 2018; Perry et al.,
2020).

On the other hand, recent studies in oviparous vertebrates such as chickens and turtles
challenge the notion of a sterile embryo inside the egg (Carranco et al., 2022; Jin et al.,
2022). In fish, the presence of internal egg microbiota has been reported for a
Chondrichthyan species, suggesting the possibility of vertical transmission of microbiota
to progeny before environmental contact (Mika et al., 2021). While there are no studies
evaluating internal egg microbiota in Tilapia yet, there is a suggestion of the occurrence of
vertical transmission of microbiota through mouthbrooder behavior (Abdelhafiz, 2022).
These findings are in consonance with the belief that biotic factors exert a greater impact
on microbiota formation and shaping than abiotic ones in some fish species (Butt and
\Volkoff, 2019; Wiles et al., 2016; Woodhams et al., 2020; Xiao et al., 2021). Following
this, we will detail all these possible factors involved in tilapia gut microbiota modulation.
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4.2.6 What factors modulate the bacterial microbiota?

In the human species, the bacterial gut microbiota can be modulated by three main factors:
the environment in which the host is situated, the diet consumed by the host, and the host
itself. It is observed that all these factors are closely related; therefore, their modulatory
effects on the microbiota occur simultaneously and at different levels of dominance in the
spatio-temporal scale. Similarly, it is believed that the composition of the intestinal
microbiota in fish is influenced by similar factors (Bereded et al., 2021; de Bruijn et al.,
2018; Wang et al., 2018).

To assess the factors that may influence the intestinal microbiota, it is necessary to use
parameters measuring alpha and beta diversity. Alpha diversity measures richness (the
number of species) and provides an approximation of the structuring of species abundance
(in terms of rarity and dominance) within the same community. On the other hand, beta
diversity indicates the degree of compositional similarity of species between samples of
intestinal microbiota under different environmental conditions or experimental treatments.
By evaluating both alpha and beta diversities, it is expected to detect the impacts of
abiotic (environment and feeding) and biotic (fish physiology) factors on intestinal
microbiotas. Next, the information available in the scientific literature regarding
modulating factors of the intestinal microbiota studied in tilapia is presented.

4.2.6.1 Aguatic environment

The aquatic environment has been identified as a significant source of microorganisms
shaping the microbiota in cultured fish through water ingestion. Due to different
biological and physicochemical conditions, bacterial communities in the aquatic
environment exhibit high variability. Initial studies on the intestinal microbiota in hybrid
tilapia (Oreochromis niloticus x O. aureus) or Nile tilapia, based on bacterial isolation and
in situ hybridization, revealed a strong association between the intestinal microbiota and
aquatic environmental communities. However, differences were observed at the
compositional level (Al-Harbi and Uddin, 2003; Del’Duca et al., 2015; Pakingking et al.,
2015). Nevertheless, with the advent of Next-Generation Sequencing (NGS) tools, studies
on this association between the environment and the fish's intestinal microbiota have been
explored with greater accuracy.

Giatsis et al. (2014) and Giatsis et al. (2015) assessed the impact of the cultivation system
(RAS and BFT) on the intestinal microbiota in aquaculture tilapia. To do this, they
conducted a longitudinal study to evaluate the intestinal microbiota of tilapia larvae (nine
days old after hatching) kept in both cultivation systems for a period of 42 days. The
assessment of the intestinal microbiota was carried out through serial samplings: on days
07 and 42 for the study by Giatsis et al. (2015); and on days 0, 7, 14, 28, and 42 in Giatsis
et al. (2014). Both studies found significant differences in the intestinal microbiota of
tilapia associated with the cultivation system to which the fish is subjected. The beta
diversity analysis conducted by Giatsis et al. (2015) showed significant differences
between the intestinal microbiota of tilapia cultivated in RAS and BFT. In the microbiota
of animals cultivated in RAS, there was a higher abundance of the phyla Actinobacteria,
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Proteobacteria, and Firmicutes, while in the BFT, there was a greater participation of the
phyla Actinobacteria, Proteobacteria, and Planctomycetes in terms of abundance. Giatsis
et al. (2014) also emphasized that there were no significant differences in the variation of
the composition of the intestinal microbiota among animals from different tanks in the
BFT. In contrast, for the replicas of the RAS, variation did occur in the microbiota of the
cultivation water. On the other hand, in the longitudinal assessment of beta diversity,
significant differences were observed in the composition of both the intestinal microbiota
and the cultivation water of both systems during the evaluated period. However, Giatsis et
al. (2015) pointed out that the average similarity of the water in the cultivation systems
decreased over time, while in the intestinal microbiota, there was a more conserved trend.
According to the authors, this finding would indicate that the similarity of the microbiota
residing in the cultivation water is more sensitive to environmental changes than the
intestinal microbiota of fish cultivated in the same cultivation water.

In a study conducted by Fan et al. (2017), low similarity was observed between the
intestinal bacterial microbiota of tilapia, the microbiota of the water column, and the
microbiota of the sediment in the excavated tanks where tilapia (with an average weight of
340g) were being cultivated. However, the authors noted a higher sharing of the phylum
Cyanobacteria between the intestinal microbiota and the microbiota of the water column.
Furthermore, they emphasized that the alpha diversity, in terms of richness, of the
bacterial microbiota in the cultivation water is higher in locations closer to the water
surface.

Kokou et al. (2018) showed that the diversity and richness of the intestinal microbiota of
Blue Tilapia (Oreochromis aureus) were impacted by the effect of low temperature
(12°C), being lower than those observed in the control group (24°C). Additionally, it was
observed that the variability in richness and diversity among individuals was lower in the
group subjected to low temperatures. On the other hand, beta diversity showed that
similarity was significantly increased because of low temperature. Furthermore, the orders
Vibrionales and Alteromonadales were enriched in the low-temperature condition (12°C),
while the richness and diversity of the phyla Planctomycetes, Bacteroidetes, and
Verrucomicrobia were decreased.

Bereded et al. (2020) assessed the intestinal microbiota of tilapia originating from two
different water bodies (ponds). The analysis of alpha diversity showed significant
differences between the two evaluated groups; that is, the microbiotas of tilapia from one
pond had higher richness and abundance values than the fish from the other water body.
Similarly, the beta diversity analysis revealed significant compositional differences
between the two evaluated groups.

Bereded et al. (2021) studied the differences in the intestinal microbiota of tilapia sampled
during different seasons of the year (dry, rainy, and pre-rainy). In the alpha diversity
analysis, significant differences were observed between the evaluated groups, with the dry
and rainy months showing a lower number of species in the intestinal microbiota. In terms
of beta diversity, significant differences were found for some bacterial groups between the
seasonal periods evaluated. The phylum Fusobacteria had higher abundance during the
dry and rainy periods, while Bacteroidetes showed higher abundance in the rainy season,
and Cyanobacteria were more abundant in the pre-rainy period. At the genus level,
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significant differences were observed for twelve genera among all the evaluated periods.
In this regard, the bacterial genera that contributed most significantly to the dissimilarity
for the dry period was Peredibacter; for the pre-rainy period were Turicibacter, Daeguia,
Bacillariophyta, Clostridium_XI clade, Clostridium_sensu_stricto, Paucisalibacillus, and
Bacillus; and for the rainy period were Enterovibrio, Clostridium_XIVa clade,
Cetobacterium, and Paludibacter.

Deng et al. (2021) assessed the effect of the aquatic environment on the formation of the
intestinal microbiota in tilapia larvae. To do this, fertilized Nile tilapia eggs were
subjected to two incubation systems: Biofloc and Clear Water. The hatched larvae
remained in the same systems for 14 days. Afterward, all the fish were transferred to a
single controlled environment based on RAS until they reached 105 days of age after
hatching. Intestinal samples were collected on days 15, 62, and 105 after hatching, and
they were evaluated for alpha and beta bacterial diversity through amplicon
metagenomics. Regarding richness, the group kept in the Biofloc system showed higher
values than those in the Clear Water system only on day 14. On the other hand, the
diversity (Shannon Index) of both groups did not differ in the three periods evaluated. In
beta diversity, significant differences in the composition of bacterial microbiota were
observed on days 15 and 62, with an absence of differences on day 105. They were able to
detect Isosphaeraceae and Gemmataceae as dominant families in the microbiota of tilapia
cultured in Biofloc only on day 15. With these results, the authors indicated that the
environmental effect during the early stages of tilapia life on the intestinal microbiota is
not permanent over time. They also emphasized that the microbiota of fish kept in Clear
Water tended to have greater variation among individuals than the Biofloc group on day
15. However, by the final period (day 105), both groups showed comparable individual
variation. In this sense, they suggested that the initial colonization of the intestinal
microbiota responds to a deterministic phenomenon directed by the environment.
Consequently, with temporal maturation, stochastic (random) selection processes
modulated by the host lead to a decrease in the initial compositional differences of the
intestinal microbiota.

Deng et al. (2022) investigated the effect of the cultivation system on the intestinal
microbiota of tilapia. Two groups were prepared: Clear Water system (CW) and RAS.
Tilapia eggs were kept in both systems for 26 days. Intestinal segment samples were
obtained from the larvae that hatched in both systems on day 26. Alpha diversity
assessment showed that despite a trend for the AC system to have higher richness and
diversity than RAS, it was not statistically significant. Regarding beta diversity, the
composition of bacterial communities between both systems was significantly different.
Additionally, a greater variation among replicates was observed in the CW. On the other
hand, the genera Shinella and Hyphomicrobium were significantly enriched in the CW,
while Paracoccus, Mycobacterium, and Cetobacterium were enriched in the RAS. The
authors also noted higher mortality in the fish from the CW system, and it was linked to
the absence of the genus Cetobacterium in this group. With these results, the authors
suggested the capacity of cultivation systems to modulate the intestinal microbiota.

Bereded et al. (2022) evaluated the potential effect of geographic altitude on the
microbiota of the intestinal content of free-living male tilapia. For this purpose, fish were
sampled at four different geographic altitude points: 1235, 1685, 1800, and 2440 meters
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above sea level (m.a.s.l.). The analysis of alpha diversity showed that the richness and
diversity of intestinal bacterial microbiota tend to significantly decrease with increasing
altitude. In the evaluation of beta diversity, differences in the composition of bacterial
microbiota were observed among the four studied groups. Regarding taxa potentially
impacted by altitude, three genera (Cetobacterium, Aurantimicrobium, and Legionella)
were positively correlated with altitude. Meanwhile, 10 genera
(Clostridium_sensu_stricto_13, Hyphomicrobium, Macellibacteroides,
Methyloparacoccus,  Microcystis PCC 7914, V2, Nocardioides, = Roseomonas,
Shewanella, and Turicibacter) were negatively correlated with altitude.

Bi et al. (2023) assessed the effect of manipulated aquatic habitat and natural habitat on
gut bacteria microbiota diversity of wild tilapia (Oreochromis mossambicus). For this
purpose, tilapia intestinal sampling of both habitats was applied. The alpha diversity
evaluation, based on OTU diversity, showed that there were significative differences of
richness and Simpson and Shannon indices between both habitats. Similarly, the beta
diversity analysis based on OTU abundance, displayed a significative difference between
both habitats. The authors concluded that the microbial composition of tilapia intestines
changed significantly under the influence of habitats.

Zhao et al. (2023) assessed the effect of water temperature on the bacterial diversity of gut
content microbiota in juvenile tilapia. For this study, a two-week assay with two
experimental groups was established: one fish group reared at 28°C in parallel with a
second fish group cultured at 35°C. Alpha diversity analysis, performed using richness
and the Shannon index at the ASV level, revealed significant differences in the Shannon
index between the groups. Additionally, a potential difference in bacterial composition
was suggested by ordination plotting at the ASV level; however, the authors did not
provide a statistical evaluation of the overall similarity index between both groups, nor did
they specify the similarity approach used (based on relative abundance or presence-
absence evaluation). Despite this, several genera showed significant differences between
the two evaluated groups. The study concluded that high temperatures might affect the
intestinal microbiota.

Based on existing publications on the effect of the aquatic environment on the intestinal
microbiota in tilapia, we can indicate that relevant evidence has been reported, suggesting
that the aquatic environment has a modulating effect to varying degrees on the intestinal
microbiota. Moreover, this influence seems to be dependent on the exposure period.
Environmental factors, from a deterministic standpoint, likely exert their modulating
activity through the complex interaction of physical-chemical components (cultivation
systems, chemical elements, or substances dissolved in the water column) and biological
components (water microbiota) that occur in the water column (Kim et al., 2021).

4.2.6.2 Effect of diet and other additives or substances introduced orally

In the initial studies targeting the evaluation of the effects of diet (and other inputs added
to the diet) on the intestinal microbiota, approaches pre-dating Next-Generation
Sequencing (NGS) were employed, yielding discordant results. For instance, various
studies indicated that the inclusion or exclusion of specific ingredients or inputs in the
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diet provided to tilapia did not result in evident changes in the intestinal microbiota
(Merrifield et al., 2011; Merrifield and Rodiles, 2015; Rawling et al., 2009; Zychowski et
al., 2013). Conversely, Pedrotti et al. (2013) emphasized that there were clear effects on
intestinal microbiotas because dietary carbohydrates. However, only with the application
of NGS in more recent research, the scientific community widely began to accept that
what is ingested by aquaculture animals acts as a source of variation in the composition of
the intestinal microbiota (Haygood and Jha, 2018; Ringg et al., 2008).

Regarding the diet in tilapia, Giatsis et al. (2015) observed low similarity (less than 1%)
between the bacterial communities detected in the diet and the intestinal microbiota.
However, as tilapia is considered an omnivorous species, there is a caution about the high
variation in the composition of the microbiota due to the different types of diets it could
accept (Talwar et al., 2018; Tarnecki et al., 2017). The following section presents the most
recent research on the effect of diets and oral inputs administered to cultured tilapia.

4.2.6.2.1 The effect of diets and dietary additives

Zhu et al. (2020) assessed the effect of two diets with different protein contents
(25% and 35% crude protein, respectively) on the intestinal microbiota of
fingerling tilapia (average live weight of 0.8g) cultured continuously for eight
weeks. The results indicated that the intestinal microbiota of animals fed with
normal protein content (35%) showed higher diversity and bacterial richness
than the group fed with lower protein content. Beta-diversity analysis revealed
low similarity between the bacterial microbiotas of both evaluated groups. In
terms of abundance, the phyla Proteobacteria and Firmicutes were more
abundant in the microbiotas of tilapia fed with 35% protein content, while the
group fed with lower protein content had higher abundance of the phyla
Fusobacteria and Bacteroidetes. Regarding the abundance of bacterial genera in
the microbiotas, a higher presence of the groups Lawsonia intracellularis,
Romboutsia unclassified sp., and Sphingomonas melonis was reported in the
group fed with 35% protein content. On the other hand, the group subjected to
feeding with 25% protein content showed higher abundance of the genera
Bacteroides sp. and unclassified Plesiomonas sp.

Parata et al. (2020) explored the variation in the microbiota of GIFT tilapia
subjected to two different diets: one based on vegetables and another on
commercial feed. They found significant differences in intestinal microbial
composition. Interestingly, the authors observed that in tilapia receiving
commercial feed, the family Pirellulaceae (Phylum Planctomycetes), present in
the intestinal microbiota, had a significant association with this group. In
contrast, in the group of tilapias receiving a vegetable diet, the association was
with three bacterial genera: Rhodoblastus acidophilus, Rickettsiella sp., and
Candidatus Udaeobacter. Another relevant finding, according to the authors,
was the high correlation between the abundance of taxa belonging to the phylum
Fusobacteriota (previoulsly known as Fusobacterium) and low Condition Factor
values obtained in the group of tilapias fed a vegetable diet. However, the
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authors clarified that this Fusobacteriota phylum is associated with the
microbiota of fish with a carnivorous diet, and they speculated that the presence
of this phylum in animals with a low Condition Factor could be an indicator of
cannibalistic behavior.

Souza et al. (2020) subjected juvenile tilapia (50g average live weight) to two
diets for 105 days: a commercial diet and another with the commercial diet
supplemented with microalga flour (Schizochytrium sp.). At the end of the
experimental phase, the authors found that in terms of richness, the group with
the supplemented diet obtained higher values. Moreover, the relative abundance
of bacterial groups was similar between the groups at the Phylum level, with a
predominance of the Firmicutes, Proteobacteria, and Fusobacteria. However, at
the Class level, there were differences in the relative abundance, with the group
with the supplemented commercial diet showing greater dominance of the
Clostridia class, while the commercial diet group had shared dominance between
the Clostridia and Fusobacteriia classes. However, the authors indicated that in
the evaluation of beta diversity, they found a large variation in the microbiota of
fish belonging to the same treatment compared to the variation between
treatments; hence, the difference found between both treatments could be
masked at compositional level.

Zhang et al. (2020) evaluated the effect of a high-fat diet over eight continuous
weeks on the intestinal microbiota of juvenile tilapia. They observed that the
bacterial microbiota of fish subjected to a high-fat diet showed an increase in the
abundance of the phylum Firmicutes and a decrease in the phylum
Actinobacteria compared to control group on a basal diet. At the bacterial genus
level, the group subjected to the high-fat diet showed a decrease in the
abundance of Bifidobacterium, Nocardia, Microbacteriaceae, Enterococcus,
Lactobacillus, Lactococcus, Leuconostoc, Streptococcus, and Ralstonia, and an
increase in the abundance of Paraclostridium, Gemmobacter, Rhodobacter,
Clostridium, and Aquicella.

Hallali et al. (2018) evaluated the effect of supplementing 5% sodium chloride in
the commercial diet on the microbiota of the anterior and posterior intestines of
tilapia (1259 average live weight) after 42 days of treatment. The authors noted
that animals exposed to the diet supplemented with sodium chloride showed
greater similarity between the microbiotas of the two intestinal locations
evaluated than those fish fed only the commercial diet, which exhibited greater
richness and bacterial diversity in the anterior intestine. The explanation for this
finding, according to the authors, is that the presence of sodium chloride
modified the luminal osmolarity of the intestine, resulting in a greater presence
of water in this environment. The increased volume of water in the intestinal
lumen could have facilitated the homogeneous availability of nutrients
throughout the intestinal segment, favoring the enrichment of bacterial
communities in each of the intestinal compartments. On the other hand, although
a higher dominance of the phylum Firmicutes and the genus Micrococcus sp.
was observed in animals fed a diet supplemented with sodium chloride, there
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were no significant differences in the relative abundance of these bacterial
groups between the evaluated groups.

Shi et al. (2020) investigated the effects of oligochitosan on the intestinal
microbiota (anterior, middle, and posterior intestine) as a feed additive for
juvenile tilapia (10g average weight) over 42 days. The researchers prepared two
diets with different concentrations of oligochitosan (200 and 400mg.kg™) along
with a control group that received the diet without the supplement. In the alpha
diversity analysis, the authors noted that richness and diversity estimators were
lower for the microbiotas of the posterior intestine of the control group and the
group that received 200mg.kg? of oligochitosan when compared to other
segments and experimental groups. Regarding the abundance of bacterial
communities, it was observed that in all microbiotas, there was dominance (in
descending order) of the phyla Proteobacteria, Actinobacteria, Acidobacteria,
Gemmatominadetes, and Bacteroidetes. In turn, the phylum Fusobacteria had a
greater presence in the posterior intestine of the control group and the group that
received 200mg.kg* of oligochitosan. At the genus level, the authors identified
dominant bacterial groups in each intestinal segment for each treatment but
emphasized that the genus Cetobacterium showed high dominance in the
posterior intestine of the group of animals subjected to diets supplemented with
200g.kg™? of oligochitosan. In the beta diversity analysis, through similarity
analyses, it was observed that the microbiotas of the anterior and middle
intestine were more similar to each other, regardless of the treatment to which
they were subjected. On the other hand, the microbiotas of the posterior intestine
could be differentiated by the type of diet used. In the PERMANOVA analysis
presented by the authors, it was evident that the interaction "type of intestinal
segment x type of diet used" has a statistically significant contribution as a factor
of variation. Moreover, it was shown that the intestinal microbiotas of fish
subjected to the diet with 400g.kg? of oligochitosan were different when
compared to the control treatment and the diet supplemented with 200g.kg™? of
oligochitosan.

Zheng et al. (2020) evaluated the effect of resveratrol ingestion (a polyphenol
found in plants at dose of 0.05 g.kg™?) on the intestinal microbiota in juvenile
tilapia (50g average weight) in a 45-day trial. In terms of alpha diversity, the
authors did not observe significant differences in diversity and richness between
the group that received resveratrol and the control group. Contrary, beta diversity
showed compositional differences between the microbiotas of the evaluated
groups, but these differences are a consequence of the time factor rather than the
applied treatment. However, at the end of the trial, a higher value of the
Bacteroidetes:Firmicutes abundance ratio was observed in the group that
received resveratrol than in the control group. In a similar study of Zheng et al.,
(2024), the effect of resveratrol feed inclusion (at a dose of 0.025 g.kg™) on the
bacterial microbiota of gut content in juvenile tilapia was evaluated. The analysis
of relative abundance showed that the inclusion of resveratrol in the feed for 9
weeks had a gradual trend towards shifting the overall bacterial community at
the phylum and genus levels.
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Wang et al. (2022) evaluated the effect of two diets (based on artemia and
vegetable) on the intestinal microbiota of tilapia over a period of 78 days (90
days of age after fertilization). For this, five samples of the intestinal segment
were taken on days 11, 20, 40, 60, and 90 (after fertilization). Alpha diversity
assessment revealed significant differences in diversity due to a progressive
trend of decreasing diversity over time. Concerning beta diversity, temporal and
treatment-related differences were observed, but without statistical support. On
the other hand, an enrichment of the genus Cetobacterium was detected for the
60 and 90-day periods in the artemia treatment. Meanwhile, the genera
Planctomyces and Pirellula showed significant enrichment in the 60 and 90-day
periods of the vegetable treatment. Due to the limited impact of the supplied
diets, the authors concluded that the composition of the intestinal microbiota in
juvenile tilapia is likely resistant to dietary changes.

Deck et al. (2023) evaluated the impact of eight nutritional programs on the
bacterial microbiota diversity in the gut content of tilapia. The eight nutritional
programs were as follows: i) feed with 25% protein starter diet for 7 days and
switch to a 25% protein growth diet for 49 days, ii) feed with 25% protein starter
diet for 7 days and switch to a 38% protein growth diet for 49 days, iii) feed with
25% protein starter diet for 14 days and switch to a 25% protein growth diet for
42 days, iv) feed with 25% protein starter diet for 14 days and switch to a 38%
protein growth diet for 42 days, v) feed with 25% protein starter diet for 21 days
and switch to a 25% protein growth diet for 35 days, vi) feed with 25% protein
starter diet for 21 days and switch to a 38% protein growth diet for 35 days, vii)
feed with 38% protein starter diet for 21 days and switch to a 25% protein
growth diet for 35 days, viii) feed with 38% protein starter diet for 21 days and
switch to a 38% protein growth diet for 35 days. The authors observed no
significant differences in alpha diversity indicators (based on Shannon and
Faith’s PD indices at the OTU level) among all groups. In contrast, beta diversity
was assessed using an ordination plot (based on weighted and unweighted
UniFrac distances at the OTU level), revealing a trend toward separation into
three clusters. However, a statistical multivariate test was not applied to support
this observation.

Hersi et al. (2023) evaluated the effect of a probiotic mixture (Lactobacillus
plantarum, Saccharomyces boulardii, Lactobacillus acidophilus, mannan
oligosaccharide, and biofloc meal) added to tilapia feed on the bacterial
microbiota of juvenile tilapia faeces. For this study, tilapia groups cultured at
three salinity levels (freshwater O ppt, brackish water 6 ppt, and marine water 18
ppt) were exposed to this probiotic feed for 85 days. According to the authors,
neither salinity nor the feed treatment impacted the microbial composition.
However, appropriate alpha and beta diversity analyses were not conducted or
displayed.

Huang et al. (2023) assessed the impact of feed supplemented with Chlorella
vulgaris on the bacterial microbiota diversity of fingerling tilapia gut content.
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Two levels of supplementation were designed: one group fed a basal diet
supplemented with 0.5% C. vulgaris and another group fed a basal diet
supplemented with 2% C. vulgaris. Additionally, a control group fed only a basal
diet was included. The fish were exposed to this feeding trial for 30 days, and
longitudinal samplings were taken at 15 and 30 days after the trial began.
Regarding alpha diversity, based on Chaol, Shannon, Simpson, richness, Faith’s
PD, and Pielou indices at the ASV level, significant differences were detected
between the two groups supplemented with C. vulgaris and the control group,
but only at day 30. Similar results were observed for beta diversity, based on
relative abundance at the ASV level, where both groups supplemented with C.
vulgaris displayed a significant difference in bacterial community composition
compared to the control group. The author concluded that the impact of C.
vulgaris on the gut microbiota of juvenile tilapia is feeding time dependent.

Kamble et al. (2024) evaluated the effect of feed supplemented with herbal
extracts on the bacterial microbiota diversity of juvenile tilapia hindgut. Four
experimental groups were designed: a group receiving guava leaf extract, a
group receiving star gooseberry leaf extract, a group receiving a combination of
both herbal extracts, and a control group with no herbal extract inclusion. The
experimental trial lasted 12 weeks. Although alpha diversity was evaluated using
several indices, the pooling of samples prevented the acquisition of replicate data
for each group, thus hindering the assessment of significant differences. On the
other hand, beta diversity was evaluated using pairwise similarity coefficients,
but there was no clear specification of the taxonomic classification level and the
community composition approach (relative abundance or presence-absence
approaches). Despite this, the authors observed that fish fed with a guava leaf
extract-supplemented diet displayed a significant difference in compositional
bacterial community compared to the control group. The authors concluded that
all supplemented herbal diets improved the diversity of the intestinal microbial
community.

Pereira et al. (2024) assessed the effect of four feed protein sources (animal,
plant, bacterial, and insect origin) over 46 days on the bacterial diversity of
hindgut mucosa microbiota in juvenile tilapia. Alpha diversity, at the ASV level,
was evaluated and showed no significant differences between all experimental
groups. Regarding beta diversity, the evaluation of relative abundance at the
ASV level also showed no significant differences between all groups. The
authors concluded that the core structure of the gut microbiota community of
Nile Tilapia remains stable despite dietary changes.

In the study by da Silva et al. (2023) the effect of organic acids feed treatment on
the bacterial diversity of the gut microbiota of fingerling tilapia was assessed.
Two experimental groups were designed: one fish group exposed to organic
acids through diet inclusion for 21 days, and a control fish group fed
conventional feed. At the end of the assay, gut content and intestinal mucosa
were evaluated. Alpha diversity analysis, based on Chao richness and Shannon
and Simpson diversity at the OTU level, showed no significant differences
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between both groups, including for gut content and mucosa microbiota. On the
other hand, beta diversity analysis with appropriate statistical methods was not
evaluated. The authors concluded that despite the lack of significant effect on
microbiota diversity, there was a beneficial effect of OAs supplementation in
terms of fish growth.

In the fifteen studies covered in this review on the effect of diets or dietary
additives on tilapia's intestinal microbiota, it was observed that these elements
can alter the composition of the intestinal bacterial microbiota. Although specific
diet compositions (protein and lipid content, and concentrations of sodium
chloride, B-glucan, chitosan oligosaccharide, and resveratrol) were evaluated,
some reports focused on diet ingredients (vegetable-based diet and algae-based
flour diet). Comparations of trials based on ingredients can be challenging since
the composition of an ingredient is much more variable and difficult to
standardize. On the other hand, standardized nutritional components (protein,
lipids, carbohydrates, minerals, and additives), being measurable elements, could
offer greater advantages in terms of reproducibility in intestinal microbiota
studies (Vatsos, 2017).

Effect of probiotic intake

Liu et al. (2016) evaluated the gastrointestinal microbiota of hybrid tilapia
fingerlings (0.9g average body weight, O. niloticus@ x O. aureus &) by
suspending the use of a probiotic (based on Lactobacillus plantarum) that had
been added to the fish feed for 14 consecutive days. The suspension lasted for
three days. The authors observed that the gastrointestinal microbiota of
fingerlings, after the suspension of the probiotic-enriched diet for three days,
showed a reduction in the richness and diversity of bacterial communities
compared to the microbiotas before the suspension. Furthermore, beta diversity
analysis indicated differences in bacterial communities between the periods
before and after the suspension of the probiotic-enriched diet. Although the
bacterial composition was dominated by the phyla Proteobacteria (55 to 66%),
Actinobacteria, Fusobacteria, Bacteroidetes, and Firmicutes in both groups (with
and without probiotic suspension), there was a higher presence of Firmicutes in
the group without suspension of the probiotic-enriched diet compared to the
control group (animals that did not receive probiotic-enriched diet before and
during the entire experimental period) and a lower presence of this phylum in the
group that underwent suspension of the probiotic-enriched diet. In contrast, the
phylum Actinobacteria increased its presence in the group that underwent
suspension of the probiotic-enriched diet. This change in the microbiota after the
suspension of the probiotic is consistent with a dysbiosis process, according to
the authors. To confirm this idea, they challenged groups of animals with and
without suspension of the probiotic through intraperitoneal infection with
Aeromonas hydrophila. The mortalities obtained by the group that underwent
suspension of the probiotic-enriched diet were 100%, like the control group
(88% mortality in animals that received continuous diet without probiotic), but
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different from the group of fish that received continuous diet with probiotic
(35% mortality).

Xia et al. (2020) tested the effect of feeding tilapia fingerlings (0.2g average
body weight) exposed to probiotic-supplemented feed based on Bacillus subtilis,
Bacillus cereus, and a combination of both for six consecutive weeks. After
completing the feeding period, an additional week of feeding was provided to all
animals, but with feed without probiotic supplementation. When comparing the
intestinal microbiota of fish that had completed the probiotic-supplemented
feeding period with those that had an additional week of feeding without
probiotic supplementation, significant differences were found. They were
observed in terms of the abundance and richness of specific bacterial groups and
were related to the type of probiotic received, as well as the evaluated period (at
the end of the supplementation period or after the supplementation interruption).
Regarding beta diversity, it was observed that only the group of animals that
received the B. subtilis supplement apparently had greater similarity to the
control group than to the other treatments; however, the authors did not provide
statistical support for these findings.

Tan et al. (2019) evaluated the effect of the probiotic Rummeliibacillus stabekisii
supplemented in the diet on the intestinal microbiota of juvenile tilapia (68g
average body weight) over eight weeks. For this, they prepared three
experimental dietary treatments: G1 (control group without probiotic
supplement), G2 (diet supplemented with 10° CFU.g? of feed), and G3 (diet
supplemented with 10’ CFU.g* of feed). The authors observed that, in terms of
beta diversity, there were differences between the different treatments. Moreover,
the abundance of probiotic bacteria was higher in the microbiotas of the groups
that received the R. stabekisii supplementation, while the abundance of
pathobionts was higher in the control group. On the other hand, the most
abundant bacterial genus in all three tested groups at the end of the trial was
Cetobacterium. The predominance of other genera was variable and dependent
on the treatment.

Li et al. (2019) evaluated the effect of including a probiotic strain of Clostridium
butyricum at different concentrations in the commercial diet for feeding 569
tilapias (average live weight) over 56 days. In this study, intestinal content was
collected at the end of the experimental phase from the control group (without
probiotic inclusion) and the C. butyricum treatment group (10° CFU.g* of diet).
The authors found that the phyla Bacteroidetes, Firmicutes, Candidate-division-
SR1, Chloroflexi, Chlorobi, Acidobacteria, Spirochaetae, Nitrospirae,
Parcubacteria, Planctomycetes, and WCHB1-60 were significantly enriched in
the microbial communities of animals subjected to probiotic treatment, while the
control group animals had a higher dominance of the Fusobacteria and CKC4
phyla. The Proteobacteria phylum was similar in both groups. Alpha diversity
estimators indicated greater richness and diversity in animals subjected to the
diet supplemented with the C. butyricum-based probiotic.
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Tang et al. (2020) assessed the effect of probiotic Bacillus subtilis feed inclusion
on the bacterial diversity of midgut microbiota in fingerling tilapia. Two
experimental groups of fish reared at the same salinity (16g.L™) were designed: a
fish group exposed to probiotic feed inclusion (based on B. subtilis at a dose of
108 CFU.gY) and a control fish group fed with conventional feed. Alpha
diversity was evaluated based on Shannon, Simpson, richness, Chaol, and ACE
indices at the OTU (Operational Taxonomic Unit) level. Interestingly, richness,
Chaol, and ACE displayed significantly higher values in the fish group exposed
to probiotic feed inclusion. Additionally, the authors indicated that the relative
abundance of the phylum Verrucomicrobia was significantly high in this same
group. It was concluded that probiotic treatment positively shaped the intestinal
microbiota of tilapia in brackish water.

Kuebutornye et al. (2020) tested the modulating capacity of three probiotic
species of Bacillus (Bacillus velezensis, Bacillus subtilis, Bacillus
amyloliquefaciens) on the intestinal microbiota of tilapia. Animals weighing 46g
were subjected to commercial diets that included the incorporation of spores of
each of the Bacillus sp. species during four weeks of continuous feeding. The
groups of animals that received the probiotic diets showed shared dominance
among the Firmicutes, Proteobacteria, Fusobacteria, and Bacteroidetes phyla,
while the control group was dominated by the Firmicutes and Proteobacteria
phyla. At the bacterial genus level, there was a decrease in Plesiomonas and an
increase in Cetobacterium, Clostridium, and Cellulosilyticum, as well as the
exclusive presence of Hathewaya in the intestinal microbiota of animals that
received the Bacillus-based probiotic diet.

Guimarées et al. (2022) evaluated the effect of probiotic feed therapy on the
bacterial microbiota diversity of juvenile tilapia foregut. For this purpose, a
probiotic blend composed of Bacillus subtilis and Lactobacillus plantarum was
added to the feed and administered to tilapia for a 21-day period. A second group
of fish not exposed to probiotic feed (Control) was included. Bacteria diversity
was assessed 14 days after the probiotic feed treatment concluded. Alpha
diversity analysis, based on Chaol, Shannon, and Simpson indices at the OTU
level, displayed no significant differences between the two groups. Similarly,
beta diversity analysis, based on the relative abundance of OTUs, showed no
significant differences between both groups. Interestingly, the authors detected a
significant increase in the relative abundance of Cetobacterium in fish exposed
to probiotic feed. Consequently, it was concluded that orally administered
probiotics modified the composition of tilapia foregut microbiota.

In the study conducted by Melo-Bolivar et al. (2023), the effect of six probiotic
feed treatments, consisting of various combinations of Lactococcus lactis,
Priestia megaterium, and Priestia sp., on the diversity of bacteria in the
intestinal microbiota was evaluated. Six experimental groups of tilapia
fingerlings were established, and they were subjected to a one-month feeding
trial with these probiotic treatments. Surprisingly, alpha diversity analysis based
on the Shannon index and beta diversity analysis based on relative abundance
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composition at the ASV level revealed no significant differences between the
treatments. This indicates that the diversity of the intestinal microbiota did not
vary significantly among the different probiotic feed treatments. The authors
suggested that the lack of significant differences in diversity might be attributed
to the limited in vivo colonization of the administered probiotic type.

Pan et al. (2023) evaluated the effect of feed treatment with Bacillus subtilis on
the bacterial diversity of juvenile tilapia intestine microbiota. Three experimental
groups: a B3 group (10° FCU g* of Bacillus subtilis), a B6 group (10’ FCU g*
of Bacillus subtilis), and a control group (without Bacillus subtilis inclusion),
were applied for four weeks. Alpha diversity was evaluated using Menhinick’s
index at the OTU level, and there was detected a significative diference between
control and B6 groups. Beta diversity, assessed by ordination plots of relative
abundance, did not display clear differentiation among all experimental groups.
In addition, no multivariate statistical test was applied to assess overall beta
diversity differences between groups. Despite this, the authors concluded that
Bacillus subtilis at a dose of 10° FCU g* was enough to alter the microbiota.

Clearly, the use of probiotics supplemented in the diet had a modulating effect on
the intestinal microbiota of tilapia in all the studies reported in this review. The
modulation of the microbiota appeared to be dependent on the exposure time to
probiotics, as well as the type (monospecies or multispecies, and autochthonous
or allochthonous) and dosage quantity (CFU g* of food) administered. It is
likely that this modulation pathway of the intestinal microbiota through
probiotics will be, or already is, a field to be explored to meet the different
nutritional and health-related targets in tilapia aquaculture and other fish species
(Merrifield and Carnevali, 2014; Wuertz et al., 2021).

4.2.6.2.3 Effect of pathogenic bacteria

Li et al. (2019) assessed the effect of an attenuated strain and a pathogenic strain
of Streptococcus agalactiae in tilapia (1559 average body weight) orally
inoculated, on the intestinal microbiota during four evaluation periods (post-
challenge): 0 h, 12h, 24h, 3d, 7d, and 15d. The authors found that the
compositions of bacterial communities changed immediately after the challenge
for both strains. This change involved the alteration of alpha and beta diversities
in different intestinal segments (duodenum, anterior, middle, and posterior
intestines). The animals challenged with the pathogenic strain reached 100%
mortality at 24 hours, and up to that period, there was a marked alteration in the
intestinal microbiota. On the other hand, animals challenged with the attenuated
strain showed changes in microbiota in terms of richness and abundance;
however, despite these values gradually recovering over time, the composition
obtained before the challenge was not fully restored until day 15 after the
challenge. Moreover, the authors highlighted that the DNA of the attenuated
strain of Streptococcus agalactiae was no longer detected from day seven after
the challenge; this would be, according to the authors, a consequence of the
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strong repulsive effect of the intestine and intestinal microbiota on this
attenuated strain.

Suphoronski et al. (2019) studied the effect of the addition of phytogenics
associated or not with potassium diformate in the diet for 15 days in tilapia
fingerlings (34.3g average body weight) on the allochthonous intestinal
microbiota (feces), before and fifteen days after challenge (oral and immersion
bath) with the pathogenic bacterium Francisella orientalis. In the analysis of
alpha diversity, the Positive Control group (animals fed a diet without
supplementation but challenged with F. orientalis) had the highest richness
value; however, although the Shannon diversity indices of the five evaluated
groups did not show significant differences. The authors emphasized that groups
Gl (supplementation with 0.2% phytogenic, and challenged), G2
(supplementation with 0.2% phytogenic and 0.2% potassium diformate, and
challenged), and G3 (supplementation with 0.5% phytogenic and 0.2%
potassium diformate and challenged) had higher diversity than the positive
control and negative control groups (animals fed a diet without
supplementation). Moreover, group G3 showed similar levels of diversity before
and after the challenge; however, groups G1 and G2 showed a decrease in
diversity after the challenge with F. orientalis. In terms of abundance, the genus
Cetobacterium and Bacteroidales-Unclassified were predominant in all groups.
However, there were genera with greater participation depending on the type of
treatment, so that the genus Romboutsia was present in the negative control
groups and in groups G1, G2, and G3 before the challenge. In the positive
control groups and after the challenge in groups G1, G2, and G3, the genus
Vibrionaceae-Unclassified had a greater participation. In turn, Group G1 after
the challenge showed an increase in Plesiomonas spp; however, in none of the
challenged groups was an increase in the abundance of the Gammaproteobacteria
class observed as an indicator of the presence of Francisella orientalis.
However, the overall composition of bacterial communities, in terms of
abundance, in groups G1, G2, and G3 after the challenge did not show
significant differences with the positive control group.

The effect of the pathogenic bacterium Streptococcus agalactiae on the
autogenous (mucosa) and allogenic (feces) intestinal microbiota of juvenile
tilapia (359 average live weight) was assessed by Silva et al. (2020). For this, the
fish were orally challenged with a pathogenic strain of S. agalactiae (1.98 x 102
CFU.fish'), and during the second and fifth days after the challenge, samples
were taken from the fish that showed clinical signs of disease with a high risk of
mortality (exophthalmia, erratic swimming, lethargy, and anorexia). Alpha
diversity analysis showed lower richness of bacterial communities in fish
challenged with S. agalactiae. When evaluating the abundance at the genus level
of the microbiotas, it was observed that the group of challenged animals had a
higher abundance of Streptococcus and Cetobacterium, while the control group
had a higher abundance of Cetobacterium. The authors pointed out that this
increase in the abundance of the genus Streptococcus was more evident in the
allogenic community than in the autogenous community, compared to the control
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group. A similar situation was observed for bacterial groups of the genus
Bacillus, which showed higher abundance in the allogenic community than in the
autogenous community of challenged animals, while in the control group, the
abundance was similar in both microbiota communities. On the other hand, the
genera Lactobacillus, Plesiomonas, and Aeromonas had similar abundances
between the allogenic and autogenous bacterial communities of infected animals;
however, they were higher compared to the microbiota of the control group. The
authors indicated that the paradox of finding a higher abundance of bacterial
groups with potential benefits (Bacillus and Lactobacillus) and a lower
abundance of the pathogenic group Streptococcus in the intestinal mucosa of
challenged animals would be due to two distinct processes, respectively: the first
would be an intention of the host to modulate beneficial bacterial groups to
combat the diseased state, and the second is a consequence of the bacterial
invasion process, i.e., the intense translocation of S. agalactiae from the
intestinal mucosa to other host sites.

In the study by da Silva et al. (2023), the effect of exposure to Francisella
orientalis on the bacterial diversity of the gut microbiota of fingerling tilapia was
assessed. A challenge via bath at a dose of 106 CFU.mL™ for three hours was
applied. Additionally, a control group without bacterial exposure was included.
After 21 days post-challenge, gut content and adherent intestinal microbiota
were obtained and evaluated. Alpha diversity was assessed at the OTU level
using Chao, Simpson, Sobs, and Shannon indices for both types of samples (gut
content and adherent intestinal microbiota). However, a significant difference
was detected only in the Shannon index in the adherent intestinal microbiota,
where F. orientalis exposure led to an increase in diversity. Regarding beta
diversity, no specific statistical approach was used in the study. The authors
commented that the microbiome remained balanced and was not drastically
altered by the F. orientalis challenge.

The experimental studies on bacterial infection with strains known to be
pathogenic in tilapias have shown a clear modulating effect of these
microorganisms on the intestinal microbiota. Although some studies were
designed to assess the longitudinal effects of the disruption caused by pathogens
inoculated at lethal doses (equal to or greater than the median lethal dose,
LD50), there is still the challenge of understanding whether these dosages are
truly comparable to a situation of natural infection. Probably, similar to what is
observed with probiotics, different infectious doses of the same pathogen could
elicit different responses from the intestinal microbiota, and these responses may
result from bacterial competition interactions and the strategies employed by the
pathogen to persist in the intestinal lumen (Robinson et al., 2018; Wiles et al.,
2020, 2016).

4.2.6.2.4 Effects of antimicrobial feed therapy

The initial studies that showed indications of the modulating effect of
antimicrobials on the bacterial communities in the tilapia intestine were based on
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culture-dependent methods (Koh et al., 2016; Sarkar et al., 2015) and the
amplification and analysis of the 16S RNA gene using denaturing gradient gel
electrophoresis (DGGE), a technique that does not involve sequencing of the
aforementioned gene (He et al., 2012, 2010; Merrifield et al., 2011; Zhou et al.,
2011, p. 201, 2009). With the advent of next-generation sequencing (NGS)
techniques, it became possible to confirm, in greater detail, the effect of
antimicrobials on the intestinal bacterial communities of tilapia (Limbu et al.,
2020, 2019, 2018).

The effect of the antimicrobials oxytetracycline and sulfamethoxazole,
administered orally at low concentrations or at therapeutic concentrations, on the
intestinal microbiota of healthy tilapia (average weight of 27g) over an extended
period (12 continuous weeks) was evaluated by Limbu et al. (2018). In this
study, it was observed that in all intestinal bacterial communities, regardless of
the treatment to which the animals were subjected, there was a dominance of the
phyla Firmicutes and Proteobacteria. On the other hand, richness estimators were
higher in animals subjected to antimicrobials, but there was also a decrease in
specific bacterial groups associated with each of the antimicrobials. However,
the authors found residues of antimicrobials in the base diet used to prepare the
treatments; therefore, according to the authors, this could have generated an
additive effect between the antimicrobials in the diet and those that were added
to the intestinal microbiotas.

In a study focused on evaluating oxytetracycline in tilapia, Limbu et al. (2019)
investigated the impact of therapeutic (80 mg.kg™ of biomass) and prolonged
(continuous 65 days) oral administration of this antimicrobial on the intestinal
microbiota of tilapia fingerlings (average weight of 8.45g), fed with high and
low lipid diets. The authors observed differences in alpha and beta diversities
between the microbiotas of animals that received the antimicrobial compared to
those that did not. The study highlights that the phyla Bacteroidetes and
Fusobacteria increased and decreased in abundance, respectively, in the intestinal
microbiota of animals that received oxytetracycline through the feed.
Conversely, the phylum Proteobacteria showed significantly lower abundance in
animals that received a diet without antimicrobial and with low lipid content. In
contrast, the abundance of the phylum Proteobacteria increased in animals that
received oxytetracycline in the diet, as well as in the diet with high lipid content.
At the genus and species levels, the authors noted an increase in Plesiomonas
shigelloides and Cyphagales in the microbiotas of animals fed with
antimicrobial-containing feed and high and low lipid content, respectively.
Meanwhile, Porphyromonas increased in abundance in the microbiota of fish
subjected to oxytetracycline through the diet.

Limbu et al. (2020) evaluated the effect of prolonged therapeutic oxytetracycline
treatment (35 days), administered orally (80mg.kg™ biomass), in tilapia
fingerlings (9.5g average live weight) on the intestinal microbiota. However, this
time the researchers used two diets with different carbohydrate contents (through
the inclusion of corn starch). The authors found a potential protective effect
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against hepatotoxicity caused by the inclusion of the antimicrobial in the diet
using feed with high carbohydrate content. Contrary, a state of dysbiosis
(alteration of the microbiota balance) caused by the inclusion of the
antimicrobial was observed in animals subjected to the diet with a medium
carbohydrate content. In these animals, the presence of bacterial groups with
potential pathogenicity in cultured fish (Microbacterium sp., Candidatus sp.,
Parachlamydiaceae, Plesiomonas sp., Legionella sp.) was increased in the
intestinal microbiota. On the other hand, the group of animals subjected to diets
with antimicrobial and high carbohydrate content showed lower abundance of
these pathogenic groups, and there was an increase in bacterial groups
(Rhizobiales sp.) with potential immunostimulant and nutritionally beneficial
effects for the fish. The authors suggested that the reduction of pathogenic
bacteria could be explained by the greater presence of carbohydrate-binding
molecules in the bacterial membrane in diets with high carbohydrate content.

The evaluation of the impact of sulfamonomethoxine on bacteria diversity in
juvenile tilapia gut content was analyzed by Ming et al. (2020). After a 4-week
exposition period with sulfamonomethoxine at two doses (200 and 300 mg.kg™
body weight), the authors found that alpha diversity (based on ACE and Shannon
index of OTU) was comparable between both applied doses and the control
group (without exposition to sulfamonomethoxine). On the contrary, the beta
diversity analysis (based on the relative abundance of OTUs) showed a
significant difference in the group exposed to 300 mg.kg? body weight
compared to the other groups. Additionally, this same exposed group was the
only one that displayed a significant time variation in gut OTU bacteria
composition and OTU richness. The authors concluded that the use of feed
therapy with sulfamonomethoxine at a dose of 200 mg.kg* body weight is more
recommended for preventing Nile tilapia disease, providing preliminary
guidance for the use of this antimicrobial molecule in this fish species.

The impact of oxytetracycline on the bacterial diversity of tilapia hindgut content
was evaluated by Payne et al. (2021). In this experimental study, one group of
juvenile tilapias was exposed to oxytetracycline feed therapy at a dose of 100
mg.kg™.day* for a period of 7 days, while a second group (control) was fed with
regular non-medicated feed. Following the feed therapy, both groups underwent
a withdrawal period of 14 days. The study employed a longitudinal design, with
four sampling points applied for each group. Regarding alpha diversity, no
significant differences were observed in the Shannon and Simpson indices
between both groups. Similarly, no significant differences were observed
between both groups in the beta diversity analysis at any temporal point. The
authors concluded that the overall gut microbiome community of tilapia
remained resilient to the treatment with oxytetracycline.

Yin et al. (2022) investigated the effect of florfenicol feed therapy on the
bacterial diversity of tilapia gut content. For this purpose, two groups were
evaluated: one exposed to florfenicol (with a final dose equal to 10 mg.kg.day"
1y and the other not exposed (control). The alpha diversity was assessed based on
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richness, ACE, Shannon, and Simpson indices of OTUs, revealing no significant
differences between both groups. In contrast, the beta diversity analysis showed
significant differences in the composition of the bacterial microbiome (based on
presence-absence OTU composition). The authors concluded that florfenicol
treatment led to significant alterations in the tilapia gut microbiome and changed
the dominant bacterial taxa.

Chen et al. (2023) assessed the effect of enrofloxacin exposure on the intestinal
microbiota of juvenile tilapia (13 cm). To achieve this, four experimental
exposure groups were prepared: injection, immersion, oral administration, and a
control group (without exposure). The exposure duration for all groups was 48
hours, and the microbiota of the intestinal segment was evaluated. In the
assessment of alpha diversity, the authors indicated that richness and diversity
estimators were significantly lower in the injection and immersion groups
compared to the control group. In beta diversity, significant differences were
observed in the composition of the microbiota between the control and all groups
exposed to enrofloxacin. Additionally, the family Burkholderiaceae, and the
genera Ralstonia, and Clostridium_sensu_stricto were detected as taxonomic
markers for the group exposed to enrofloxacin orally. Finally, the authors
concluded that diversity was particularly low in the immersion-exposed group,
while the intestinal microbiota of the injection-exposed group was less impacted.

From the studies described in this review, it becomes apparent that the exposure
of the intestinal microbiota to antimicrobials induces changes in its composition
in terms of alpha and beta diversity. However, it has been common in these
reports to observe an association between this change in the microbiota and
dysbiosis, although the term itself remains a subject of discussion in the
scientific community (Berg et al., 2020; Brussow, 2020).

The term dysbiosis faces conceptual challenges due to its circular reasoning in its
most common definitions. For instance, intestinal dysbiosis is defined as the loss
of balance in the intestinal microbiota leading to a state of altered host
homeostasis, while the alteration of homeostasis would lead to a state of
intestinal dysbiosis in the host (Brussow, 2020). However, there are efforts to
properly conceptualize the term dysbiosis (Berg et al., 2020; Byndloss and
Baumler, 2018), as well as the adaptation of new methodologies (e.g.,
microecological postulates of Koch) to demonstrate that intestinal dysbiosis is a
real state of disease (Huang et al., 2020).

On the other hand, studies evaluating the dysbiosis effect generated by
antimicrobials on the microbiota of tilapia, considering different aquaculture
production systems, are still limited, as evidenced in this section where most
studies were conducted in semi-closed aquaculture systems. Exploring such
topics would contribute significantly to the sustainable development of
aquaculture.

4.2.6.3 Effects of other elements included by water dilution and other exposition ways




49

In a study conducted by Giatsis et al. (2016), the successful inoculation of the
probiotic Bacillus subtilis into the intestinal microbiota of Nile tilapia larvae was
achieved through continuous exposure to an axenic probiotic solution dissolved
in the cultivation water for seven days. However, upon termination of the
exposure, the abundance of Bacillus subtilis gradually decreased over time and
was eventually undetectable. Regarding beta diversity, significant differences in
the composition of the intestinal microbiota were observed between the two
evaluated groups. Nevertheless, in both groups, the primary bacterial genera
identified were Bacillus, Rhodococcus, Nocardia, Mycobacterium, Ralstonia,
and Aquicella. On the other hand, it was noted that the group of tilapia fry
fingerlings exposed to Bacillus subtilis through the cultivation water exhibited
lower variability in the composition of the intestinal microbiota among animals
from different replicates (tank effect) two weeks after the completion of the
probiotic exposure. In contrast, the control group (without exposure to the
probiotic) displayed greater variability in the composition of their intestinal
microbiotas, attributed by the authors to the combined effects of tank conditions
and time.

Zhai et al. (2017) studied the effect of soluble cadmium in the cultivation water
(1 mg/L) on the intestinal microbiota of juvenile tilapia over a continuous four-
week period. The authors observed, at the end of the trial, that the intestinal
microbiota of fish subjected to soluble cadmium showed lower diversity and
richness than the control group. They highlighted that in this same group, there
was an increase in the abundance of the phylum Bacteroidetes and a decrease in
the phylum Fusobacteria. At the bacterial genus level, animals exposed to
soluble cadmium showed a decrease in Cetobacterium, Plesiomonas, and
Deefgea, but a significant increase in Flavobacterium, Pseudomonas, Cellvibrio,
and Acinetobacter when compared to the control group.

Liu et al. (2019) investigated the effect of carbon sources used to promote
nitrification processes in biofloc systems on the posterior intestinal microbiota of
tilapia. They subjected tilapia fry (0.5g average live weight) to 90 days of
cultivation with three different carbon source treatments: one group based on by-
products of the longan fruit, the second group used the biodegradable solid-phase
polymer "Poly B-hydroxybutyrate-p-hydroxyvalerate (PHBV)," and the third
group used a mixture of PHBV and longan by-products. After the experimental
period, it was observed in all three treated groups that the dominant phyla were
Proteobacteria, Fusobacteria, and Bacteroidetes. However, there were differences
in the abundance of each phylum among the evaluated groups. Animals
cultivated in biofloc systems with PHBV or a mixture of PHBV with longan by-
products showed higher and lower abundance of the phyla Proteobacteria and
Fusobacteria, respectively, compared to the group that received only longan by-
products. In this regard, the authors drew attention to the
Firmicutes/Bacteroidetes (F/B) ratio being lower in the group that received only
longan by-products, and it was this same group of fish that achieved the lowest
final weights. According to the authors, there would be a relationship between
the F/B value and the weight of the animals. On the other hand, when bacterial
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communities were evaluated at the genus level, the microbiotas of the PHBV or
PHBV mixture with longan by-products groups showed a higher abundance of
Cetobacterium.

Yu et al. (2019) evaluated the effect of continuous exposure (four weeks) to
soluble aluminum in the cultivation water (2.73 mg.L™) on the intestinal
microbiota of juvenile tilapia (34g live weight). For this purpose, four
experimental groups were assessed in triplicate: the group subjected to soluble
aluminum in the cultivation water, the group subjected to aluminum and a diet
supplemented with probiotics, the group subjected only to a diet with probiotics
(based on Lactobacillus plantarum, 108 CFU.g %), and the control group. The
results showed that bacterial diversity and richness were higher in the intestinal
microbiotas of fish kept in water with soluble aluminum, whether with probiotic
supplementation or not. Beta-diversity analysis showed low similarity between
the control groups and the group subjected to probiotics regarding the groups
kept in soluble aluminum, with or without probiotic supplementation. Moreover,
differences in bacterial composition at the phylum level were noted among the
different experimental groups. Furthermore, animals exposed to soluble
aluminum showed lower abundance of the genera Plesiomonas, Deefgea, and
Pseudomonas, and an increase in Flavobacterium, Enterovibrio, and the families
Porphyromonadaceae and Comamonadaceae compared to the other groups. On
the other hand, the microbiota of animals exposed to soluble aluminum along
with a diet supplemented with probiotics showed lower abundance of
Enterovibrio, Comamonadaceae, and Porphyromonadaceae.

Tang et al. (2020) evaluated the effect of salinity of aquatic environment on
bacteria diversity of midgut microbiota in fingerling tilapia. For this, two
experimental groups were established: a fish group reared at salinity level of
16g.L™, and a control group cultured in freshwater (salinity value not informed).
Alpha diversity, based on Shannon, Simpson, richness, Chaol, and ACE indices
at the OTU level, was evaluated and no significative differences were detected
between both groups. However, the authors indicated that the Chaol, and ACE
indices of the genus Pseudolabrys was significantly high in group reared at
salinity level of 16g.L™.

Souza et al. (2020a) evaluated the effect of supplemented B-glucan in the
cultivation water (0.1 and 0.3 mg of B-glucan.L™ of water) over a continuous
period of 15 days on the intestinal microbiota of male tilapia fry (8.3g average
live weight). The results showed that the main dominant bacterial groups in the
three evaluated treatments (two doses of B-glucan and the control) were
Fusobacteria, Firmicutes, and Proteobacteria. At the genus level, Cetobacterium
and Romboutsia were dominant in all three groups. Additionally, the
Vibrionaceae-Unclassified group exhibited co-dominance in the microbiotas of
animals subjected to 0.1 mg.L™? of B-glucan, while the Control and 0.3 mg.L™ of
B-glucan groups showed co-dominance of Plesiomonas. In the alpha diversity
analysis, the authors observed significantly higher richness in the 0.1 mg.L™? B-
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glucan group compared to the control group. However, beta diversity analysis
evaluated by AMOVA showed no differences between the structures of bacterial
communities in different treatments, despite the differential increase of some
bacterial groups in the treatments.

Bao et al. (2023) evaluated the effect of microplastics on the bacterial diversity
of juvenile tilapia hindgut. Fish were exposed to water artificially polluted with
two types of microplastics in separate groups: conventional microplastics based
on polyvinyl chloride and biodegradable microplastics based on polylactic acid.
The final daily dose was 100 pg.L? for both groups during an experimental
period of 14 days. Additionally, a control group (water not polluted) was
included. After confirming that fish can filter microplastics from the water and
into their gut content at the end of essay, the alpha and beta diversity of the gut
bacterial microbiota were evaluated. Regarding alpha diversity, as assessed by
the Chaol and Shannon indices, no differences were detected among the three
groups. However, beta diversity, based on the presence-absence composition,
revealed a significant difference between the groups exposed to microplastics
and the control group. The authors concluded that microplastics (conventional
and biodegradable plastics) induced changes in tilapia gut microbiota.

Linh et al. (2023) assessed the effect of hyperoxia in water culture on the
bacterial microbiota diversity of fingerling tilapia gut. For this study, a fish group
was exposed to oxygen nanobubbles at a dose of 10° particles.mL™ for 26 days.
Additionally, a control group of fish exposed to conventional aeration was
included. Alpha diversity, evaluated by the Shannon index of OTUs, showed no
significant differences between the experimental groups. Similarly, beta
diversity, based on the relative abundance of OTUs, revealed no significant
compositional differences between the bacterial communities of both groups.
The authors concluded that the long-term hyperoxia induced by oxygen
nanobubbles exposure appears to be benign and has no discernible adverse
effects on fish.

Meng et al. (2023) evaluated the effect of Chlorella pyrenoidosa diluted in
aquaculture water for 50 days on the bacterial diversity of tilapia gut content.
Three levels of C. pyrenoidosa dilutions (low, medium, and high concentrations)
were applied, along with a control group not exposed to C. pyrenoidosa. The
evaluation of alpha diversity, based on richness and phylogenetic diversity at the
OTU level, displayed no significant differences between experimental groups.
Only Pielou’s evenness showed a significant difference between the control
group and the medium and high concentrations of C. pyrenoidosa. Regarding
beta diversity, based on relative abundance at the OTU level, the authors found
significant differences in similarities between the control group and all other
experimental groups exposed to C. pyrenoidosa. It was concluded that bacterial
diversity in gut was not significantly affected by the C. pyrenoidosa addition.

Zheng et al. (2023) assessed the effect of methomyl concentration in water on
the bacterial diversity of foregut content microbiota in fingerling tilapia. For this
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study, a 42-day assay was designed with five experimental groups: five fish
groups exposed to different doses of methomyl (0.2, 2, 20, 200 pg.L™), and one
fish control group with no exposure to methomyl. Evaluation of alpha diversity
(based on richness, ACE, Chaol, Simpson, and Shannon at the OTU level)
showed significant differences between several groups compared to the control
group, with an overall diminishing trend reported. Beta diversity was assessed
using a presence-absence approach, revealing significant differences between
two groups exposed to methomyl (0.2 and 20 pg.L™?) compared to the control
group. The study concluded that methomyl may be responsible for shaping the
intestinal microbiota.

Wu et al. (2024) assessed the effect of polystyrene microplastics on the bacterial
diversity of midgut microbiota in fingerling tilapia. Two experimental groups
were established: a fish group exposed to polystyrene microplastics with a
diameter of 80 nm at a concentration of 1 mg.L™ in reared water, and a control
fish group with no exposure to microplastics. The assay lasted 14 days, and after
that, alpha diversity was analyzed using the Shannon and Simpson indices at the
ASV level. The authors found significant differences in both diversity indices
between groups. Additionally, they observed evident differences in the relative
abundance of some bacterial phyla between the two groups. The authors
concluded that microplastics cause an imbalance of intestinal microbiota
homeostasis in tilapia.

The study conducted by Medina-Felix et al. (2024) aimed to investigate the
impact of Nocardia asteroid infection on the bacterial diversity of the stomach
and intestinal microbiota in juvenile tilapia. The experimental infection involved
intraperitoneal injection of Nocardia asteroid at a dose of 10® colony-forming
units (CFU) per fish, with gut sampling occurring seven days post-inoculation. A
control group of fish injected with saline solution was also included for
comparison. Alpha diversity analysis, as assessed by Chaol and Fisher indices,
did not reveal significant differences between the two treatment groups in terms
of stomach and intestinal microbiota diversity at the amplicon sequence variant
(ASV) level. However, beta diversity analysis based on relative abundance at the
ASV level showed a notable differentiation in the stomach microbiota of infected
fish compared to the stomach microbiota of the control group. Unfortunately, the
authors did not provide statistical test results to support these observed
differences. On the other hand, the overall composition of the intestinal
microbiota appeared to remain largely unchanged by the infection assay. The
authors concluded that a severe dysbiosis in the stomach microbiota of tilapia
was caused by Nocardia sp. infection.

4.2.6.4 Host effect

Tilapias that underwent a process of phenotypic selection may express differences
in the diversity of their microbiota. Kokou et al. (2018) observed the effect of
selection in Blue Tilapia (Oreochromis aureus) chosen for resistance or sensitivity
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to water temperature in aquaculture. The assessment of alpha diversity (Shannon
index) revealed that tilapias with a phenotype sensitive to low-temperature
cultivation exhibited higher diversity and greater individual variability compared
to the thermally resistant group. In the evaluation of beta diversity, it was observed
that the intestinal communities of tilapias in the low-temperature resistant group
had greater similarity among individuals. Additionally, there was an enrichment of
Cetobacterium somerae and Vibrio cholerae in the intestinal microbiotas of fish
with resistance to low temperatures. In contrast, in the group sensitive to low
temperatures, Prevotella sp., Streptococcus luteciae, and some species of
Bacteroidetes, as well as the families Christensenellaceae, Succinivibrionaceae,
and Clostridiaceae, were all enriched.

Tilapia with different genotypes may exhibit differences in their microbiota.
Chiang et al. (2020) demonstrated that tilapia genetically manipulated to express
two enzymes that stimulate the synthesis of Omega-3 fatty acids had greater alpha
diversity of the intestinal microbiota compared to non-genetically manipulated
tilapia. Additionally, there was a lower abundance of the Prevotellaceae family,
which is associated with inflammatory processes. However, the phyla
Fusobacteria, Bacteroidetes, Proteobacteria, and Firmicutes were dominant for
both tilapia genotypes.

In the publication by Sakyi et al. (2020), fasting and the resumption of feeding
were explored as possible causes of modulation of the intestinal microbiota of
tilapia. Juvenile fish (average weight of 96g) were distributed into three
experimental groups: first subjected to continuous feeding for 21 days; second for
21 days; and third for 21 days followed by a return to feeding for additional 21
days. In the evaluation of the bacterial microbiota of the intestine during different
sampling periods, it was observed that the phyla Proteobacteria, Actinobacteria,
Firmicutes, Fusobacteria, and Bacteroidetes were predominant in all experimental
groups. However, there were differences in abundance among the evaluated
experimental groups, with the phyla Actinobacteria and Firmicutes showing
successive decreases in fish that received continuous feeding, while there were
increases in these same phyla in animals subjected to fasting. However, when
animals in a fasting state resumed feeding, it was observed that the phyla
Proteobacteria, Actinobacteria, and Firmicutes had lower abundance. On the other
hand, the phyla Fusobacteria and Bacteroidetes showed higher abundance in the
groups subjected to continuous feeding and in the group that resumed feeding,
while animals subjected to fasting showed the lowest abundance of these phyla.
Regarding the genus level of bacterial communities, the authors emphasized that
Cetobacterium, Clostridium sensu stricto, Plesiomonas, Romboutsia, and
Bacteroides were dominant in all microbiotas of the experimental groups.
However, high abundance levels of Cetobacterium and Bacteroides were observed
in animals that received continuous feeding; the genera Plesiomonas, Clostridium
sensu stricto, and Romboutsia were abundant in animals subjected to fasting. On
the other hand, animals that resumed feeding after the fasting period showed a
tendency to decrease Plesiomonas, Clostridium sensu stricto, and Romboutsia; but
an increase in Cetobacterium and Bacteroides. Finally, analyses of alpha diversity
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showed sustained decreases in richness and diversity of the bacterial microbiota in
animals subjected to continuous feeding and in those that resumed feeding after
the fasting period. Conversely, fish subjected to fasting tended to increase richness
and diversity over time. However, in the beta diversity analysis shown by the
authors, no groupings associated with the different treatments applied or the
evaluated sampling periods were observed.

Bereded et al. (2020) assessed the differences in the microbiotas of different
regions of the gastrointestinal tract in wild tilapia. In terms of alpha diversity, all
evaluated segments (stomach, midgut, and hindgut) showed significant differences
among them, with the midgut standing out for its higher bacterial richness. In the
analysis of beta diversity, although there were significant differences in the
bacterial composition among the three evaluated segments, the authors emphasized
that the high variability observed among the samples assessed could be influencing
the obtained results.

In the study conducted by Bereded et al. (2021), differences in the intestinal
microbiota of tilapia from different environmental conditions (wild conditions and
captive conditions) were investigated. They found variations in the composition of
the intestinal bacterial microbiota between domesticated tilapia (i.e., from
aquaculture) and wild tilapia. The authors highlighted that in the microbiota of
wild tilapia, the phyla Firmicutes and Fusobacteria dominated over Bacteroidetes
and Cyanobacteria. Additionally, they observed that the core microbiota (or root
microbiota, i.e., the taxonomic groups identifiable in the microbiotas of various
hosts) of both wild and aquaculture tilapia consisted of the phyla Firmicutes,
Proteobacteria, and Fusobacteria. However, there was a greater dominance of the
phyla Proteobacteria, Chloroflexi, and Cyanobacteria in aquaculture individuals. In
contrast, wild tilapia showed a significantly higher contribution from the phylum
Fusobacteria. On the other hand, when comparisons were made at the bacterial
genus level, the intestinal microbiota of wild tilapia was significantly enriched
with taxa such as Cetobacterium, Romboustia, and Peredibacter. In contrast, the
microbiotas of aquaculture tilapia were dominated by the genera Defluviicoccus,
Methyloparacoccus, and Sterolibacterium. Furthermore, higher values of richness
and diversity indices were observed in the samples of intestinal microbiota from
aquaculture tilapia.

Liu et al. (2023) assessed the effect of body size on the bacterial microbiota of
free-living tilapia. To do so, the intestinal contents of 8 juveniles (16 cm) and 11
adults (26 cm) were sampled. Alpha diversity analysis indicated that despite a
tendency for higher richness and diversity values in the adult fish group, the
difference was not significant. On the other hand, in the beta diversity analysis,
differences in the composition of the bacterial microbiota were observed, with a
tendency to have greater variability among individuals in the juvenile group.
Additionally, the genera Cetobacterium and Clostridium_sensu_stricto_1 were
found to be enriched in the adult tilapia group, while the genus Pseudomonas was
enriched in the juvenile tilapia group.
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The reviewed studies on the effect of host characteristics on the intestinal
microbiota of tilapia reveal that there is a modulating activity exerted by the host,
presumably through the immune system (Gomez and Balcéazar, 2008; Lopez Nadal
et al., 2020; Woodhams et al., 2020). However, there is still a scarcity of studies
conducted on the captive tilapia species or under commercial aquaculture
conditions. Therefore, the exploration of this topic should be encouraged,
especially since genetic changes in the immune system have been demonstrated
due to domestication in aquaculture fish (Konstantinidis et al., 2020; Milla et al.,
2021).

4.3 Florfenicol feed therapy in aquacultured tilapia

Antimicrobial therapy for bacterial disease control in aquacultured fish is a common practice
applied in several countries, including Brazil. According to WOAH (2021), there are eleven
antimicrobial classes categorized as “Critically Important Antimicrobial Agents” for
veterinary purposes, including the amphenicol class, to which florfenicol belongs. Florfenicol
is a synthetic antibiotic commecialy disponible for veterinary prescriptions in the global
aquaculture industry since early 1990 (Kim and Aoki, 1996; Li et al., 2020; Trif et al., 2023).
In Brazil, only florfenicol and oxytetracycline are approved for use in aquacultured fish by the
Ministry of Agriculture and Livestock (MAPA, 2024). Although there is no public data
available on antimicrobial consumption in the Brazilian aquaculture industry, it is suspected
that florfenicol has a high demand, following the global trend of antimicrobial use in
aquaculture (Mulchandani et al., 2023; Schar et al., 2020).

Florfenicol is considered an antimicrobial with bacteriostatic capabilities against both Gram-
negative and Gram-positive bacteria (Dowling, 2013; Li et al., 2020; Treves-Brown, 2000). Its
mechanism of action involves inhibition of peptidyl transferase (located in the 23S rRNA gene
of the 50S subunit in the bacterial ribosome) and preventing the amino acid transfer to
growing peptide chains and subsequently inhibiting protein formation (Cannon et al., 1990;
Dowling, 2013; Triman, 1999). This antimicrobial is effective for controlling several bacterial
diseases in aquacultured fish species, with therapeutic dosages ranging between 10 to 20 mg
per kilogram of fish body weight (FDA, 2005; MAPA, 2024). In Brazil, florfenicol therapy is
recommended for treating major disease conditions in the tilapia aquaculture industry, as
pathogenic strains susceptible to this antimicrobial have been reported, including
Streptococcus agalactiae, Streptococcus iniae, Lactococcus petauri, Flavobacterium
oreochromis, and Francisella orientalis (Chideroli et al., 2017; de Oliveira et al., 2022; Egger
et al., 2023; Ferreira et al., 2022; Figueiredo et al., 2012).

The main method for administering florfenicol therapeutically is through metaphylaxis, in
which the antimicrobial is included in feed. This approach allows for practical distribution
across large fish populations in aquaucluture conditions. However, the metaphylaxis method
can lead to subdosing or overdosing in fish, as there is no individual control over medicated
feed intake within the treated stock. Additionally, the manual inclusion of florfenicol in fish
feed by coating, a common practice in Brazilian tilapia aquaculture, can result in uneven
distribution due to inadequate mixing and leaching from the fish feed into the water (Barreto
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et al., 2018; MAPA, 2024). Together, these traits of metaphylaxis therapy are thought to
contribute to the emergence of bacteria with resistance to florfenicol (Cabello et al., 2013).

Bacteria with resistance to florfenicol have been described since 1996 with the detection of
the florfenicol-resistant gene floR in Photobacterium damselae subsp. piscicida isolated from
marine aquacultured fish in Japan (Doublet et al., 2004; Kim and Aoki, 1996; Michael et al.,
2006). The floR gene and its variants (pp-flo, cmlA-like, floRv, and floSt genes) encode a
transmembrane protein belonging to the major facilitator superfamily of efflux transporters,
which expels florfenicol from the bacterial cell using a proton motive force-driven mechanism
(Braibant et al., 2005). Subsequently, other genes (fexA, fexB, optrA, and pexA) encoding
similar efflux transporters for florfenicol have been reported in various bacterial species (Qian
et al., 2021). Additionally, two different mechanisms of florfenicol resistance have been
described: a 23S rRNA methyltransferase gene encoded by the cfr gene, and a hydrolase
encoded by the estDL136 gene (Lu et al., 2018). Bacterial pathogens affecting tilapia with
phenotypic resistance to florfenicol have been isolated from Brazil, including Streptococcus
agalactiae and Lactococcus petauri (de Oliveira et al., 2018; Egger et al., 2023; Leal et al.,
2023).

Another concern regarding florfenicol feed therapy in tilapia is its potential to disrupt the
bacterial community responsible for controlling nitrogen compounds in aquaculture systems
with minimal or zero water exchange, such as recirculating aquaculture systems (RAS) and
biofloc systems. Since a fraction of the ingested florfenicol is excreted by the fish through bile
or gills into aquatic environment, bacteria inhabiting the aquaculture system are likely to
experience uncontrolled exposure to this antimicrobial (Bardhan et al., 2024; Rairat et al.,
2020, 2019). Although no evident detrimental impact of florfenicol feed therapy has been
observed on the water parameters in RAS for tilapia culture (Gaikowski et al., 2015), there is
no available information regarding its effects in biofloc systems.

Despite the aforementioned concerns, florfenicol feed therapy in tilapia remains a crucial tool
for managing outbreaks caused by pathogenic bacteria. In Brazil, this importance is
underscored by the fact that florfenicol is one of only two antimicrobial veterinary products
licensed for use in aquacultured fish, with proven activity against major pathogenic bacteria in
tilapia farming.

4.4 Concluding remarks

In this review, it has discussed the primary methods for controlling nitrogen compounds in
semi-closed and BFT systems. In semi-closed systems, control relies on continuously diluting
nitrogen compounds through daily water exchanges that occur in each production unit. In
contrast, BFT does not depend on water exchange and can be categorized based on the
metabolic pathway employed to control nitrogen compounds: photoautotrophic,
chemolithoautotrophic, and heterotrophic. However, it is rare in BFT systems for only one
metabolic pathway to act on nitrogen compounds. When applied in aquaculture, specific
groups of microorganisms may exert functional dominance over others. In this context, a
traditional BFT  designed to  stimulate ammonia  control  through the
heterotrophic/chemolithoautotrophic pathways but with exposure to sunlight may transition
into a mixotrophic system. In a mixotrophic approach, the involvement of microalgae and
cyanobacteria in nitrogen compound control is likely shared with heterotrophic and
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chemolithoautotrophic bacteria, albeit at different rates and phases. However, it should be
noted that more research is needed to fully understand these complex interactions.

Regarding to gut microbiota of tilapia, research of this topic has been increasing since the
availability and popularization of next-generation sequencing tools. Most of the reviewed
studies have shown that the intestinal microbiota of tilapia can be modulated by biotic factors
(host and oral pathogens) and abiotic factors (environment), as well as the administration of
artificial elements through the diet (prebiotics/probiotics) and domestication conditions. These
results were supported by alpha and beta diversity analysis. Alpha diversity measures the
average variability of species present within a sample, while beta diversity measures
compositional differences between two or more samples that share the same ecosystem or
location.

In addition to diversity analyses, these studies showed that among the most abundant and
commonly observed bacterial phyla in the intestinal microbiota of tilapia are Fusobacteria and
Proteobacteria, which were found to be altered by different conditions explored in the
research.

Despite considerable interest in assessing the dietary effects of probiotics as modulators of the
intestinal microbiota, there are still less erexplored areas, such as the exposure of the intestinal
microbiota to antimicrobials such as florfenicol. Research in this area should continue to
better understand potential adverse effects, such as intestinal dysbiosis, which could hinder
the development of tilapia aquaculture. Finally, evaluation of the impact of florfenicol feed
therapy on bacterial community responsible for controlling nitrogen compounds in biofloc
system of tilapia are necessary to improve the therapeutic management of bacterial diseases in
this aquaculture system.
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5. Chapter Il1: IMPACT OF FLORFENICOL FEED
THERAPY ON BACTERIADIVERSITY OF TILAPIA
HINDGUT MICROBIOTAAND THE BIOFLOC SYSTEM
MICROBIOTA

5.1 ABSTRACT

The use of antimicrobials for controlling bacterial diseases in aquaculture is a concerning
practice due to its potential impacts on fish gut microbiota and aquatic systems. In this study,
the aim was to assess the impact of florfenicol feed therapy (FLO) on the diversity of hindgut
bacterial communities in tilapia reared in biofloc aquaculture system (BFT) and clear-water
system (CW, semi-closed aquaculture system), and also to evaluate the indirect effect of fish
feed therapy on water quality and biofloc microbiota of tilapia BFT system. For this purpose,
four treatments were established: BFT without FLO (named BFT group) and with FLO
(named BFT-FLO group), and CW without FLO (named CW group) and with FLO (named
CW-FLO group). For BFT and BFT-FLO, each treatment consisted of four tanks containing
nitrifying biofloc and 80 juvenil tilapias in each tank. For CW and CW-FLO, each treatment
was one tank filled with clear water, 20% daily water-exchange, and an equal number of 80
fish. Fish in the BFT-FLO and CW-FLO groups received feed therapy by inclusion of
commercial florfenicol for 10 days (20 mg.kg of biomass™). The control groups (BFT and
CW) received conventional feed during the same period. After the 10-day therapy, fish in all
groups were fed conventional feed for 20 days. Physicochemical analyses of water quality
were performed throughout the experimental period. Tilapia hindgut samples from all tanks
were collected at four different time points: day-0 (before feed therapy initiation), day-6, day-
11, and day-31 (twenty days after feed therapy cessation). Simultaneously, water BFT samples
were also obtained at these time points. All samples (hindgut and BFT water) underwent DNA
extraction and amplification of the V3/V4 region of the 16S rRNA gene. Subsequently,
sequencing, reads processing, prokaryotic taxonomic assignment, alpha and beta diversity
analysis, and detection of impacted genera were conducted. All water quality variables of the
four treatments showed no significant differences. Alpha and beta diversity analyses of
bacterial communities in the hindgut and BFT water showed significant shifts due to
florfenicol feed therapy, but at different times. In the hindgut microbiota, these shifts of alpha
and beta diversity were observed on days 6 and 11 in both aquaculture systems (BFT and
CW). Meanwhile, in the biofloc microbiota, shifts in alpha diversity were evident on day 31,
and shifts in beta diversity on days 6, 11, and 31. Additionally, several bacterial genera (e.g.
Cetobacterium) were detected to be impacted by the feed therapy in hindgut and biofloc
bacteria microbiota. In conclusion, florfenicol therapy alters the bacterial microbiota of tilapia
hindgut in a not permanent way, independently of aquaculture system where tilapia is reared.
Finally, despite the alteration of the biofloc bacteria microbiota in the BFT system by
florfenicol feed fish therapy, no detrimental effects on physicochemical water parameters
were observed. Therefore, the use of florfenicol feed therapy is suggested to be viable, as
water quality stability in the tilapia BFT system was maintained under the conditions of this
assay.
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5.2 INTRODUCTION

The Nile tilapia (Oreochromis niloticus), native to Africa, is widely introduced globally
for fish farming. In 2021, global production reached 4.8 million tons, representing 8.1% of the
aquaculture production in the world, making it the third most important aquaculture species
(FAO, 2024), 1t is also a significant international commodity, ranking third in trade quantity
(562 thousand tons) and second in trade value ($1.6 billion) at the same year (FAO, 2024).
Nile tilapia is primarily cultivated in open and semi-closed freshwater systems, which depend
on environmental conditions and offer limited control over water quality, affecting precision
and repeatability in farming operations (Brande et al., 2023; Cai et al., 2018; Fialho et al.,
2021). To address these challenges, closed aquaculture systems have been developed for
commercial farming of this fish species (Emerenciano et al., 2017; Obirikorang et al., 2019).

Currently, recirculating aquaculture systems (RAS) and biofloc aquaculture systems
(BFT) are the primary technologies for closed commercial aquaculture, with BFT being a
lower-cost option compared to RAS (Ahmad et al., 2017; Crab et al., 2012; Fleckenstein et
al., 2018). BFT involves manipulating the carbon-to-nitrogen (C/N) ratio to convert toxic
nitrogenous waste (ammonia and nitrite) into bioflocs and nitrate, maintaining appropriate
water quality with minimal or zero water exchange (Ahmad et al., 2017; Manan et al., 2017).
Additionally, BFT was believed to reduce the spread of fish pathogens due to its closed
system design and provide probiotic and immune stimulation benefits through passive biofloc
consumption by fish (Ekasari et al., 2014; Emerenciano et al., 2021; Khanjani et al., 2023;
Menaga et al., 2019; Ogello et al., 2021; Yu et al., 2023). However, evidence of infectious
diseases in tilapia reared in BFT has been reported (Egger et al., 2021, Sierralta et al., 2020).

The treatment and control of infectious diseases in aquaculture systems, including closed
systems like BFT, still rely on antimicrobial therapies (Aguilera-Rivera et al., 2019). In
intensive aquaculture, separating sick and healthy animals is often impractical, so
antimicrobials are administered with food to treat all animals in the same unit. This strategy,
known as metaphylaxis, leads to uncontrolled antimicrobial exposure for both healthy and
diseased fish and the aquatic microbiota in the cultivation environment (Okocha et al., 2018).

Research on enhancing biofloc aquaculture systems has improved our understanding of
the characteristics and variability of the bacterial communities within these systems. This
variability is influenced by factors such as species type, stocking density, water
physicochemical properties, carbohydrate dosage, feed composition, sunlight exposure, and
biofloc age (Asaduzzaman et al., 2009; Azim and Little, 2008; Becerra-Ddorame et al., 2011;
Lietal., 2018; Liu et al., 2019; Maica et al., 2012; Sandoval-Vargas et al., 2020). However, to
the best of our knowledge, only one study has evaluated the impact of antimicrobial therapy
on biofloc microbiota of tilapia cultured in BFT, and it was conducted in vitro condicitons
(Guozhi et al., 2023). Conversely, the effects of various antimicrobial molecules on tilapia gut
microbiota have been tested, although only under semi-closed aquaculture conditions (Chen et
al., 2023a; Limbu et al., 2018, 2019, 2020; Ming et al., 2020; Payne et al., 2021; Yin et al.,
2022).

In this context, with the aim of evaluating the effect of antimicrobial feed therapy on the
bacterial hindgut microbiota of tilapia reared in a biofloc system, as well as its indirect impact
on water quality parameters and the diversity of the biofloc microbiota in tilapia BFT, this
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longitudinal study based on experimental tilapia cultivation and metataxonomic 16S rRNA
evaluation is presented.

5.3 MATERIAL AND METHODS

This study was approved by the Commission for Ethics in the Use of Animals at the
Federal University of Minas Gerais with protocol number 96/2020.

5.3.1 Experimental Design

The present study is a longitudinal assay designed to evaluate temporal changes of water
quality and metaxonomic alpha and beta diversities of bacteria present in the microbiotas of
hindgut of tilapia and biofloc system.

5.3.1.1 Acclimation phase

All procedures of tilapia culture took place within the facilities at the Aquaculture
Laboratory (LAQUA) at the Federal University of Minas Gerais, Brazil. A total of 1,200
masculinized Nile tilapia juveniles, apparently healthy and with a mean body weight of 35g
were used. The juveniles were obtained from a pool of families produced by the mating of the
Nile tilapia broodstock maintained on BFT onsite at LAQUA. None of the fish had received
any antimicrobial treatment or vaccination prior to the start of the trial. The fish were
randomly distributed among ten 4,000 L tanks with a stocking density of 120 fish per tank. All
tanks received aeration supply and exposed to similar environment conditions in a same
indoor greenhouse. Two aquaculture systems were established: eight tanks in biofloc system
(BFT) and two tanks in Clear-Water system (CW, a semi-closed system with a daily renewal
rate of 20% using well water). During acclimation phase (100 days), biofloc formation was
estimulated in all BFT tanks (n=8) by keeping the carbohydrate:nitrogen (C:N) ratio at 15:1
and using sugar cane as source of carbohydrate (50% of carbon was considered) and feed
protein as nitrogen source for three consecutive days. Then C:N ratio was kept at 6:1
according to total ammonia nitrogen dissolved in the water of BFT tanks. Additionally, in
BFT tanks, well water was weekly added solely to compensate for water loss through
evaporation. Fish from BFT and Clear-Water tanks were fed twice a day with an extruded
commercial tilapia feed with 36% of protein (Propesca, Alinutri®, Brazil) at feeding rate of
3% of the body-weight/day. Water quality monitoring was performed in all tanks by daily
measure of dissolved oxygen (DO), pH and temperature; and a three times per week measure
of total ammonia nitrogen (TAN) and nitrite (NO2"). In addition, BFT tanks were submitted to
once-a-week measure of alkalinity and settleable solids (SS). All water monitoring procedures
were performed according to selected protocols previously described (Neto et al., 2023). On
day 98, a last biometric individual measure was applied and selection of 80 fish by tank was
made (40 tilapia per tank were removed), to reduce fish weight variation within each tank
before to start experimental phase (Figure S.1).

5.3.1.2 Experimental phase
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In experimental phase, selected fish body weight was 145.9 + 0.86g. Nile tilapias were
submitted to 4 treatments: Florfenicol feed inclusion in biofloc system (four tanks, BFT-
FLO), Florfenicol feed inclusion in a clear-water system (one tank, CW-FLO), non-
Florfenicol feed inclusion in biofloc system (four tanks, BFT), and non-Florfenicol inclusion
in a clear-water (one tank, CW). Florfenicol feed inclusion was performed by hand blend of
oily-antimicrobial preparation with extruded feed. Oily-antimicrobial consist of a hand premix
of 1% soybean-oil (ImL of soybean-oil to 100g of feed) with commercial powder of
Florfenicol (FF-50®, FAV, Chile) in disinfected Petri plates. Dosage calculation was
performed according to estimated total fish biomass, to reach a 20mg of Florfenicol for 1 kg
of biomass by day, during 10 consecutive days. Fish that no received Florfenicol feed
inclusion, only received oil inclusion at feed during 10 consecutive days. Feeding rate and
servings were kept as the acclimation phase. Water quality monitoring during the
experimental phase was conducted similarly to the acclimation phase, with the inclusion of
nitrate (NO3?) and total suspended solids (TSS) measurements, following the procedure
described by Neto et al. (2023), at the beginning and end of the experimental phase. Feeding
response for each feeding phase was monitored visually and ensured the complete diet
consumption in all tanks by no more than 5 minutes after feed input. Individual feed input for
all tanks was calculated and updated weekly based on estimated fish biomass. To accomplish
this, the predicted average fish weight was obtained through non-linear model fitting
(Janampa-Sarmiento et al., 2020; Santos et al., 2008), utilizing the four previous biometric
values acquired during the acclimation phase (Figure S.1). Furthermore, adjustments were
made to the feed input based on changes in fish numbers after each sampling period.

A schematic overview of both phases (acclimation and experimental) is presented in
Figure 1.
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5.3.2 Hindgut tilapia and biofloc water sampling

Hindgut segment was aseptically collected from individual fish as follows:
immediately before feed treatment (day O; baseline), at the midterm of feed treatment (day
6), next-day of the end of feed treatment (day 11), and at the end of the tree-week
withdrawal period (day 31). At each timepoint, five fish from each Clear-Water tank and
two fish from each BFT tanks were randomly sampled, giving n=5 fish for FLO-CW and
CW groups; and n=8 for FLO-BFT and BFT groups, for all sampling time points.
Following euthanasia by a lethal dose of benzocaine (300 mg.L*; Sigma-Aldrich®, USA),
the fish were stored at 4°C at most three hours until processing in laboratory. Entire fish
hindgut segments (5cm, approximately) were obtained by accessing celomatic cavity and
cutting 3cm before the anus. Freshly hindgut samples were stored in sterile Eppendorf
microcentrifuge tubes (1,5mL) at -80°C until DNA extraction.

Water samples (50mL) from all BFT tanks (n=8) were collected in sterile falcon tubes
at four time points during experimental phase at the same four time points already
described for hindgut samples. All water-sample tubes were kept at 4°C at most 1 hour
until processing in laboratory. Samples tubes were submitted to refrigerated (4°C)
centrifugation at 10,000 rpm (11,760 g) by 10 minutes; then, liquid supernatants were
discarded but reserving 1 mL for resuspension of biofloc pellet adhered to the Falcon tube.
Resuspended 1mL-biofloc samples were stored at -80°C until DNA extraction.

5.3.3 DNA extraction and RNA 16S sequencing

DNA extraction of 104 hindguts and 32 BFT water samples was carried out using the
Maxwell® 16 Tissue DNA Purification kit (Promega, Madison, W1, USA). Briefly, 300 uL
of concentrated BFT water and 30 mg of the hindgut segment (including mucosa and
lumen content previously homogenized in the TissueLyser LT® equipment (QIAGEN,
Germany) were directly submitted to the cartridge kit for automated extraction using
Maxwell® 16 Instruments (Promega, Madison, USA). The 136 DNA samples along with 2
Mock samples (BEI-Resources, USA), underwent amplification of the V3V4 region of the
16S rRNA gene (~460bp) and metagenomic amplicon library preparation, following
[llumina® Protocol 15044223 Rev. B with some modifications on PCR protocols (Table
S.1). Due to the lack of rRNA 16S amplification in seven hindgut samples, the library
sequencing was conducted on only 131 RNA 16S barcoded samples using the MiSeq®
System (lllumina Inc, USA) with the V3-2x300 kit (Illumina Inc, USA), 20% Phix and
10pM of library sample loading. All procedures were performed in the AQUAVET
laboratory.

5.3.4 Data Processing

The obtained reads underwent bioinformatic processing through an in-house pipeline
based on the QIIME 2™ platform (Bolyen et al., 2019), as described in Figure S.2.
Briefly, only forward reads were used for further processing due to poor per-base quality
(<20 Q-score) obtained at the end of reverse reads, which impeded enough contig
assembly (<5% of total data). Forward reads were subjected to adapter removal, filtered
with a minimum Q-score of 20, zero ambiguities, and truncated at 150bp. After
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discarding chimeric, contaminant, and singleton reads (defined as those with only one
read in a single sample), taxonomic classification of ASVs was achieved using the SILVA
SSU r.138.1 reference (Quast et al., 2012). Finally, the ASV-table with taxonomic
information was exported for further diversity analysis.

5.3.5 Water quality, bacteria diversity, and statistical analysis

All water quality parameters were evaluated by Generalized Linear Mixed Model
fitting (GLMM) with Gaussian (Link=identity) family distribution by Restricted
Maximum Likelihood (REML) method using the glmmTMB package (Brooks et al.,
2017) in R (R Core Team, 2022). The predicted mean and confidence interval values
(0.05 of significance) were extracted using the ggeffects package (Lidecke, 2018).

For alpha diversity analysis of microbiota, the ASV-table was grouped at the genus
level with the dplyr package (Wickham et al., 2023). The genus-table was used to obtain
Hill's numbers at 100% of sample coverage with the iINEXT package (Hsieh et al., 2016).
Rarefaction-extrapolation plots for mock samples were also created in INEXT. Hill's
numbers for hindgut and water samples were fitted with GLMM using Truncated Poisson
(Link=log) and Gaussian (Link=identity) distributions, respectively, with glmmTMB
package. Sample size of each time point was according to disponible sequencing data
(Table.S.3).

Beta diversity analysis used the Bray-Curtis dissimilarity index. BETADISPER and
ADONIS tests, and Non-metric MultiDimensional Scaling (NMDS) were performed on
vegan v.2.6.4 package (Oksanen et al., 2022), while the ANOSIM test was conducted
using the PAST software (Hammer et al., 2001). Compositional plots (detection = 5%,
prevalence = 10%) were created with phyloseq package (McMurdie and Holmes, 2013).

To assess the impact of antimicrobial treatments, the MaAsLin2 package (Mallick et
al., 2021) identified impacted genera for each time point in BFT-water and hindgut
samples. These genera were then analyzed with individual GLMMs using a Beta family
distribution and zero-inflation model. A positive impact was defined as a significant
increase in genus relative abundance with florfenicol therapy (based on Log-odd
coefficients), while a negative impact indicated a significant decrease. Sample size of
each time point was according to disponible sequencing data (Table.S.3).

Timeplots and ordination plots were generated using the 'ggplot2' package (Wickham,
2016) in R.

5.4 Results

5.4.1 Water Quality and fish survival

Water parameters for all evaluated groups during the experimental phase are presented
in Figure 2. No significant differences were detected among all parameters because of
florfenicol feed therpay and aquaculture system, except for salinity, which differed
between the BFT and Clear-Water systems, as expected (Table.S2). In addition, no fish
mortality was observed in any of the aquaculture tanks throughout the experimental
period. The final biomass at the end of experiment for all groups was as follow: BFT
(19,9+0,2 kg), BFT.FLO (20,4+0,6 kg), CW (19,8 kg), and CW.FLO (18,4 kq).
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5.4.2 Sequencing and Mock samples diversity

Following all data processing, a total of 5,544,924 reads and 8,704 bacterial ASVs
were obtained. This number of reads represented 40.3% of the raw forward data
generated after sequencing. All mock and BFT-water samples yielded reads following
sequencing. In contrast, only 97 hindgut samples could be included in the sequencing, as
there was no evidence of 16S rRNA gene amplification in 7 samples. Furthermore, after
sequencing, one hindgut sample could not be included in further analysis due to the lack
of detection of its barcode during the demultiplexing process (Table S.3). After grouping
ASVs at the genus level and removing sequences with propagated (109 taxa) or
“uncultured-assignment” (82 taxa) genera annotation, 437 genera and 2,752,257 read-
counts were obtained for further analysis.

Two mock samples composed by 17 bacteria genera were submitted to metataxonomic
16S rRNA sequencing: staggered-mock and even-mock. Observed and expected Hill’s
numbers for both mock samples at the genus level were obtained and are shown in Figure
3. In general, rarefaction-extrapolation curves for observed values were very close to
expected values for both even-mock and staggered-mock samples used. Staggered-mock
and even-mock methods detected 15 and 17 genera, respectively (Figure S.3).
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5.4.3 The impact of florfenicol feed therapy on the alpha diversity and composition of
bacterial microbiome in the tilapia hindgut of both aquaculture systems is not
permanent

Alpha diversity based on Hill's numbers for hindgut samples is shown in Figure 4A.
Variability because aquaculture system was detected in Shannon and Simpson indices,
where BFT account for increased diversity than CW system (5.BFT coefficient >0.5, p
<0.001). Similarly, florfenicol feeding therapy showed significant increasing effect in
Shannon and Simpson index estimators on days 6 (5.FLOR:06 >1.4, p <0.05) and 11
(6.FLOR:11 >1.1, p <0.05), and only in day 6 for Richness (5.FLOR:06 coefficient =0.2,
p <0.05). The evaluation of confidence intervals (Table S.4) showed that mean values of
Shannon and Simpson indices were different between groups exposed to therapy on days
6 and 11. This means that the general counts of common and dominant bacteria genera of
tilapia hindgut had a significative change during the exposition to florfenicol feed
therapy, independently of aquaculture system where fish were reared.

For Beta diversity, the NMDS plot based on Bray-Curtis dissimilarity for all hindgut
samples is shown in Figure 4B. It is observed that there is a clustering trend between
hindgut samples from BFT and Clear-Water systems on days 0 and 31, regard to be
exposed or not to florfenicol feed therapy. Contrary, on days 6 and 11, both groups that
received antimicrobial therapy (Hindgut.BFT.FLO and Hindgut.CW.FLO) displayed a
moderate distance between them, and from their control groups (Hindgut.BFT and
Hindgut.CW, respectively). The ADONIS and ANOSIM tests indicated non-significant
differences and dissimilarity (p >0.05) between all four groups in times 0 and 31. On the
other hand, on days 6 and 11, significant values of dissimilarity by ANOSIM test (R-
value >0.6, p<0.05) were observed in Hindgut.BFT.FLO and Hindgut. CW.FLO when
compared with the other groups and between them.

On the compositional evaluation of bacterial microbiome in tilapia hindgut, it was
observed that Cetobacterium sp. was dominant, with a higher relative abundance average
(Figure 4C), in both aquaculture systems. Also, this bacterium showed an evident
diminishing trend during days 6 and 11 in both aquaculture systems exposed to
florfenicol feed therapy, followed by a substantial recovery on day 31. Contrary, some
genera, like Mycobacterium sp. and Reyranella sp., displayed an increased relative
abundance only on days 6 and 11 in both aquaculture systems exposed to florfenicol feed
therapy. Finally, the genus Candidatus Competibacter sp. had a higher participation in
hindgut from tilapia cultured in BFT system than in fish kept in CW system.
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Figure 4: Diversity and composition analysis at genera taxa level of bacteria microbiome of hindgut
samples obtained from fish exposed or not to florfenicol feed therapy and reared in biofloc and clear-
water aquaculture systems. A: Alpha diversity based on Hill’s numbers evaluated by GLMM fitting.
Coefficients (B) displayed were obtained by fixing System=BFT, Therapy=Control and Time=0 as
references for group contrasts. Sample size for each temporal sampling is displayed. The plot displays
95% confidence intervals as error bars. B: Beta diversity based on NMDS ordination plot of
dissimilarity Bray-Curtis index from relative abundance composition of bacteria genera. Results of
ANOSIM and ADONIS tests are displayed for each evaluated time. C: Relative abundance average of

genera taxa for all four groups evaluated.
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Regarding detection of impacted genera by antimicrobial therapy in hindgut samples,
MaAsLin2 identified 63 and 49 potentially impacted genera taxa (p < 0.05) in at least one
time point evaluated for Hindgut.BFT and Hindgut.CW samples, respectively (Table.S1
and Table.S.2). Following GLMM fitting, 19 and 16 taxa displayed significative impact
on hindgut cultured in BFT and Clear-Water systems, respectively, because florfenicol
feed therapy (Figure 5 and Figure 6). In general terms, the positive impacts (taxon
enrichment because florfenicol therapy) were more frequently in Hindgut.BFT (18 taxa)
and Hindgut.CW (12 taxa) groups. On the other hand, one taxon (Cetobacterium sp.) and
four taxa (Cetobacterium sp., Plesiomonas sp., Alsobacter sp., and
Clostridium_sensu_stricto_1) displayed negative impacts (taxon deployment because
florfenicol feed therapy) in Hindgut.BFT and Hindgut.CW groups, respectively.

In a deeper evaluation, four impacted taxa (Cetobacterium sp., Kaistia sp.,
Mycobacterium sp., and Reyranella sp.) were shared by both Hindgut.BFT and
Hindgut.CW groups. In turn, 15 genera (Acetobacterium sp., Blastopirellula sp.,
Candidatus_Alysiosphaera, Hyphomicrobium sp., IMCC26207, Luteolibacter sp.,
Nordella sp., Pedomicrobium sp., Phreatobacter sp., Pir4_lineage, Pirellula sp.,
Planctopirus sp., Pseudomonas sp., Ralstonia sp., and Rhodopirellula sp.) and 12 genera
(Alsobacter sp., Aquicella sp., Bacillus sp., Bdellovibrio sp.,
Clostridium_sensu_stricto_1, Gemmata sp., lamia sp., Lactococcus sp., Neochlamydia
sp., Nocardioides sp., Plesiomonas sp., and SH.PL14) were observed to be impacted
exclusively in Hindgut.BFT and Hindgut.CW groups, respectively.

Cetobacterium sp. was the only impacted taxon with higher relative abundance (>
50%) in both Hindgut.BFT and Hindgut.CW groups. The other impacted taxa displayed
lower relative abundance (<10%) in groups not exposed to florfenicol feed therapy.

Finally, the higher frequency of impacted genera in hindgut samples was observed on
days 6 and 11, the time points when the florfenicol feed therapy was applied.



P1__Cetobacterium
R.FLOR 06 = -3.2 (P-valus < 0.001)
0.g. BFLOR11 =25 (P-value < 0001)

06-

03-

q
/

0.0-

P6__Luteolibacter
0.15- B.FLOR = 0.7 (P-value = 0.002)

0.20
0.10- 015
3 0.10- Y
G
o 0:065 ) 0.05-
g B
8 00 0.00- -
<
_2 P11__Hyphomicrobium P12__IMCC26207
%2 0.03- B.FLOR.11 = 1.9 (P-value = 0.005) B.FLOR.11 = 1.4 (P-value = 0.026)
o 0015~
[]
14
.02 0010~
0.01+ 0.005-
0.00- = 0000- '

P16__Candidatus_Alysiosphaera
0.003 - B.FLOR = 0.8 (P-value = 0.017)

P2__Pir4_lineage

0.25 - R.FLOR.06 = 2.3 (P-value <0.001)
RFLOR.11 =27 (P-value <0.001)
0.20-
0.15-
0.10-
0.05-
0.00-

P7__Mycobacterium
_BFLOR = 1.2 (P-value = 0.048)

P17__Pseudomonas
RB.FLOR = 1.3 (P-value = 0.015)

0.0100-

0.002-

0.001 -

i
i

0.000-

0.0075 -

0.0050 -

0.0025 -

0.0000-

P3__ Pirellula
R.FLOR.11 = 1.8 (P-value = 0.006)
0.10-
0.05-
0.00-

P8__Kaistia

0.05- g FLOR.06 = 1.5 (P-value = 0.014)
B.FLOR.11 = 1.4 (P-value = 0.027)
0.04-
0.03-
0.02-
0.01- -
0.00-
P13__Pedomicrobium

B.FLOR.06 = 1.9 (P-value = 0.008)

0.012-
R.FLOR.11 = 2.2 (P-value = 0.003)

0.008-

P18__Ralstonia
B.FLOR = 1.7 (P-value = 0.022)

0.015-

0.010-
0.005-
0.000-
0 10 20 30
Time (days)

P4__ Reyranella
0.15- R FLOR.06 = 1.4 (P-value = 0.016)

0.10-
0.05-

0.00-

P9__Nordella
0.05- B.FLOR.06 = 2.0 (P-value = 0.001)
B.FLOR.11 = 2.2 (P-value < 0.001)
0.04-

0.03-
0.02-
0.01-
0.00-
P14__Blastopirellula

B.FLOR.06 = 1.8 (P-value = 0.008)
R.FLOR.11 = 2.0 (P-value = 0.003)

0.010-

0.005-

0.000-

P19__Rhodopirellula
R.FLOR.06 =2.1 (P-value = 0.016)
&FLOR 11 = 2.8 (P-value = 0.002)

0.008-

0.004 -

0.000-

86

PS__Planctopirus
B.FLOR06 = 1.8 (P-value = 0.017)
RFLOR11 = 1.6 (P-value = 0.03)

0.12-

P10__Phreatobacter
B.FLOR.06 = 1.5 (P-value = 0.040)
RFLOR 11 = 1.5 (P-value = 0.028)

0.03-
0.02- Groups
! == Hindgut.BFT.FLO (Negative)
0019 -~ Hindgut.BFT.FLO (Positive)
. ) == Hingut.BFT (Control)
P15__Acetobacterium Sample Size
0.005 - B.FLOR.11 = 1.8 (P-value = 0.004)
+ 8.0
0.004 - . 70
0.003- ( ® :0
0.002- :
0.001-
0.000-

Figure 5: Impacted genera bacteria on hindgut of tilapia reared in biofloc system because exposition to florfenicol feed therapy. Coefficients (B) displayed
were obtained by GLMM fitting of relative abundance and fixing control groups (not exposed to florfenicol feed therapy) as reference for contrasts. Sample
size for each temporal sampling is displayed.



87

P1__Cetobacterium P2__Plesiomonas P3__Neochlamydia P4__ Aquicella
1-2- 8 FLOR.06 = -2.2 (P-value < 0.001) 0.3-R.FLOR.11 = =2.2 (P-value = 0.009) R.FLOR.06 = 2.2 (P-value = 0.015) &.FLOR.06 = 2.3 (P-value = 0.028)
R.FLOR.11 = -4.3 (P-value < 0.001) 0075 BFLOR11=23 (P-value = 0.014) B.FLOR.11 = 2.8 (P-value = 0.011)

0.15-

0.8- 02-
0.050- 0.10-
0.41 0.1 0.025- 0.05-
0.0- 0.0- 0.000- 0.00 -
P5__Mycobacterium P6__Reyranella P7__Alsobacter P8__Lactococcus
RB.FLOR.06 = 2.7 (P-value < 0.001) 0.6-B.FLOR.11 = 3.2 (P-value = 0.001) R.FLOR.11 = -1.9 (P-value = 0.033) B.FLOR = 3.5 (P-value < 0.001)
04-
0.3- 0.20-
8 04- f - 0a- .
& & 53] Sample Size
o 554 0.10- m >
g 0.1 N 0.05- 0.1-
: ( ® 3
2 00 ® oo0- 0.00- 0.0 ® 4
g - : — - : ®5
.=  P9__ Clostridium_sensu_stricto_1 P10__Bdellovibrio P11__Nocardioides P12__ Bacillus
o BFLOR.11 = -2.3 (P-value = 0.004) 0.100 - B.FLOR.11 = 08 (P-value = 0.024) A.FLOR = 1 (P-value =0.026) B.FLOR = 1.5 (P-value <0.001)
gm- 8015 Groups
i 0.002- ) .
oo 0075 - Hindgut.CW (Control)
0.050- 0.010- =~ Hindgut.CW.FLO (Negative)
| 0.001- -~ Hindgut.CW.FLO (Positive)
0.05 0.025- 0.005-
0.00- 0.000 - 0.000- 0.000 -
P13__Kaistia P14__SH.PL14 P15__lamia P16__Gemmata
0.05- 5 FLOR 06 = 2.3 (P-value = 0.04) &.FLOR.06 = 1.8 (P-value = 0.045) 0.012 - B.FLOR.06 = 2.2 (P-value = 0.046) 0.006 - B-FLOR.06 = 2 (P-value = 0.039)
RFLOR.11 = 2.6 (P-value = 0.016) ’
0.04- 0.06 -
0.008- 0.004- ==
0.04-
i 0.004- 0.002-
0.00- 0.000- 0.000-
0 1‘0 20 3'0 6 10 2‘0 1‘0 Zb 3’0 6 1b 2‘0 3‘0

Time (days)

Figure 6: Impacted genera bacteria on hindgut of tilapia reared in clear-water system because exposition florfenicol feed therapy. Coefficients (B) displayed
were obtained by GLMM fitting of relative abundance and fixing control groups (not exposed to florfenicol feed therapy) as reference for contrasts. Sample
size for each temporal sampling is displayed.
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5.4.4 Antimicrobial feed fish therapy can modulate the bacteria microbiome of
biofloc system

Alpha diversity based on Hill's numbers for hindgut samples is shown in Figure
7A. Regarding to florfenicol feeding therapy effect, significant decreasing in
Richness (f.FLOR coefficient =-9.4, p <0.05) was observed. Meanwhile on
Shannon (B.FLOR.31 coefficient =-14, p <0.05) and Simpson (5.FLOR.31
coefficient =-9, p <0.05) indices estimators, the florfenicol therapy displayed also a
decreasing effect but only on day 31. On the evaluation of confidence intervals
(Table S.5), the mean values of Shannon and Simpson indices were different
between groups exposed to therapy on day 31. This means that the general counts
of common and dominant bacteria genera present in water of biofloc system had a
significant change on day 20 after finishing the florfenicol feed fish therapy.

For beta diversity, the NMDS plot based on Bray-Curtis dissimilarity for all
water samples is shown in Figure 7B. It is observed an overall separation trend
between groups exposed or not to florfenicol feed fish therapy. Also, this trend is
conserved across the four time points. However, the ADONIS and ANOSIM tests
indicated non-significant differences and dissimilarity (p>0.05) between both
groups, Water.BFT and Water.BFT.FLO, at time point zero. On the other hand, on
day 6, significant differences and dissimilarity by ADONIS (p <0.05) and ANOSIM
test (R-value =0.48, p <0.05) was observed. Finally, differences between both
groups were kept on days 11 and 31 (ADONIS test, p <0.05) and the dissimilarity
values were more evident (R-value >0.7, p <0.05).

On the compositional evaluation of bacterial microbiome in water samples from
BFT, it was observed a codominance of several taxa which included Cetobacterium
sp., Gemmatimonas sp., Haloferulla sp., Luteolibacter sp., OLB12, Planctopirus
sp., and Tahuera sp. with moderate relative abundance averages (Figure 7C). All
these taxa displayed different temporal trends in the water group exposed to
florfenicol feed fish therapy. For example, Cetobacterium sp. showed an evident
diminishing of relative abundance average on days 6 and 11, and then it was
recovered in day 31. In contrast, Luteolibacter sp. displayed a continuous
increasing of its relative abundance average between days 6 and 31, while
Gemmatimonas sp. diminished gradually from day 6 until day 31.
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Figure 7: Diversity and composition analysis at genera taxa level of bacteria microbiome of
water samples obtained from biofloc aquaculture system exposed or not to florfenicol feed fish
therapy. A: Alpha diversity based on Hill’s numbers evaluated by GLMM fitting. Coefficients
(B) displayed were obtained by fixing Therapy=Control and Time=0 as references for group
contrasts. Sample size for each temporal sampling is displayed. The plot displays 95%
confidence intervals as error bars. B: Beta diversity based on NMDS ordination plot of
dissimilarity Bray-Curtis index from relative abundance composition of bacteria genera. Results
of ANOSIM and ADONIS tests are displayed for each evaluated time. C: Relative abundance
genera taxa for both BFT and BFT.FLO groups evaluated.
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Regarding detection of impacted genera by antimicrobial therapy in hindgut
samples, MaAsLin2 identified 83 potentially impacted taxa (p < 0.05) in at least
one time point evaluated for Water.BFT samples (Table.S.8). Following GLMM
fitting (Table.S.11), 38 taxa displayed significative impact because florfenicol feed
therapy (Figure 8). Overall, the positive impacts because florfenicol therapy were
less frequently (12 taxa) than negative impact (26 taxa).

The higher frequency of impacted genera in water samples because florfenicol
feed fish therapy was observed in 21 taxa with not specific time point of
interaction. On the other hand, there were 7 and 12 taxa impacted on days 11 and
31, respectively. In contrast, only two impacted taxa were observed on day 6.
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Figure 8: Impacted genera bacteria on biofloc exposed to florfenicol therapy. Coefficients () displayed were obtained by GLMM fitting of relative
abundance and fixing control group (Water.BFT) as reference for contrasts. Sample size for each temporal sampling is displayed.
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5.5 Discussion

Longitudinal metagenomic studies are important approaches since they can
capture the microecological dynamism that occur naturally in complex microbial
communities like intestinal and aquatic bacterial microbiota (Faust et al., 2015). In
this present longitudinal metataxonomic study, it has been showed the effect of
florfenicol feed therapy on diversity bacteria microbiota and the impact on genera
taxa of hindgut in tilapia cultured in BFT and CW system. Metataxonomic studies
of gut bacteria microbiota of tilapia based on rRNA 16S sequencing have been
reported since the mid-decade of 2010 (Giatsis et al., 2014). However, currently
there are limited metataxonomic researches assessing the effect of antimicrobial
molecules on tilapia gut microbiota (Chen et al., 2023b; Limbu et al., 2020, 2019,
2018; Ming et al., 2020; Payne et al., 2021; Yin et al., 2022), and longitudinal
evaluations are even more limited (Ming et al., 2020; Payne et al., 2021; Yin et al.,
2022).

Regarding bacterial alfa diversity, the temporal evaluation of Hill’'s numbers
showed that overall bacteria genera richness of tilapia hindgut reared in BFT
displayed a trend to be higher than fish reared in CW system. This can be explained
because the high probability of biofloc material incorporation into the digestive
system in tilapias reared in BFT (Avnimelech, 2007) since this fish species have
been reported with filter-feeding capabilities (Salazar Torres et al., 2016). This
digestive biofloc material can be a source of additional bacteria genomic material
into the luminal hindgut.

With reference to bacteria diversity, the indices of Shannon and Simpson showed
an evident change because florfenicol feed therapy in hindgut tilapia of both
aquaculture systems. A significative increasing effect on diversity was accounted
only in days 6 and 11, which corresponded to the period with active florfenicol
therapy in tilapia by feed. After withdrawal 20-days period, diversity returned to
comparable values of the period before therapy onset (Figure 5A). Similar studies
have already showed modulation of diversity because of antimicrobial therapy in
tilapia, but with variable effect, which seem be depending to the antimicrobial
molecule involved. While it was observed an increase of diversity by the use of
oxytetracycline (Limbu et al., 2019, 2018) and sulfamethoxazole (Limbu et al.,
2018) feed therapies, in other studies involving oxytetracycline (Limbu et al., 2020;
Payne et al., 2021), sulfamonomethoxine (Ming et al., 2020), florfenicol (Yin et al.,
2022), and enrofloxacin (Chen et al., 2023b) feed therapies it was not observed any
significative change on alpha diversity of tilapia gut microbiota. These differences
between reported alpha diversity effects because of antimicrobial therapies in
tilapia can be supported in part by the differences of mechanism of action between
antimicrobial molecules against bacteria gut microbiota. However, it is necessary to
consider other factors that could be involved, such as differences on the
experimental designs (time of exposition, final doses supplied, gut segment
evaluated) and the approach to assess the alpha diversity (choose of diversity
estimators).



93

Regarding the specific effect of florfenicol feed therapy on the gut microbiota of
tilapia, the only published study (Yin et al., 2022) reported non-significant
differences in the Shannon and Simpson indices between tilapia exposed to the
therapy and those not exposed. Although this contrasts with the findings of the
present study, it is important to note that the experimental design of Yin et al.
(2022) included multiple time-point samplings but did not conduct a longitudinal
analysis, as sample pooling prevented the necessary biological replicates from
being obtained. On the other hand, studies involving florfenicol feed therapy in
different fish species have shown variable resulsts. While florfenicol therapy
reduced bacterial gut diversity in channel catfish (Abdelhamed et al., 2019; Wang et
al., 2019), southern catfish (Zhang et al., 2023) and snubnose pompano (Sumithra
et al., 2022) caused deployment of bacterial gut diversity, it led to an increase in
bacterial gut diversity in zebrafish (Burgos et al., 2023). These variable effects of
florfenicol on diversity of fish gut bacteria microbiota may be attributed to
physiological traits between fish species and, consequently, the compositional
nature of their gut microbiota.

In the present longitudinal study, the bacteria compositional evaluation of
hindgut microbiome of tilapia reared in both BFT and Clear-Water system
displayed an evident dominance of Cetobacterium sp. (>60% of relative
abundance) before exposition to florfenicol therapy and after 20-days withdrawal
period (Figure 4C). On the other hand, this Cetobacterium dominance was
disturbed during the florfenicol therapy period (<40% of relative abundance), as
observed in Figure 4C. Similarly, other studies of gut tilapia exposed to feed
antimicrobial therapy with oxytetracycline, enrofloxacin and florfenicol have
shown this bacterium compositional perturbation, in which Cetobacterium
dominance is diminished (Chen et al., 2023b; Limbu et al., 2019; Yin et al., 2022).
With reference to florfenicol therapy, Yin et al. (2022) reported that relative
abundance of Cetobacterium was higher and dominant in tilapia not exposed to this
antimicrobial and diminished in the exposed group. However, since their essay was
not a longitudinal design study, it was not possible to verify the recovering or not of
Cetobacterium abundance after withdrawal period in the exposed group. On this
sense, this present study contributes on bringing the first evidence about
compositional Cetobacterium recovery in hindgut tilapia microbiome after
exposition to feed florfenicol therapy.

The compositional perturbation detected in tilapia gut microbiota exposed to
florfenicol feed therapy can be explained by the numeric reduction of dominant
bacteria as a direct effect of this antimicrobial on gut microbiota (He et al., 2012). It
is suspected that the reduction of dominant bacteria because florfenicol therapy
allows the temporal arising of new dominant bacteria which is expressed as a
compositional shift. In this present study, the compositional shift was verified to
occur, since beta diversity analysis showed significant compositional differences
between hindgut exposed and not exposed to florfenicol in tilapia reared in both
aquaculture systems during the period with active feed therapy (Figure 4B). This
compositional shift effect due feed florfenicol therapy was also reported by Wang et
al. (2019) and Yin et al. (2022) in channel catfish (Ictalurus punctatus) and tilapia
gut microbiome, respectively.
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This study showed an enrichment of certain bacterial genera (positive impact) in
the gut of tilapia during active florfenicol feed therapy (Figures 5 and 6). This
suggests that bacterial viability or even proliferation could occur during this period,
despite the presence of florfenicol circulating in the fish body. Although detecting
resistance genes was not the aim of this study, it is postulated that some gut bacteria
in tilapia might express mechanisms of resistance to florfenicol. For instance,
Mycobacterium sp., which showed enrichment in the gut of tilapia from both
aquaculture systems (Figures 5 and 6), has been reported to possess multidrug
resistance efflux systems and is likely a potential host of the florfenicol resistance
gene (floR) (Poole, 2005; Wanyan et al., 2023).

In addition, in this present study, it was observed a compositional recovery effect
after a withdrawal period (Figure 4B). Longitudinal evaluations of florfenicol effect
on fish gut microbiota have shown contrasting results about this issue. For instance,
Burgos et al. (2023) and Séenz et al. (2019) reported significant compositional shift
of gut microbiota of zebrafish (Danio rerio) and pacu (Piaractus brachypomus),
respectively, after exposition to florfenicol feed therapy of 10-days and even after
of withdrawal period higher than 20-days. Contrary, (Zhang et al., 2023) and
Sumithra et al. (2022) showed that southern catfish (Silurus meridionalis) and
snubnose pompano (Trachinotus blochii) exposed to feed florfenicol therapy
displayed a compositional shift of gut microbiota during active therapy, but with
some gradual compositional recovery during the withdrawal period. It could be
suggested that these different responses can be accounted by variations on applied
doses (ranging from 10 to 20 mg/Kg body weight) and time exposition (ranging
from 7 to 10-days therapy period) between studies, as well as, physiologic
differences between the fish species involved on these essays. In addition, the
differences in aquaculture systems applied between these studies could be
considered, as it has been suggested that the aquatic environment can have a
modulating effect on fish gut microbiota (Bereded et al., 2021, 2020). However, the
studies on these three fish species were all conducted using water-exchange
systems (Burgos et al., 2023; Sumithra et al., 2022; Zhang et al., 2023); therefore,
the environmental effect may not be a major determinant.

In this present study, it was observed non-significant differences on bacterial
microbiome composition of tilapia hindgut reared on water-exchange (Clear-Water)
and non-water-exchange (BFT) aquaculture systems before florfenicol exposition
and at end of withdrawal period (Figure 4B). The low overall effect of the aquatic
environment on tilapia hindgut microbiota could be attributed to the similar broad
batch origin of juvenile tilapia used in this study, as well as the uniform aquaculture
conditions (including aquatic environment and feeding management) to which they
were all subjected from early stages until the juvenile phase (35g individual body
weight by fish). According to reports of Giatsis et al. (2015, 2014) and Deng et al.
(2022, 2021), compositional differences of tilapia gut microbiota attributed to
aquaculture system (for instance, RAS and BFT) can be observed at early
development stages on tilapia. However, these compositional differences may also
diminish in later stages of development (Deng et al., 2021) due to a stochastic
biological process of gut microbiota maturation over time (Xiao et al., 2022).
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Conversely, significant differences were observed in the bacterial compositional
profile between the tilapia hindgut microbiota of both aquaculture systems only
during the active feed florfenicol therapy (Figure 4B). To further evaluate this
finding, an MaAsLin2 (Table S.6 and S.7) and GLMM (Table S.9 and Table S.10)
analysis was conducted on all possible taxa that may have contributed to this
compositional contrast between aquaculture systems associated to antimicrobial
therapy. After that, it was observed that the profile of impacted taxa because
florfenicol therapy was not similar between aquaculture systems (Figure 5).
Although hindgut microbiota exposed to florfenicol in both aquaculture systems
displayed a high depletion of Cetobacterium abundance, along enrichment of
Kaistia sp., Mycobacterium sp., and Reyranella sp. during the active therapy period
(days 6 or 11), there were also several non-dominant taxa (relative abundance <5%)
impacted which were not shared between the aquaculture systems (Figure 5).
Regarding the impacted taxa, whether shared or not between aquaculture systems,
there are several reports of genomic material detection of most of these taxa in
tilapia gut through metataxonomic studies (Table S.6 and Table S.7). However,
except for Cetobacterium (Colorado Gomez et al., 2023; Zhang et al., 2022), there
is a lack of information about the possible ecological and physiological functions of
these tilapia gut taxa under normal conditions. In this context, the present study
showed that florfenicol feed therapy on tilapia hindgut resulted in a significant but
reversible depletion of Cetobacterium abundance, a bacterium believed to be
involved in Vitamin B12 production in the tilapia gut environment (Sugita et al.,
1991; Zhang et al., 2022). In agreement with this study, reports of Cetobacterium
depletion after feed florfenicol exposition in gut microbiota of zebrafish and
channel catfish have been registered (Burgos et al., 2023; Wang et al., 2019).

Metataxonomic studies based on rRNA 16S sequencing of the biofloc bacterial
community in tilapia BFT aquaculture have been reported since the past decade
(Giatsis et al., 2015). Despite the increasing interest in metataxonomic research to
assess the biofloc microbiota, studies with a longitudinal time approach are still
limited (Deng et al., 2022; Giatsis et al., 2015; Lyu et al., 2024; Martins et al.,
2020; Ray et al., 2024). Similarly, according to our knowledge, metataxonomic
evaluations of the biofloc microbiota of tilapia BFT exposed to antimicrobial
molecules are even more lacking (Guozhi et al., 2023). In this context, the present
study contributes by demonstrating the effects of florfenicol feeding therapy on
tilapia reared in BFT. Regarding the water parameters of BFT, no detrimental effect
because of florfenicol feed therapy was detected in this study across all parameters
evaluated, including those related to the control of nitrogen compounds (ammonia,
nitrite, and nitrate). In contrast, Guozhi et al. (2023) reported significant differences
in nitrite and nitrate concentrations over time between water biofloc exposed to
florfenicol and water not exposed to it. These conflicting results can be explained
by differences related to experimental designs. While Guozhi et al. (2023) applied
florfenicol directly to BFT water at 450 pg/L, this present study applied it indirectly
through feed fish therapy. Assuming full excretion by fish, the theoretical maximum
concentration of florfenicol in water is 232 pg/L (Figure S.4). However, the real
concentration may be lower since florfenicol can be biotransformed by fish into
florfenicol amine, a metabolite with no reported antibacterial activity, before
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excretion into the aquatic environment (Feng et al., 2008; Kim et al., 2023). In this
regard, it is speculated that differences in florfenicol concentrations in the aquatic
environment of a BFT may influence the metabolism of bacterial nitrogen
compounds. Supporting this notion, Gao et al. (2018) reported that florfenicol
concentrations of 6,000 ug/L or higher impaired the nitrification process, including
ammonia and nitrite oxidation, in a sequencing batch biofilm reactor (SBBR)
treating mariculture wastewater.

With respect to the alpha diversity analysis of the effect of florfenicol feed
therapy on the biofloc microbiota, the present study showed a significant trend of
decreasing genus diversity over time in the BFT microbiota exposed to florfenicol
(Figure 7A). Similarly, Gao et al. (2018) and Zeng et al. (2019) reported that
florfenicol exposition was associated to a diminishing trend of alpha diversity
estimators in suspended aquatic bacteria community of both SBBR treating
mariculture wastewater and catfish (Ictalurus punctatus) reared in no-water-
exchange system, respectively. On the other hand, Guozhi et al. (2023) did not
detect differences in alpha diversity estimators in the biofloc bacterial microbiota
after direct exposure to florfenicol. It is necessary to highlight that the study by
Guozhi et al., 2023 did not include active tilapia reared in the water of BFT used
throughout the experimental phase. Therefore, Guozhi work (2023) does not
consider the intricate relationship between fish gut microbiota and biofloc
microbiota, which involves several cycles of immigration, colonization, and
emigration between both environments (Robinson et al., 2018). Contrary to Guozhi
study (2023), in this present longitudinal study on the biofloc bacteria community
with actively reared tilapia, the relationship between fish gut and the aquatic
environment was consistently present. Furthermore, variations in the delivery of
florfenicol into the biofloc bacterial community between Guozhi study (2023) and
the present one may result in distinct dynamic exposure patterns and, consequently,
lead to differences in the alpha diversity analysis of the biofloc bacteria microbiota.

In the bacterial genus composition of the biofloc microbiota, this present study
observed a codominance of several bacteria taxa with relative abundances higher
than 5% (Figure 7C), regardless of whether there was florfenicol exposure or not.
The occurrence of some of these bacteria genera has already been reported in the
biofloc microbiota of tilapia BFT (Table S.7), including the genus Cetobacterium
(Deng et al., 2022; Liu et al., 2018; Luo et al., 2017). Contrary to this, Guozhi et al.
(2023) did not show an evident dominance of Cetobacterium, despite using water
originating from a tilapia BFT. However, their experimental design did not include
actively reared tilapia. Since the Cetobacterium genus is associated with tilapia gut
microbiota, it is suggested that the detection of this taxon in the biofloc microbiota
depends on the presence of tilapia in the aquaculture system.

Consistent with alpha diversity estimators, beta diversity based on Bray-Curtis
dissimilarity revealed significant effects of florfenicol therapy on the biofloc
bacteria microbiota (Figure 7B). Interestingly, significant compositional differences
between biofloc bacteria microbiota exposed to florfenicol and those not exposed
were detected on days 6, 11, and 31 (Figure 7B). Despite this study not aiming to
evaluate the longitudinal concentration of florfenicol in the water column
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throughout the experimental assay, it is assumed that the rate of exposure to the
biofloc microbiota was gradual, accumulative, and prolonged (Figure S.4).
Accordingly, in this present study, it was possible to detect the indirect impact of
florfenicol feed therapy on the biofloc bacterial microbiota. Similar compositional
changes over time were also observed in the aquatic bacterial microbiota of a no-
water-exchange system for catfish exposed to florfenicol through feed therapy
(Zeng et al., 2019).

Since alpha and beta diversity analyses showed significant effect of florfenicol
feed therapy on the biofloc microbiota, it is expected that specific bacterial genera
will be affected over time in this community. After analyzing the relative abundance
of individual taxa, several bacterial genera were found to be impacted by florfenicol
feed therapy (see Figure 8). Interestingly, there were more taxa with significantly
depleted abundance associated with florfenicol therapy than taxa enriched due to
this same therapy. A similar finding was reported by Zeng et al. (2019), in which
the number of biofloc bacteria genera decreased due to florfenicol feed therapy in
catfish was higher than the number of increased genera. On the other hand, not all
of the genera detected in this present study with a significant relative abundance
shift due to florfenicol feed therapy have already been reported in the biofloc
bacteria microbiota (Table S.11). In addition, the functions that these taxa can fulfill
in a biofloc system are mostly unknown.

Collectively, this study has shown that all water quality variables in both the
biofloc and clear-water systems were not impacted by florfenicol feed therapy.
Additionally, alpha and beta diversity analyses of bacterial communities in the
hindgut of tilapia reared in the BFT and CW systems, as well as in the biofloc
bacterial microbiota, revealed significant shifts due to florfenicol feed therapy, but
these shifts occurred at different time points. In the hindgut microbiota, changes in
diversity and compositional level were observed on days 6 and 11 in both
aquaculture systems (BFT and CW). On the other hand, in the biofloc microbiota,
shifts in diversity were evident on day 31, while changes at the compositional level
occurred on days 6, 11, and 31. Additionally, several bacterial genera, such as
Cetobacterium, were found to be impacted by the feed therapy in both the hindgut
and biofloc bacterial microbiota.

Finally, despite shifts in the biofloc bacterial microbiota due to florfenicol feed
therapy, the overall activity of the biofloc system was preserved. This study found
no significant changes in the water physicochemical parameters that would
compromise tilapia rearing up to a 20-day withdrawal period. Therefore,
considering the conditions of this present study, florfenicol feed therapy can be
applied in the biofloc system to control bacterial diseases in tilapia.

5.6 Conclusion

This study demonstrated that florfenicol feed therapy altered the hindgut
bacterial microbiota of tilapia reared in biofloc and clear-water systems, but
diversity returned to levels comparable to fish not exposed to the therapy in both
systems. It also detected shifts in the biofloc bacterial microbiota exposed to
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florfenicol, yet functionality of the system was maintained. Overall, these findings
suggest that florfenicol feed therapy in tilapia cultured in BFT does not impair
system stability.
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5.8 Supplementary Material

Figure S.1: Fish management. A: Predict Tilapia body weight curve by non-linear
model fitting. B: Feed input curves for each type of aquaculture system during
acclimation and experimental phase. C: Boxplot of tilapia body weights in all tanks,

two days before the onset of experimental phase.
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Figure S.2: Flow-chart of Bioinformatic processing.
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Figure S.3: Relative abundance of both bacterial mock communities. Expected values
were estimated at genus level, considering both genome copies and rRNA 16S gene
copy numbers. All information was obtained from certificate of analysis provided by
BEI Resources disponible in https://www.beiresources.org/ by code products: HM-782D
(even-mock) and HM-783D (staggered -mock).
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Figure S.4: Estimated florfenicol concentration in water of both biofloc and clear-water aquaculture systems. Values were obtained by
considering for both aquaculture systems a leaching loss rate of 15% (Barreto et al., 2018), a bioavailability rate of 70% (Rairat et al., 2019) and
an average of 24 hours for florfenicol elimination from tilapia body (Rairat et al., 2020). In addition, a water exchange of 20% was included for
Clear-Water system. Degradation events were not considered in this estimation.
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Table S.1: PCR protocols for target the 16S rRNA V3 and V4 region used on this study:.

PCR protocol for amplification of V3V4 region of 16S rRNA gene

Item Thermal cycler program:
Microbial DNA (25ng/sample) e 98°Cfor 30 seconds
5X Q5 Reaction Buffer (5uL/sample)
10 mM dNTPs (0.5 uL/sample) o 25cycles of:
*10 yuM Forward Primer (1.25 uL/sample) 98°Cfor 10 seconds
*10 pM Reverse Primer (1.25 uL/sample) 58°Cfor 30 seconds
Q5 High-Fidelity DNA Polymerase (0.25 uL/sample) 72°Cfor 30 seconds
5X Q5 High GC Enhancer (5uL/sample)
Nuclease-Free Water (to complete 25ul/sample) e 72°Cfor 2 minutes

e Holdat4°C

*Both primers used were obtained from Illumina protocol Part#15044223Rev.B

PCR protocol for index inclusion

Item Thermal cycler program:

V3V4 amplicom (2.5uL/sample) e 98°Cfor 30 seconds

5X Q5 Reaction Buffer (5uL/sample)

10 mM dNTPs (0.5 uL/sample) e 8cycles of:

IDT® for Illumina® DNA/RNA UD Indexes (5 uL/sample) 98°Cfor 10 seconds

Q5 High-Fidelity DNA Polymerase (0.25 uL/sample) 58°Cfor 30 seconds

Nuclease-Free Water (to complete 25uL/sample) 72°Cfor 30 seconds
e 72°Cfor 2 minutes
e Holdat4°C




Table S.2: GLMM results from water quality parameters.
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Temperature:

Model: Temperature ~ Day + Therapy * AquacultureSystem + ar1(0+Day | Tank)

Fixed effects

Std,
Estimate Error z value Pr(>|z)
(Intercept) 29.8206 1.0146 29.391 < 2e-16 falaled
Day.1 -0.18 0.3729 -0.483  0.62932
Day.2 -0.3975 0.3233 -1.229  0.218931
Day.3 -0.7775 0.3236 -2.402 0.016289 *
Day.4 -0.715 0.3239 -2.207  0.027302 *
Day.5 -1.2925 0.3242 -3.986 6.71E-05 ***
Day.6 -4.01 0.3419 -11.728 <2e-16 falaled
Day.7 -4.7833 0.3422 -13.978 <2e-16 falaled
Day.8 -4.2175 0.3252 -12.971 <2e-16 falaled
Day.9 -2.9633 0.3428 -8.645 < 2e-16 falaled
Day.10 -1.945 0.3258 -5.971  2.36E-09 ***
Day.11 -1.0067 0.3433 -2.932  0.003368 **
Day.12 -1.08 0.3264 -3.309 0.000935 ***
Day.13 -1.245 0.3266 -3.811 0.000138 ***
Day.14 -1.72 0.3269 -5.261  1.43E-07 ***
Day.15 -1.56 0.3445 -4.529 5.94E-06 ***
Day.16 -1.7 0.3275 -5.19  2.10E-07 ***
Day.17 -2.12 0.3278 -6.467 1.00E-10 ***
Day.18 -2.47 0.3281 -7.527 5.17E-14 ***
Day.19 -2.685 0.3284 -8.175 2.95E-16 ***
Day.20 -2.15 0.3287 -6.541  6.13E-11 ***
Day.21 -1.7467 0.3462 -5.046  4.51E-07 ***
Day.22 -1.3275 0.3293 -4.031 5.55E-05 ***
Day.23 -1.23 0.3296 -3.732  0.00019 ***
Day.24 -1.165 0.3299 -3.531 0.000413 ***
Day.25 -1.03 0.3302 -3.119 0.001812 **
Day.26 -1.265 0.3305 -3.828 0.000129 ***
Day.27 -1.11 0.3796 -2.924  0.003457 **
Day.28 -1.5825 0.3311 -4.78 1.75E-06 ***
Day.29 -1.485 0.3801 -3.906 9.37E-05 ***
Day.30 -1.3625 0.3316 -4.108 3.98E-05 ***
Day.31 -1.6 0.3806 -4.203  2.63E-05 ***
Therapy.FLO -0.1637 1.3858 -0.118 0.905978
AgquacultureSystem.BFT -0.1001 1.0956 -0.091 0.927237
Therapy.FLO:AquacultureSystem.BFT 0.1782 1.5494 0.115 0.908443
Random effects
Groups Name Variance Std.Dev. Corr (arl)
Tank Day 0,9582 0,9789 1
Residual 1,3887 1,1784

Number of obs: 1120, groups: Tank, 10
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Oxygen:
Model: Oxygen ~ Day + Therapy * AquacultureSystem + ar1(0+Day | Tank)

Fixed effects

Estimate Std. Error zvalue Pr(>z|)

(Intercept) 5.05887 0.29651  17.061 <2E-16 faleled
Day.1 -0.367 0.26266  -1.397 0.162339
Day.2 -0.07625 0.23112 -0.33  0.741463
Day.3 -0.02675 0.23373 -0.114  0.908882
Day.4 0.18375 0.23611 0.778 0.436425
Day.5 -0.17675 0.23828  -0.742 0.458225
Day.6 0.7235 0.25171 2.874 0.004049 **
Day.7 1.19017 0.25344 4.696 2.65E-06 ***
Day.8 0.87475 0.24374 3.589 0.000332 ***
Day.9 0.53417 0.25648 2.083 0.037282 *
Day.10 0.4255 0.24666 1.725 0.084513 .
Day.11 -0.1935 0.25904  -0.747 0.455066
Day.12 0.4745 0.2491 1.905 0.056802 .
Day.13 0.929 0.25018 3.713 0.000205 ***
Day.14 0.82175 0.25116 3.272 0.001069 **
Day.15 0.20917 0.263 0.795 0.426435
Day.16 -0.133 0.2529  -0.526 0.598962
Day.17 0.5895 0.25367 2.324  0.02013 *
Day.18 1.3945 0.25437 5.482 4.20E-08 ***
Day.19 1.5725 0.25502 6.166 6.99E-10 ***
Day.20 1.0695 0.25561 4.184 2.86E-05 ***
Day.21 0.7955 0.26692 2.98 0.00288 **
Day.22 0.1455 0.25666 0.567 0.570779
Day.23 0.5095 0.25712 1.982 0.047527 *
Day.24 0.255 0.25754 0.99 0.322114
Day.25 0.05125 0.25793 0.199 0.842502
Day.26 0.1535 0.25829 0.594 0.552323
Day.27 0.356 0.28944 1.23 0.218718
Day.28 0.413 0.25893 1.595 0.110708
Day.29 -0.856 0.28997  -2.952 0.003157 **
Day.30 0.559 0.25947 2.154  0.03121 *
Day.31 1.5805 0.29041 5.442 5.26E-08 ***
Therapy.FLO -0.1629 0.31618 -0.515 0.60641
Agquaculture.System.BFT -0.81649 0.25016 -3.264 0.001099 *x
Therapy.FLO:AquacultureSystem.BFT 0.30068 0.35342 0.851 0.394905

Random effects
Groups Name Variance Std.Dev. Corr (arl)
Tank Day 0.09116 0.3019 0.92
Residual 0.67562 0.8220
Number of obs: 1120. groups: Tank. 10
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TAN: Model: TAN ~ Day + Therapy * AquacultureSystem + diag(1 | Tank)

Fixed effects

Estimate Std. Error zvalue Pr(>z|)
Estimate  Std. Error  z value Pr(>z|)
(Intercept) 0.32158 0.09284 3.464 0.000532 ***
Day.4 -0.16810 0.08228  -2.043 0.041056 *
Day.8 -0.28600 0.08228  -3.476 0.000509 ***
Day.11 0.03100 0.08228 0.377 0.706359
Day.15 -0.23000 0.08228  -2.795 0.005186 **
Day.18 -0.11200 0.08228  -1.361 0.173462
Day.23 -0.07050 0.08228  -0.857 0.391554
Day.25 -0.07600 0.08228  -0.924 0.355671
Day.29 -0.22000 0.08228  -2.674 0.007502 **
Day.31 -0.16920 0.08228  -2.056 0.039751 =
Therapy.FLO 0.06830  0.10556  0.647 0.517625
Aquaculture.System.BFT -0.02372  0.08345  -0.284 0.776191
Therapy.FLO:AquacultureSystem.BFT -0.05188 0.11802 0440 0660274
Random effects
Groups Name Variance Std.Dev.
Tank (Intercept) 0.002187 0.04676
Residual 0.033852 0.18399
Number of obs: 100. groups: Tank. 10
Nitrite: Model: Nitrite ~ Day + Therapy * AquacultureSystem + diag(1 | Tank)
Fixed effects
Estimate Std. Error zvalue Pr(>z|)
(Intercept) 0.59480 0.09062 6.564 5.24e-11  ***
Day.4 -0.31500 0.09035  -3.486 0.000490 ***
Day.8 -0.40700 0.09035  -4505 6.65e-06 ***
Day.11 -0.74400 0.09035  -8.235 <2e-16 ***
Day.15 -0.42600 0.09035  -4.715 2.42e-06 ***
Day.18 -0.50000 0.09035  -5.,534 3.13e-08 ***
Day.23 -0.73300 0.09035 -8.113 4.95e-16  ***
Day.25 -0.36200 0.09035  -4.007 6.16e-05  ***
Day.29 -0.49800 0.09035  -5.512 3.55e-08  ***
Day.31 -0.64300 0.09035 -7.117 1.11e-12 ***
TratamentoATB 0.01500 0.09527 0.157 0.874889
SistemaBFT 0.25025 0.07532 3.323 0.000892 ***
TratamentoATB:SistemaBFT -0.11375 0.10651 -1.068 0.285543
Random effects
Groups Name Variance Std.Dev.
Tank (Intercept) 0.0004563 0.02136
Residual 0.0408168 0.20203

Number of obs: 100. groups: Tank. 10
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pH: Model: pH ~ Day + Therapy * AquacultureSystem + diag(1 | Tank)

Fixed effects

Estimate Std. Error zvalue Pr(>z|)
Estimate  Std. Error  z value Pr(>z|)
(Intercept) 748.843 0.11840 63.25 <2E-16 ***
Day.3 -0.45500 0.11075 -4.11  3.98e-05 ***
Day.10 -0.47100 0.11075 -4.25 2.11e-05 ***
Day.14 -0.03900 0.11075 -0.35  0.72473
Day.17 -0.33800 0.11075 -3.05 0.00227 **
Day.28 -0.24700 0.11075 -2.23  0.02573 *
Day.30 0.25100 0.11075 227 0.02343 *
Therapy.FLO 0.09000  0.13237 0.68  0.49656
Aquaculture.System.BFT -0.24071  0.10465  -2.30  0.02144 *
Therapy.FLO:AquacultureSystem.BFT -0.08464 0.14800 -0.57 0.56737
Random effects
Groups Name Variance Std.Dev.
Tank (Intercept) 1.09E-08 3.29E-03
Residual 6.13E+01 2.48E+02

Number of obs: 70. groups: Tank. 10

Salinity: Model: Salinity ~ Day + Therapy * Aquaculture.System + diag(1 | Tank)

Fixed effect

S

Estimate Std. Error zvalue Pr(>|z|)

(Intercept) 0.118429  0.042506 2.79  0.00533 **
Day.3 0.006000  0.019275 0.31  0.75558
Day.10 -0.006000  0.019275 -0.31  0.75558
Day.14 0.006000  0.019275 0.31  0.75558
Day.17 0.019000  0.019275 0.99  0.32426
Day.28 0.002000  0.019275 0.10 0.91736
Day.30 0.004000  0.019275 021  0.83560
Therapy.FLO 0.004286  0.057403 0.07  0.94048
Aquaculture.System.BFT 2.009.286  0.045381  44.28  <2E-16 ***
Therapy.FLO:AquacultureSystem.BFT 9002500  0.064178 -0.04  0.96893

Random effects
Groups Name Variance Std.Dev.
Tank (Intercept) 0.001382 0.03718

Residual 0.001858 0.04310

Number of obs: 70. groups: Tank. 10
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Alkalinity: Model: Alkalinity ~ Day + Therapy + diag(1 | Tank)

Fixed effect

S

Estimate Std. Error zvalue Pr(>z|)
Estimate  Std. Error  z value Pr(>z|)
(Intercept) 106.050 7.961  13.322 <2E-16 ***
Day.12 12.375 6.465 1.914 0.0556 .
Day.19 30.125 6.465 4,660 3.17e-06 ***
Day.26 46.250 6.465 7.154  8.44e-13 ***
Day.31 46.750 6.465 7.231 4.79e-13 ***
Therapy.FLO 6.900 9.659 0.714 0.4750
Random effects
Groups Name Variance Std.Dev.
Tanque (Intercept) 153.2 12.38
Residual 167.2 12.93
Number of obs: 40. groups: Tank. 8
Settleable Solids: Model: SS ~ Day + Therapy + diag(1 | Tank)
Fixed effects
Estimate Std. Error zvalue Pr(>z|)
Estimate  Std. Error  z value Pr(>z|)
(Intercept) 11.125 2.722 4,088 4.36e-05 ***
Day.12 3.125 1.672 1.869 0.0616 .
Day.19 4.000 1.672 2.393 0.0167 *
Day.26 -1.000 1.672  -0.598 0.5497
Day.31 3.750 1.672 2.243 0.0249 =
Therapy.FLO 1.250 3.547 0.352 0.7245
Random effects
Groups Name Variance Std.Dev.
Tanque (Intercept) 22.92 4.788
Residual 11.18 3.343

Number of obs: 40. groups: Tank. 8
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Total suspended solids: Model: TSS ~ Day + Therapy + diag(1 | Tank)

Fixed effects

Estimate Std. Error zvalue Pr(>z|)
Estimate  Std. Error  z value Pr(>[z])
(Intercept) 185.25 25.40 7.293  3.03e-13 ***
Day.9 88.75 19.76 4491 7.10e-06 ***
Day.14 86.75 19.76 4389 1.14e-05 ***
Day.20 70.75 19.76 3.580 0.000344 ***
Day.31 70.00 19.76 3.542 0.000397 ***
Therapy.FLO 47.50 31.27 1519 0.128778
Random effects
Groups Name Variance Std.Dev.
Tanque (Intercept) 1643.5 40.54
Residual 1562.6 39.53

Number of obs: 40. groups: Tank. 8

Nitrate: Model: Nitrate ~ Day + Therapy + diag(1 | Tank)

Fixed effects

Estimate Std. Error zvalue Pr(>z|)
Estimate  Std. Error  z value Pr(>z|)
(Intercept) 175.03 16.79  10.428 <2E-16 ***
Day.31 -30.69 19.38  -1.584  0.11329
Therapy.FLO 60.40 19.38 3.116  0.00183 **
Random effects
Groups Name Variance Std.Dev.
Tanque (Intercept) 1.35E-11 1.81E-25
Residual 3.88E+04 1.50E+06

Number of obs: 16. groups: Tank. 8




Table S.3: All samples used for diversity analysis.

Type of Sample Size
Hindgut.BFT 60
Day-0 16
BFT.FLO 8
BFT 8
Day-06 15
BFT.FLO 8
BFT 7
Day-11 15
BFT.FLO 8
BFT 7
Day-31 14
BFT.FLO 8
BFT 6
Hindgut.CW 36
Day-0 10
CW.FLO 5
CWwW 5
Day-06 10
CW.FLO 5
CwW 5
Day-11 7
CW.FLO 5
CwW 2
Day-31 9
CW.FLO 5
CWwW 4
Water.BFT 32
Day-0 8
Water.BFT.FLO 4
Water.BFT 4
Day-06 8
Water.BFT.FLO 4
Water.BFT 4
Day-11 8
Water.BFT.FLO 4
Water.BFT 4
Day-31 8
Water.BFT.FLO 4
Water.BFT 4
Mock 2
Staggered 1
Even 1
Total 130
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Richness Model: Do ~ Aquaculture.System. + Day x Therapy + diag(1 | Tank)

Fixed effects

Estimate Std. Error

z value

Pr(>z|)

(Intercept) 3.584736  0.104835 34.19 2.00E-16 ***
Aquaculture.System.BFT 0.280933  0.157396 -1.78  0.07428 .
Day.6 0.266098  0.065831 4.04 5.30e-05 ***
Day.11 0.484421  0.065582 7.39 15le-13 ***
Day.31 0.310912  0.067515 461 4.12e-06 ***
Therapy.FLO -0.100296  0.141803 -0.71  0.47938
Day.6:Therapy.FLO 0.246804  0.092121 2.68 0.00738 **
Day.11:Therapy.FLO 0.142975  0.091024 157 0.11624
Day.31:Therapy.FLO 0.006833  0.095111 0.07  0.94273

Random effects
Groups Name Variance Std.Dev.
Tank (Intercept) 0.03776 0.1943
Number of obs: 96. groups: Tank. 10

Predicted Means

Day 0 Day 6 Day 11 Day 31

BFT 36.0% 47.02 58.52 49.2°
BFT.FLO 32.6° 54,52 61.1° 44.8°
CwW 27.2° 35.52 44,22 37.1°
CW.FLO 24.6° 4112 46.1° 33.82

Means with different letters are significantly different within each column. based on a 95% Confidence Interval.

Shannon Model: D; ~ Aquaculture.System. + Day x Therapy + diag(1 | Tank)

Fixed effects

Estimate Std. Error zvalue Pr(>|z])
(Intercept) 1.07 0.20 5409 6.34E-08 ***
Agquaculture.System.BFT 0.54 0.12 -4.368 1.25E-05  ***
Day.6 0.04 0.28 0.159 0.873963
Day.11 0.50 0.25 1.995 0.046023 *
Day.31 0.29 0.27 1.095 0.27342
Therapy.FLO 0.00 0.28 0  0.99986
Day.6:Therapy.FLO 1.37 0.35 3.95 7.83E-05 ***
Day.11:Therapy.FLO 111 0.33 3.373 0.000742  ***
Day.31:Therapy.FLO -0.22 0.38 -0.586 0.557702
Random effects
Groups Name Variance Std.Dev.
Tank (Intercept) 0.004429 0.06655
Number of obs: 96. groups: Tank. 10
Predicted Means

Day 0 Day 6 Day 11 Day 31
BFT 2.912 3.04® 4.81% 3.892
BFT.FLO 2.91° 11.99¢ 14.55¢ 3.12%
Ccw 1.70@ 1.78? 2.822 2.28%
CW.FLO 1.70° 7.01° 8.51b 1.832

Means with different letters are significantly different within each column.

based on a 95% Confidence Interval.
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Simpson Model: D, ~ Aquaculture.System. + Day x Therapy + diag(1 | Tank)

Fixed effects

Estimate Std. Error zvalue Pr(>Jz|)

(Intercept) 0.2263 0.3321 0.681 0.495742

Aquaculture.System.BFT 0.5782 0.1523  -3.796 0.000147  ***

Day.6 0.1878 0.4521 0.415 0.677915

Day.11 0.5041 0.4298 1.173  0.240893

Day.31 0.4234 0.4394 0.964 0.335252

Therapy.FLO -0.1171 0.4847  -0.242 0.809117

Day.6: Therapy.FLO 1.738 0.5853 2.969 0.002986 fal

Day.11: Therapy.FLO 1.5262 0.5672 2.691 0.007133 *x

Day.31:Therapy.FLO -0.204 0.6442 -0.317 0.751471

Random effects

Groups Name Variance Std.Dev.

Tank (Intercept) 4.18e-10 2.05E-02

Number of obs: 96. groups: Tank. 10

Predicted Means
Day 0 Day 6 Day 11 Day 31

BFT 1.2542 1.513% 2.076% 1.9152
BFT.FLO 1.1152 7.652¢ 8.495°¢ 1.3892
CwW 0.7032 0.849? 1.1642 1.0742
CW.FLO 0.6262 4.292° 4.765° 0.7792

Means with different letters are significantly different within each column. based on a 95% Confidence Interval.
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Richness Model: Do ~ Day + Therapy + diag(1 | Tank)

Fixed effects

Estimate Std. Error zvalue Pr(>Jz|)
(Intercept) 124.312 4359 28,517 <2e-16  ***
Day.6 1 5.514 0.181 0.8561
Day.11 -12.875 5514  -2.335 0.0195 *
Day.31 -0.375 5514  -0.068 0.9458
Therapy.FLO -9.375 3.899 2.404 0.0162 *
Random effects
Groups Name Variance Std.Dev.
Tank (Intercept) 1.83E-07 4.27E-04
Residual 1.22E+02 1.10E+01
Number of obs: 32. groups: Tank. 8
Predicted Means
Day 0 Day 6 Day 11 Day 31
BFT.FLO 1242 1252 1112 1242
BFT 1342 1352 1212 133°

Means with different letters are significantly different within each column. based on a 95% Confidence Interval.

Shannon Model: D; ~ Day x Therapy + diag(1 | Tank)

Fixed effects

Estimate Std. Error zvalue Pr(>Jz|)
(Intercept) 2.35E+01  2.58E+00 9.123 <2e-16  ***
Therapy.FLO 1.90E-15 3.64E+00 0 1
Day.6 -7.50E-01 3.64E+00  -0.206 0.8369
Day.11 -4.00E+00 3.64E+00  -1.098 0.2722
Day.31 -6.00E+00 3.64E+00  -1.647 0.0996
Therapy.FLO: Day.6 1.00E+00 5.15E+00 0.194 0.8461
Therapy.FLO: Day.11 8.25E+00  5.15E+00 1.601 0.1093
Therapy.FLO: Day31 -1.48E+01  5.15E+00 2.863 0.0042 wx
Random effects
Groups Name Variance Std.Dev.
Tank (Intercept) 2.89E-08 0.0001699
Residual 2.65E+01 5.1518639
Number of obs: 32. groups: Tank. 8
Predicted Means
Day 0 Day 6 Day 11 Day 31
BFT.FLO 23.52 22.8¢ 19.52 17,52
BFT 23.52 23.82 27.82 32.2°

Means with different letters are significantly different within each column.

based on a 95% Confidence Interval.
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Table S.5: GLMM results from water BFT microbiota diversity (continue).

Simpson Model: D, ~ Day x Therapy + diag(1 | Tank)
Fixed effects
Estimate Std. Error zvalue Pr(>Jz|)
(Intercept) 125 1.724 7.252 4.12E-13  ***
Therapy.FLO 0.75 2.438 -0.308  0.75834
Day.6 -0.5 2.438 -0.205  0.83749
Day.11 -3 2.438 -1.231  0.21846
Day.31 -4.5 2.438 -1.846 0.0649
Therapy.FLO: Day.6 15 3.447 0.435 0.66349
Therapy.FLO: Day.11 6.5 3.447 1.885 0.05937
Therapy.FLO: Day31 -9.25 3.447 2.683 0.00729 *x
Random effects
Groups Name Variance Std.Dev.
Tank (Intercept) 6.59E-08 0.0002566
Residual 1.19E+01 3.4475233
Number of obs: 32. groups: Tank. 8
Predicted Means
Day 0 Day 6 Day 11 Day 31
BFT.FLO 12.52 122 9.52 82
BFT 11.8° 12.82 15.2° 16.5"
Means with different letters are significantly different within each column. based on a 95% Confidence Interval.
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Table S.6: Results of evaluation by MassLin2 of bacterial community from hindgut samples of tilapia reared in BFT system. Only results with P-

value <0.05 were displayed.

BFT vs BFT.FLO on day 00
feature metadata value coef | stderr | N | N.not.0 | pval gval
g__Thermomonas Therapy BFT -280 | 102 |16|6 0.02 0.72
g__ Coxiella Therapy BFT -0.78 1032 |16 |4 0.03 0.72
g__Dinghuibacter Therapy BFT -3.27 | 138 | 166 0.03 0.72
g__Gemmata Therapy BFT -244 | 106 |16 |8 0.04 0.72
BFT vs BFT.FLO on day 06
feature metadata value coef | stderr | N | N.not.0 | pval gval
g__ Cetobacterium Therapy BFT 349 | 050 |15(15 9.37E-06 | 1.42E-03
g__Nordella Therapy BFT -415 | 077 |15|14 1.22E-04 | 7.71E-03
g__Pir4_lineage Therapy BFT -3.68 | 0.70 |15 14 1.52E-04 | 7.71E-03
g_ Kaistia Therapy BFT -464 | 104 |15]|14 6.25E-04 | 2.23E-02
g__ Legionella Therapy BFT -279 1064 |15|11 7.34E-04 | 2.23E-02
g__ Reyranella Therapy BFT -4.16 | 098 |15 14 9.16E-04 | 2.32E-02
g__ Gemmata Therapy BFT -3.17 | 080 |[15|12 1.68E-03 | 3.65E-02
g__Planctopirus Therapy BFT -3.29 | 097 |15]14 5.00E-03 | 9.50E-02
g__Saccharimonadales Therapy BFT -4.02 | 128 |15 13 7.88E-03 | 1.27E-01
g__Candidatus_Alysiosphaera Therapy BFT -292 |09 |15)8 8.72E-03 | 1.27E-01
g__Phreatobacter Therapy BFT -3.01 |099 |15]|14 9.21E-03 | 1.27E-01
g__Enhydrobacter Therapy BFT 103 |038 |15 |4 1.71E-02 | 2.17E-01
g__Pseudolabrys Therapy BFT -2.33 | 090 |15 7 2.17E-02 | 2.54E-01
g__Coxiella Therapy BFT -1.87 [ 073 |15|6 2.40E-02 | 2.60E-01
BFT vs BFT.FLO on day 11
feature metadata value coef | stderr | N | N.not.0 | pval gval
g__Nordella Therapy BFT -4.46 | 088 |15 14 0.00 0.03
g_SH.PL14 Therapy BFT -368 | 075 |15 |14 0.00 0.03
g__ Pir4d_lineage Therapy BFT -435 | 094 |15|15 0.00 0.03
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g__Reyranella Therapy BFT -353 |0.78 |15 14 0.00 0.03
g__Kaistia Therapy BFT -420 [ 093 |15|14 0.00 0.03
g__Brevinema Therapy BFT 713 | 168 |15 |7 0.00 0.03
g__IMCC26207 Therapy BFT -342 | 082 |15|14 0.00 0.03
g__ Cetobacterium Therapy BFT 358 |086 |15 15 0.00 0.03
g__Saccharimonadales Therapy BFT -491 | 121 |15(13 0.00 0.03
g__Hyphomicrobium Therapy BFT -3.31 | 088 |15]|14 0.00 0.05
g__Fimbriiglobus Therapy BFT -293 | 078 |15|9 0.00 0.05
g__Pirellula Therapy BFT -4.14 | 118 | 15|15 0.00 0.07
g_ Gaiella Therapy BFT -1.79 | 053 |156 0.01 0.09
g__Pseudomonas Therapy BFT -3.23 | 100 |15|11 0.01 0.10
g__Planctomicrobium Therapy BFT -220 |069 |15|6 0.01 0.10
g__Candidatus_Levybacteria Therapy BFT -262 | 086 |15 |7 0.01 0.13
g__Luteolibacter Therapy BFT -349 | 119 |15 14 0.01 0.16
g__Nocardioides Therapy BFT -228 1079 |15|11 0.01 0.16
g__Pedomicrobium Therapy BFT -310 | 111 |15 14 0.02 0.18
g__Gemmata Therapy BFT -3.73 | 137 |15 11 0.02 0.19
g__Mycobacterium Therapy BFT -3.20 | 118 | 15|14 0.02 0.19
g__ Pseudolabrys Therapy BFT -235 | 087 |15|6 0.02 0.19
g_BD1.7 clade Therapy BFT 159 | 062 |15 |4 0.02 0.23
g_ Oikopleura Therapy BFT 120 | 050 |15 |4 0.03 0.31
g_SH3.11 Therapy BFT 159 (069 |15|7 0.04 0.34
g__Anaerovorax Therapy BFT 050 |022 |15]3 0.04 0.36
g__Legionella Therapy BFT -2.29 | 106 |15|13 0.05 0.41
BFT vs BFT.FLO on day 31

feature metadata value coef | stderr | N | N.not.0 | pval qgval
g__Mycobacterium Tratamento | BFT 214 | 062 |14 |13 0.00 0.47
g__Clostridium_sensu_stricto_6 Tratamento | BFT 255 | 076 |14 |8 0.01 0.47
g__ Desulfomicrobium Tratamento | BFT 271 | 086 |14 |5 0.01 0.47
g__Allorhizobium.Neorhizobium.Pararhizobium.Rhizobium Tratamento | BFT -3.47 | 121 |14 |7 0.01 0.53
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g__Clostridium_sensu_stricto_8 Tratamento | BFT 244 1094 |14 |7 0.02 0.53
g__Clostridium_sensu_stricto_1 Tratamento | BFT 178 077 |14 |14 0.04 0.53
g__ Edwardsiella Tratamento | BFT 074 032 |14 |3 0.04 0.53
g__Chlamydia Tratamento | BFT 113 | 049 |14 |5 0.04 0.53
BFT.FLO on day 00 vs BFT.FLO on days 06. 11. and 31

feature metadata value coef | stderr | N | N.not.0 | pval gval
g_ Bacillus Time Day06 |3.10 |1.31 |32)17 0.02 0.28
g__ Blastopirellula Time Day06 |3.08 |1.11 |32)27 0.01 0.15
g__Candidatus_Alysiosphaera Time Day06 |258 |1.25 |32)|21 0.05 0.44
g__Candidatus_Competibacter Time Day06 |2.82 |1.27 |32)|26 0.04 0.37
g__Cetobacterium Time Day06 |-3.47 | 050 |32 32 0.00 0.00
g__Clostridium_sensu_stricto_1 Time DayO6 |-2.24 | 078 |32 |31 0.01 0.13
g__Defluviicoccus Time Dayo6 |3.12 |090 |32)17 0.00 0.04
g__Gastranaerophilales Time Day0o6 | 033 |016 |[32]|2 0.05 0.43
g_ Gemmata Time Dayo6 |3.15 |121 |32)25 0.01 0.20
g__Hyphomicrobium Time Dayo6 | 491 |1.08 |32)29 0.00 0.01
g__lamia Time Day06 |243 |1.01 |32]19 0.02 0.27
g__IMCC26207 Time Day0O6 | 342 |081 |32]|29 0.00 0.01
g_ Kaistia Time Day06 |4.18 |0.96 |32]29 0.00 0.01
g__Lactococcus Time Day0O6 |297 |118 [32|9 0.02 0.22
g__ Legionella Time Day06 |4.74 |0.80 |32)22 0.00 0.00
g__ Luteolibacter Time Day06 |293 |1.37 |32]30 0.04 0.41
g__Mycobacterium Time Dayo6 | 281 |1.05 |32)31 0.01 0.19
g__Nocardioides Time Dayo6 |3.74 |088 |32)23 0.00 0.01
g__Nordella Time Day06 |546 |1.21 |32]|30 0.00 0.01
g__Pedomicrobium Time Day06 |3.71 |142 |32]|24 0.01 0.20
g__Phreatobacter Time Day0o6 |4.89 |1.00 |32)27 0.00 0.00
g__Pir4d_lineage Time Dayo6 |4.87 |1.07 |32)|30 0.00 0.01
g__Pirellula Time Day06 |350 |[1.34 |32]30 0.01 0.20
g__Planctopirus Time Day06 |4.95 |1.17 |32]29 0.00 0.01
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g__Pseudolabrys Time Day06 |2.06 |0.74 |32)12 0.01 0.15
g__Reyranella Time Day06 |[4.34 |124 |32|30 0.00 0.04
g__Rhodopirellula Time Day06 |223 |1.02 |32)16 0.04 0.39
g__Saccharimonadales Time Day06 |451 |147 |32)|28 0.00 0.09
g__Acetobacterium Time Dayll |233 |1.12 |32)|16 0.05 0.43
g__Aeromonas Time Dayll |420 |143 (32|21 0.01 0.12
g__Allorhizobium.Neorhizobium.Pararhizobium.Rhizobium Time Dayll |252 |0.98 |32)10 0.02 0.20
g__ Blastopirellula Time Dayll |4.48 |1.11 |32)27 0.00 0.01
g__Candidatus_Competibacter Time Dayll [298 |1.27 |32)|26 0.03 0.30
g__Candidatus_Levybacteria Time Dayll |221 |0.71 |32)13 0.00 0.08
g__Candidatus_Pacebacteria Time Dayll |352 |131 |32)16 0.01 0.19
g__Cetobacterium Time Dayll |-4.42 |050 |32 32 0.00 0.00
g__Christensenellaceae_R.7_group Time Dayll |1.04 |[049 |32]|7 0.04 0.41
g__Defluviimonas Time Dayll |3.38 |1.05 |32)12 0.00 0.06
g__Enhydrobacter Time Dayll |1.71 |0.77 |32|7 0.03 0.36
g__Fimbriiglobus Time Dayll |3.10 |1.17 |32|20 0.01 0.19
g_ Gaiella Time Dayll |221 |0.60 |32]13 0.00 0.02
g__ Haloferula Time Dayll |3.82 |147 |32)23 0.01 0.20
g__Hyphomicrobium Time Dayll |549 |1.08 |32]29 0.00 0.00
g__lamia Time Dayll |[293 |1.01 |32]19 0.01 0.13
g__IMCC26207 Time Dayll |3.65 |0.81 |32]29 0.00 0.01
g_ Kaistia Time Dayll |[391 |0.96 |32)29 0.00 0.01
g__Legionella Time Dayll | 426 |080 |32)22 0.00 0.00
g__Leptolyngbya ANT.L52.2 Time Dayll | 163 |0.72 [32|6 0.03 0.34
g__Longivirga Time Dayll | 413 |1.04 |32 24 0.00 0.01
g__Luteolibacter Time Dayll (492 |137 |32|30 0.00 0.03
g__Nocardioides Time Dayll [ 478 |0.88 |32)23 0.00 0.00
g__Nordella Time Dayll |5.09 |121 |32]30 0.00 0.01
g__Pedomicrobium Time Dayll |6.13 |142 |32]|24 0.00 0.01
g__Phreatobacter Time Dayll |541 |1.00 |32 27 0.00 0.00
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g__Pir4d_lineage Time Dayll [4.78 |1.07 |32)|30 0.00 0.01
g__Pirellula Time Dayll |4.88 |134 |32]|30 0.00 0.03
g__Planctopirus Time Dayll |4.76 |117 |32)|29 0.00 0.01
g__Pseudolabrys Time Dayll |1.73 |0.74 |32)12 0.03 0.30
g__Pseudomonas Time Dayll |4.01 |0.87 |32)17 0.00 0.01
g__Ralstonia Time Dayll [ 125 |060 (324 0.05 0.43
g__ Reyranella Time Dayll |[365 |1.24 |32]30 0.01 0.12
g__Rhodobacter Time Dayll [ 273 [096 [32]|9 0.01 0.13
g__Rhodopirellula Time Dayll |[3.75 |1.02 |32)|16 0.00 0.03
g__Saccharimonadales Time Dayll |[4.90 |147 |32)|28 0.00 0.05
g__SH.PL14 Time Dayll |3.73 |176 |32]|25 0.04 0.41
g__Staphylococcus Time Dayll | 119 |057 (324 0.05 0.43
g__Thauera Time Dayll | 150 |0.71 |32|11 0.04 0.43
g__Aeromonas Time Day3l | 355 |143 |32)|21 0.02 0.24
g__Allorhizobium.Neorhizobium.Pararhizobium.Rhizobium Time Day32 | 236 |098 |32)10 0.02 0.27
g__Anaerofustis Time Day33 | 025 [012 |32]|2 0.04 0.40
g__Candidatus_Contendobacter Time Day34 |348 |139 |32]14 0.02 0.23
g__Mycobacterium Time Day35 |-270 [1.05 |32)|31 0.02 0.20
g__Pseudomonas Time Day36 |230 |0.87 |32)17 0.01 0.19
g__Saccharimonadales Time Day37 |3.23 |147 |32)|28 0.04 0.38
g__ Thauera Time Day38 [233 |0.71 |32]11 0.00 0.06
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Table S.7: Results of evaluation by MassLin2 of bacterial community from hindgut samples of tilapia reared in Clear-Water system. Only results
with P-value <0.05 were displayed.

CW vs CW.FLO on day 00
feature metadata | value coef stderr | N | N.not.0 | pval gval
g_ Kaistia Therapy | CW -5.83 | 062 |10 |7 1.40E-05 | 9.75E-04
g_ Bacillus Therapy | CW -5.62 | 060 |10 |7 1.40E-05 | 9.75E-04
g__Mycobacterium Therapy | CW -6.54 |1.04 |10]9 2.33E-04 | 1.08E-02
g__Neochlamydia Therapy | CW -6.02 123 |10|9 1.23E-03 | 4.26E-02
g__Saccharimonadales Therapy | CW -440 |1.05 |10}9 3.02E-03 | 8.41E-02
g__SH.PL14 Therapy | CW -415 103 (109 3.83E-03 | 8.87E-02
g__ Cetobacterium Therapy | CW 1.43 0.37 |10 10 5.06E-03 | 1.01E-01
g__Aquicella Therapy | CW -492 133 |[10] 10 6.07E-03 | 1.06E-01
g__Gemmata Therapy | CW -3.72 |1.04 |10 |8 7.32E-03 | 1.08E-01
g__ Pseudolabrys Therapy | CW -3.48 |1.00 |10 |8 8.13E-03 | 1.08E-01
g__Candidatus_Pacebacteria Therapy | CW -359 |1.04 |10|5 8.51E-03 | 1.08E-01
g__Nocardioides Therapy | CW -1.44 1046 |10 |4 1.40E-02 | 1.62E-01
g__Pseudomonas Therapy | CW -263 088 |10|6 1.70E-02 | 1.82E-01
g__Craurococcus.Caldovatus Therapy | CW -4.07 | 147 |10|6 2.46E-02 | 2.44E-01
g__ Bradyrhizobium Therapy | CW -3.37 132 |10]6 3.35E-02 | 3.07E-01
g__Planctopirus Therapy | CW -225 089 |10|5 3.54E-02 | 3.07E-01
g__Cutibacterium Therapy | CW -1.83 | 075 |10 |6 4.01E-02 | 3.28E-01
g__IMCC26207 Therapy | CW -1.90 | 081 (105 4.65E-02 | 3.59E-01
g__ Edwardsiella Therapy | CW -0.85 | 037 |10|3 4.94E-02 | 3.61E-01
CW vs CW.FLO on day 06
feature metadata | value coef stderr | N | N.not.0 | pval qval
g__ Reyranella Therapy | CW 536 043 |7 |7 5.99E-05 | 2.51E-03
g__ Acetobacteroides Therapy | CW 4.08 034 |7 |3 7.28E-05 | 2.51E-03
g__ Clostridium_sensu_stricto_6 Therapy | CW 1.20 010 |7 |2 8.47E-05 | 2.51E-03
g__Plesiomonas Therapy | CW 6.56 102 |7 |6 1.35E-03 | 3.00E-02




g__Neochlamydia Therapy | CW -414 1069 |7 |7 1.80E-03 | 3.21E-02
g__Kaistia Therapy | CW -451 1084 |7 |7 3.06E-03 | 4.40E-02
g__IMCC26207 Therapy | CW -417 1080 (7 |6 3.46E-03 | 4.40E-02
g__ Cetobacterium Therapy | CW 6.16 130 |7 |7 5.09E-03 | 5.66E-02
g__Aquicella Therapy | CW -3.86 087 |7 |7 6.68E-03 | 6.60E-02
g__Azospira Therapy | CW -852 205 |7 |6 8.86E-03 | 7.89E-02
g__ Luteolibacter Therapy | CW 5565 |151 |7 |6 1.45E-02 | 1.01E-01
g__ Alsobacter Therapy | CW 3.71 1.02 |7 |7 1.49E-02 | 1.01E-01
g__ Pir4d_lineage Therapy | CW -325 092 |7 |6 1.64E-02 | 1.01E-01
g__Bdellovibrio Therapy | CW -3.16 | 089 |7 |7 1.65E-02 | 1.01E-01
g__Polynucleobacter Therapy | CW -456 |130 |7 |6 1.71E-02 | 1.01E-01
g__Clostridium_sensu_stricto_1 Therapy | CW 6.39 193 |7 |6 2.14E-02 | 1.19E-01
g__Saccharimonadales Therapy | CW -257 090 |7 |7 3.50E-02 | 1.83E-01
CW vs CW.FLO on day 11

feature metadata | value coef stderr | N | N.not.0 | pval qval
g__Burkholderia.Caballeronia.Paraburkholderia Therapy | CW 2.48 072 |9 |4 0.01 0.49
g__Mycobacterium Therapy | CW 341 140 |9 |8 0.04 0.49
g__ Luteolibacter Therapy | CW -212 1089 |9 |4 0.05 0.49

CW.FLO on day 00 vs CW.FLO on days 06. 11. and 31

feature metadata | value coef stderr | N | N.not.0 | pval gval
g__ Cetobacterium Therapy | Dayll | -6.54 |0.61 |20 |20 9.69E-09 | 4.74E-06
g__Longivirga Therapy | Dayll | 5.16 054 |20]12 5.14E-08 | 1.26E-05
g__Kaistia Therapy | Dayll | 6.36 0.70 | 20|14 1.05e-07 | 1.71E-05
g__Aquicella Therapy | Dayll | 9.44 1.14 |20 | 17 3.33E-07 | 2.83E-05
g__Reyranella Therapy | Dayll | 8.58 1.03 | 20|19 3.34E-07 | 2.83E-05
g__Gemmata Therapy | Dayll | 5.06 0.61 |20 |14 3.47E-07 | 2.83E-05
g__Gemmata Therapy | Day06 | 4.70 0.61 |20 |14 9.09E-07 | 6.35E-05
g__Kaistia Therapy | Day06 | 5.00 0.70 | 20|14 2.35E-06 | 1.43E-04
g__Neochlamydia Therapy | Dayll | 5.89 086 |20 |16 3.85E-06 | 2.09E-04
g_SH.PL14 Therapy | Dayll | 6.61 099 |20 |14 5.28E-06 | 2.41E-04
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g__Plesiomonas Therapy | Dayll | -6.06 |0.91 |20 |19 5.82E-06 | 2.41E-04
g__Bdellovibrio Therapy | Dayll | 7.98 121 (20|14 5.92E-06 | 2.41E-04
g__Pseudolabrys Therapy | Dayll | 5.84 0.90 |20 |15 7.02E-06 | 2.53E-04
g__IMCC26207 Therapy | Dayll |5.73 0.88 |20 |12 7.56E-06 | 2.53E-04
g__ Reyranella Therapy | Day06 | 6.67 1.03 | 20|19 7.75E-06 | 2.53E-04
g__Mycobacterium Therapy | Day06 | 5.41 084 |20]|19 8.59E-06 | 2.62E-04
g__Aquicella Therapy | Day0O6 | 7.11 1.14 | 20|17 1.13E-05 | 3.24E-04
g__Saccharimonadales Therapy | Dayll | 6.61 1.09 | 20|17 1.61E-05 | 4.36E-04
g__ Legionella Therapy | Dayll | 6.40 1.08 | 20|15 2.21E-05 | 5.69E-04
g_SH.PL14 Therapy | Day06 | 5.62 099 |20 |14 3.38E-05 | 8.25E-04
g__Pseudolabrys Therapy | Day06 | 5.00 0.90 |20 |15 4.16E-05 | 9.69E-04
g__Planctopirus Therapy | Dayll | 5.68 1.05 |20 |11 5.51E-05 | 1.22E-03
g__Saccharimonadales Therapy | Day06 | 5.83 1.09 | 20|17 6.43E-05 | 1.37E-03
g__Neochlamydia Therapy | Day06 | 4.46 086 |20 |16 8.94E-05 | 1.82E-03
g__Pir4d_lineage Therapy | Dayll |5.34 1.06 | 20|12 1.17E-04 | 2.30E-03
g__Azospira Therapy | Dayll | 6.55 132 |20 |8 1.39E-04 | 2.60E-03
g__Mycobacterium Therapy | Dayll | 3.95 084 |20]|19 2.48E-04 | 4.50E-03
g__ Luteolibacter Therapy | Dayll | 7.64 1.73 |20 |12 4.38E-04 | 7.65E-03
g__ Legionella Therapy | Day06 | 4.74 1.08 | 20|15 4.69E-04 | 7.91E-03
g_ Bacillus Therapy | Day06 | 4.69 1.13 | 20|13 7.67E-04 | 1.25E-02
g__Planctopirus Therapy | Day06 | 4.21 1.05 |20 |11 9.72E-04 | 1.53E-02
g__Craurococcus.Caldovatus Therapy | Day06 | 5.54 1.39 | 20|10 1.04E-03 | 1.58E-02
g__lamia Therapy | Dayll | 5.08 133 | 20|11 1.53E-03 | 2.26E-02
g__Aeromonas Therapy | Dayll | 6.73 177 120 |5 1.59E-03 | 2.29E-02
g__Candidatus_Pacebacteria Therapy | Day06 | 3.76 1.00 |20 |11 1.67E-03 | 2.33E-02
g__Neochlamydia Therapy | Day30 |-3.12 | 0.86 |20 |16 2.25E-03 | 3.05E-02
g__Mycobacterium Therapy | Day30 | -3.05 |0.84 |20 |19 2.31E-03 | 3.05E-02
g__Turicibacter Therapy | Day30 | 3.26 093 |20 |4 2.82E-03 | 3.63E-02
g__Longivirga Therapy | Day06 | 1.80 054 |20]12 4.17E-03 | 5.23E-02
g__ Bdellovibrio Therapy | Day06 | 3.83 121 | 20|14 5.88E-03 | 7.19E-02
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g__Enterovibrio Therapy | Day30 | 0.97 031 |20 |3 7.16E-03 | 8.48E-02
g__IMCC26207 Therapy | Day06 | 2.72 0.88 |20 |12 7.29E-03 | 8.48E-02
g__Pasteuria Therapy | Day06 | 1.10 036 |20 |3 7.48E-03 | 8.51E-02
g__Pseudomonas Therapy | Day06 | 2.61 087 [20|7 8.19E-03 | 9.10E-02
g__Acetobacterium Therapy | Dayll | 2.94 1.00 |20 |7 9.54E-03 | 1.03E-01
g__Pirellula Therapy | Dayll | 5.52 1.88 | 20|15 9.68E-03 | 1.03E-01
g__Methylobacterium.Methylorubrum Therapy | Day06 | 1.94 071 |20 |3 1.45E-02 | 1.51E-01
g__Pseudoxanthomonas Therapy | Day06 | 1.28 047 |20 |3 1.52E-02 | 1.54E-01
g__ Bradyrhizobium Therapy | Day06 | 3.36 126 |20 |11 1.71E-02 | 1.71E-01
g__ Crenobacter Therapy | Day0O6 | 1.83 0.70 |20 |8 1.89E-02 | 1.85E-01
g__Candidatus_Pacebacteria Therapy | Dayll | 2.59 1.00 |20 |11 1.95E-02 | 1.87E-01
g__Staphylococcus Therapy | Day06 | 2.13 084 (20 |7 2.23E-02 | 2.10E-01
g__ Cetobacterium Therapy | Day0O6 |-1.52 |0.61 |20 |20 2.32E-02 | 2.14E-01
g__Craurococcus.Caldovatus Therapy | Dayll | 3.46 1.39 | 20|10 2.38E-02 | 2.15E-01
g__Nocardioides Therapy | Dayll | 3.55 144 |20 |11 2.51E-02 | 2.23E-01
g__Phreatobacter Therapy | Day06 | 4.13 1.77 |20 |8 3.34E-02 | 2.92E-01
g__Dinghuibacter Therapy | Dayll | 0.41 018 [20|2 3.47E-02 | 2.97E-01
g__Lactococcus Therapy | Day06 | 2.91 128 |20 |4 3.75E-02 | 3.16E-01
g__ Clostridium_sensu_stricto_1 Therapy | Dayll |-3.27 | 145 |20 |19 3.88E-02 | 3.21E-01
g__Mesorhizobium Therapy | Dayll | 1.27 057 |20 |3 4.03E-02 | 3.29E-01
g__Nocardioides Therapy | Day0O6 | 3.18 144 20|11 4.15E-02 | 3.33E-01
g__ Pir4d_lineage Therapy | Day06 | 2.32 1.06 | 20|12 4.33E-02 | 3.42E-01
g__Pajaroellobacter Therapy | Dayll | 0.55 025 (202 4.48E-02 | 3.43E-01
g__Saccharimonadales Therapy | Day30 | 2.37 1.09 | 20|17 4.49E-02 | 3.43E-01
g__Cutibacterium Therapy | Day06 | 2.64 1.23 | 20|10 4.69E-02 | 3.53E-01
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Table S.8: Results of evaluation by MassLin2 of bacterial community from biofloc samples. Only results with P-value <0.05 were displayed.

Water.BFT vs Water.BFT.FLO on day 00

feature metadata | value coef | stderr | N | N.not.0 | p-value | g-value
g__Peredibacter Therapy | Water.BFT | -2.28 | 051 |8 |8 0.00 0.68
g__Rheinheimera Therapy | Water.BFT | -1.50 (045 |8 |7 0.02 0.68
g__Dinghuibacter Therapy | Water.BFT | -3.68 | 115 |8 |8 0.02 0.68
g__Sandaracinus Therapy | Water.BFT | -0.84 |0.28 |8 |3 0.03 0.68
g_ BD1.7_clade Therapy | Water.BFT | -1.27 | 048 |8 |8 0.04 0.68
g__Bryobacter Therapy | Water.BFT | 2.29 086 |8 |7 0.04 0.68
g__Aurantisolimonas Therapy | Water.BFT | 2.06 079 |8 |6 0.04 0.68
g__Thermomonas Therapy | Water.BFT | -259 |100 |8 |7 0.04 0.68
g__Anaerolinea Therapy | Water.BFT | 2.01 078 |8 |5 0.04 0.68
g__ Gemmata Therapy | Water.BFT | -2.02 | 082 |8 |7 0.05 0.68
Water.BFT vs Water.BFT.FLO on day 06
feature metadata | value coef | stderr | N | N.not.0 | p-value | g-value
g__ BD1.7_clade Therapy | Water.BFT | -1.18 | 048 |8 |8 0.05 0.71
g__Butyricicoccus Therapy | Water.BFT | 2.98 076 |8 |7 0.01 0.31
g__Candidatus_Accumulibacter Therapy | Water.BFT | 1.85 063 |8 |8 0.03 0.57
g__Candidatus_Endonucleariobacter Therapy | Water.BFT | -0.94 | 035 |8 |3 0.04 0.64
g__Cetobacterium Therapy | Water.BFT | 4.54 076 |8 |8 0.00 0.11
g__Clostridium_sensu_stricto_1 Therapy | Water.BFT | 1.50 047 |8 |8 0.02 0.57
g__Dinghuibacter Therapy | Water.BFT | -3.16 | 105 |8 |7 0.02 0.57
g__Gemmatimonas Therapy | Water.BFT | 1.65 034 |8 |8 0.00 0.22
g__Haliscomenobacter Therapy | Water.BFT | -2.07 | 054 |8 |8 0.01 0.31
g__Oikopleura Therapy | Water.BFT | 2.38 053 |8 |8 0.00 0.23
g__Rheinheimera Therapy | Water.BFT | -241 | 086 |8 |6 0.03 0.62
g__Sumerlaea Therapy | Water.BFT | 1.19 011 |8 |4 0.00 0.01
g__WCHB1.32 Therapy | Water.BFT | -1.01 (034 |8 |8 0.03 0.57
Water.BFT vs Water.BFT.FLO on day 11




feature metadata | value coef | stderr | N | N.not.0 | p-value | g-value
g__.Cytophaga._xylanolytica_group Therapy | Water.BFT | 2.37 043 |8 |8 0.00 0.05
g__Acinetobacter Therapy | Water.BFT | 0.97 034 |8 |3 0.03 0.29
g__Aeromonas Therapy | Water.BFT | -3.74 | 107 |8 |7 0.01 0.23
g__Anaerovorax Therapy | Water.BFT | 2.60 081L |8 |7 0.02 0.27
g__Aquabacterium Therapy | Water.BFT | -3.80 | 152 |8 |7 0.05 0.36
g__Butyricicoccus Therapy | Water.BFT | 1.86 049 |8 |4 0.01 0.19
g__Candidatus_Accumulibacter Therapy | Water.BFT | 3.38 091 |8 |6 0.01 0.19
g__Candidatus_Endonucleariobacter Therapy | Water.BFT | -0.85 | 029 |8 |3 0.03 0.29
g__Candidatus_Magasanikbacteria Therapy | Water.BFT | 2.69 082 |8 |6 0.02 0.27
g__Cellvibrio Therapy | Water.BFT | -4.24 | 066 |8 |6 0.00 0.05
g__Cetobacterium Therapy | Water.BFT | 6.45 117 |8 |8 0.00 0.05
g__Chitinivorax Therapy | Water.BFT | 1.62 066 |8 |8 0.05 0.36
g__Clostridium_sensu_stricto_1 Therapy | Water.BFT | 3.11 076 |8 |7 0.01 0.17
g__Desulfobulbus Therapy | Water.BFT | 2.03 067 |8 |8 0.02 0.29
g__Desulfovibrio Therapy | Water.BFT | 3.24 102 |8 |7 0.02 0.27
g__Gemmatimonas Therapy | Water.BFT | 2.80 034 |8 |8 0.00 0.03
g__Haliscomenobacter Therapy | Water.BFT | -1.75 | 060 |8 |8 0.03 0.29
g__Hypnocyclicus Therapy | Water.BFT | 1.11 041 |8 |3 0.03 0.31
g__lamia Therapy | Water.BFT | 1.02 040 |8 |3 0.04 0.36
g__Niveibacterium Therapy | Water.BFT | -2.32 | 082 |8 |8 0.03 0.29
g__Oceanobacter Therapy | Water.BFT | 4.23 075 |8 |8 0.00 0.05
g__Oikopleura Therapy | Water.BFT | 3.97 069 |8 |8 0.00 0.05
g__Oligoflexus Therapy | Water.BFT | 2.35 047 |8 |6 0.00 0.08
g__Prosthecobacter Therapy | Water.BFT | -1.97 |0.79 |8 |8 0.05 0.36
g__Pseudomonas Therapy | Water.BFT | -283 | 095 |8 |8 0.03 0.29
g__Roseimarinus Therapy | Water.BFT | 2.60 093 |8 |5 0.03 0.29
g__SM1A02 Therapy | Water.BFT | -2.79 | 114 |8 |8 0.05 0.36
g__Spirochaeta 2 Therapy | Water.BFT | 2.81 071 |8 |4 0.01 0.17
g__Treponema Therapy | Water.BFT | 2.51 087 |8 |6 0.03 0.29

131



Water.BFT vs Water.BFT.FLO on day 31

feature metadata | value coef | stderr | N | N.not.0 | p-value | g-value
g__Candidatus_Competibacter Therapy | Water.BFT | 2.80 072 |8 |8 0.01 0.11
g__Candidatus_Magasanikbacteria Therapy | Water.BFT | 2.11 039 |8 |4 0.00 0.03
g__Candidatus_Ovatusbacter Therapy | Water.BFT | 1.57 034 |8 |4 0.00 0.06
g__Chitinimonas Therapy | Water.BFT | -2.11 | 069 |8 |8 0.02 0.22
g__Defluviimonas Therapy | Water.BFT | 1.18 044 |8 |8 0.04 0.31
g__Desulfomicrobium Therapy | Water.BFT | 4.40 053 |8 |5 0.00 0.01
g__DEVO008 Therapy | Water.BFT | 3.59 098 |8 |7 0.01 0.13
g__Dongia Therapy | Water.BFT | 2.87 030 |8 |5 0.00 0.00
g__Gemmatimonas Therapy | Water.BFT | 7.28 088 |8 |8 0.00 0.01
g__Geothrix Therapy | Water.BFT | -232 |0.70 |8 |8 0.02 0.17
g__Lacunisphaera Therapy | Water.BFT | -1.05 | 031 |8 |8 0.01 0.16
g__Legionella Therapy | Water.BFT | 2.52 100 |8 |6 0.05 0.36
g__Lentimicrobium Therapy | Water.BFT | 1.51 025 |8 |4 0.00 0.02
g__ Leptonema Therapy | Water.BFT | 3.40 033 |8 |5 0.00 0.00
g__ Luteolibacter Therapy | Water.BFT | -225 | 0.77 |8 |8 0.03 0.25
g__Niveibacterium Therapy | Water.BFT | -3.18 |0.71 |8 |8 0.00 0.06
g__Oceanobacter Therapy | Water.BFT | 2.58 071 |8 |5 0.01 0.13
g__Oikopleura Therapy | Water.BFT | 7.50 112 |8 |7 0.00 0.01
g__Oligoflexus Therapy | Water.BFT | 4.90 057 |8 |6 0.00 0.01
g__Pajaroellobacter Therapy | Water.BFT | 1.29 010 |8 |4 0.00 0.00
g__Papillibacter Therapy | Water.BFT | 2.52 034 |8 |5 0.00 0.01
g__Pedomicrobium Therapy | Water.BFT | 1.01 036 |8 |8 0.03 0.28
g__Pseudomonas Therapy | Water.BFT | -5.16 | 052 |8 |8 0.00 0.00
g__Sandaracinus Therapy | Water.BFT | 0.97 036 |8 |3 0.04 0.31
g_ SH3.11 Therapy | Water.BFT | 3.75 |094 |8 |8 0.01 0.10
g__Spirochaetota Therapy | Water.BFT | 1.67 023 |8 |4 0.00 0.01
g__ Sumerlaea Therapy | Water.BFT | 1.86 057 |8 |5 0.02 0.18
g__Treponema Therapy | Water.BFT | 4.09 081 |8 |5 0.00 0.04
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Water.BFT on day 00 vs Water.BFT.FLO on days 06. 11 and 31

feature metadata | value coef | stderr | N | N.not.0 | p-value | g-value
g__Aeromonas Time 11 481 156 |16 |15 0.01 0.20
g__Allorhizobium.Neorhizobium.Pararhizobium.Rhizobium Time 30 3.34 125 |16 |11 0.02 0.29
g__ Alterococcus Time 30 2.06 062 |16 |16 0.01 0.14
g__Anaerofustis Time 30 0.53 022 |16]2 0.03 0.38
g__Anaerolinea Time 30 3.59 124 |16 |11 0.01 0.23
g__Aquabacterium Time 11 5.42 142 |16 |12 0.00 0.08
g__Azospira Time 11 -1.37 | 044 |16 |16 0.01 0.20
g__BBMC4 Time 11 -1.95 | 0.88 |16 |10 0.05 0.46
g_ BD1.7_clade Time 30 -1.00 | 039 |16 |16 0.02 0.35
g__BIvii28_wastewater.sludge_group Time 30 0.93 024 |16 |3 0.00 0.07
g__Brevinema Time 30 3.22 146 |16 |6 0.05 0.46
g__Candidatus_Magasanikbacteria Time 30 -254 | 095 |16 |9 0.02 0.29
g__Candidatus_Ovatusbacter Time 11 2.19 0.76 |16 |6 0.01 0.23
g__Candidatus_Protochlamydia Time 30 2.14 090 |16]3 0.03 0.40
g__ Cellvibrio Time 11 3.58 151 |16 |14 0.03 0.40
g__ Cetobacterium Time 11 -6.89 |1.03 |16 |16 0.00 0.01
g__ Cetobacterium Time 6 -4.47 | 1.03 |16 |16 0.00 0.04
g__Chitinivorax Time 30 2.46 069 |16 |16 0.00 0.11
g__Chitinivorax Time 11 2.01 069 |16 |16 0.01 0.23
g__Chitinivorax Time 6 1.61 069 |16 |16 0.04 0.43
g__Clostridium_sensu_stricto_1 Time 11 -3.63 | 0.67 |16 |15 0.00 0.02
g__Clostridium_sensu_stricto_1 Time 6 -1.83 | 0.67 |16 |15 0.02 0.28
g__Fusibacter Time 30 2.94 119 |16 |6 0.03 0.38
g__Fusobacterium Time 6 -053 | 022 |16 |2 0.03 0.38
g__Fusobacterium Time 11 -053 | 022 |16 |2 0.03 0.38
g__Fusobacterium Time 30 -053 | 022 |16 |2 0.03 0.38
g__Gemmatimonas Time 30 -6.29 | 0.74 |16 |16 0.00 0.00
g__Gemmatimonas Time 11 231 | 074 |16 |16 0.01 0.19
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g__Haliscomenobacter Time 11 2.14 097 |16 |16 0.05 0.46
g__Hypnocyclicus Time 11 -253 | 061 |16 |6 0.00 0.05
g__Hypnocyclicus Time 30 -228 | 061 |16 |6 0.00 0.08
g__Hypnocyclicus Time 6 -210 | 061 |16 |6 0.00 0.12
g_ Kaistia Time 6 1.33 061 |16 |16 0.05 0.46
g__ Ketobacter Time 11 -210 | 093 |16 |8 0.04 0.45
g__ Leptonema Time 30 -2.80 | 061 |16 |10 0.00 0.04
g__ Leptonema Time 11 -2.74 | 061 |16 |10 0.00 0.04
g__ Luteolibacter Time 30 3.04 130 |16 |16 0.04 0.42
g__ Nitrospira Time 30 1.48 052 |16 |16 0.01 0.24
g__Niveibacterium Time 30 5.72 088 |16 |13 0.00 0.01
g__Niveibacterium Time 11 4.64 088 |16 |13 0.00 0.02
g__Nocardioides Time 30 2.38 099 |16 |8 0.03 0.40
g__Nordella Time 30 225 | 095 |16 |13 0.04 0.40
g__Oceanobacter Time 30 -3.66 |0.78 |16 |13 0.00 0.03
g__Oceanobacter Time 11 -219 | 078 |16 |13 0.02 0.26
g__ Oikopleura Time 30 -4.33 | 098 |16 |15 0.00 0.04
g__ Oligoflexus Time 30 -5.49 |1.04 |16 |12 0.00 0.02
g__ Oligoflexus Time 11 -482 |1.04 |16 |12 0.00 0.03
g__ Oligoflexus Time 6 -2.34 | 1.04 |16 |12 0.04 0.45
g__Pajaroellobacter Time 30 -4.46 |1.03 |16 |10 0.00 0.04
g__Pajaroellobacter Time 11 -298 |1.03 |16 |10 0.01 0.23
g__Pedomicrobium Time 30 -1.17 | 053 |16 | 16 0.05 0.46
g__Planctopirus Time 30 -359 |1.02 |16 |16 0.00 0.11
g__Porticoccus Time 11 -3.38 [ 115 |16 |12 0.01 0.23
g__Porticoccus Time 30 -262 | 115 |16 |12 0.04 0.43
g__Prosthecobacter Time 11 3.68 138 |16 |16 0.02 0.29
g__Pseudomonas Time 30 5.53 118 |16 |15 0.00 0.03
g__Pseudomonas Time 11 4.65 118 |16 |15 0.00 0.07
g__Rheinheimera Time 30 -213 | 072 |16 |15 0.01 0.23
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g__Rhodobacter Time 30 -3.05 | 123 |16 15 0.03 0.38
g__Rhodobacter Time 6 -282 | 123 |16 |15 0.04 0.43
g__Rhodopirellula Time 30 -428 |136 |16 |11 0.01 0.19
g__Roseimarinus Time 30 242 087 |16 |10 0.02 0.26
g__Roseisolibacter Time 30 -297 | 117 |16 |8 0.03 0.36
g__ Runella Time 11 4.03 120 |16 |15 0.01 0.14
g__Runella Time 30 3.02 120 |16 |15 0.03 0.37
g__Runella Time 6 2.76 120 |16 |15 0.04 0.43
g__Saccharimonadales Time 30 4.25 180 |16 |16 0.04 0.40
g__SH.PL14 Time 30 -354 | 129 |16 |15 0.02 0.27
g_ SH3.11 Time 30 -451 | 072 |16 |16 0.00 0.01
g_ SH3.11 Time 11 -3.15 | 0.72 |16 |16 0.00 0.04
g_ SH3.11 Time 6 -213 | 072 |16 |16 0.01 0.23
g__Spirochaeta_2 Time 11 -430 (073 |16 |11 0.00 0.01
g__Spirochaeta_2 Time 30 -276 (073 |16 |11 0.00 0.08
g__Sumerlaea Time 6 -156 [ 033 |16 |6 0.00 0.03
g__ Sumerlaea Time 11 -1.31 | 033 |16 |6 0.00 0.07
g__ Sumerlaea Time 30 -1.20 | 033 |16 |6 0.00 0.10
g__ Turneriella Time 30 -271 | 087 |16 |13 0.01 0.19
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Table S.9: Genera from hindgut samples of tilapia reared in biofloc system which were impacted by florfenicol feed therapy.

Prevalence in

Genus Hindgut.BFT 'I;frfrzgty COEff'CII:?PtZSLMM P-Value Detection in Tilapia Gut
samples (n=60) P
g__Acetobacterium 42% Positive | B.FLOR.Dayl1l =1.8 0.04 (Wang et al.. 2017)
g__Blastopirellula 82% Positive Eiigggg(ﬁ z é? 8882 (Poolsawat et al.. 2022; Zheng et al.. 2019)
g__Candidatus_Alysiosphaera 50% Positive B.FLOR=0.9 0.017 Not reported
. . B.FLOR.Day06 = -3.2 | <0.001 | (Colorado Gomez et al.. 2023; Zhang et al..
0,
g__Cetobacterium 100% Negative B.FLOR.Dayll = 2.5 | <0.001 2022)
. . 0 .. _ (Bereded et al.. 2022; Deng et al.. 2022b;
g__Hyphomicrobium 87% Positive | B.FLOR.Dayl11=19 | 0.005 Huang et al.. 2023: Linh et al.. 2023)
g_ IMCC26207 88% Positive | B.FLOR.Dayll=14 0.03 Not reported
- i B.FLOR.Day0O6 =15 | 0.014
0
g__Kaistia 90% Positive BFLOR.Dayll=14 | 0027 (Zhao et al.. 2023b)
g__Luteolibacter 92% Positive B.FLOR = 0.7 0.02 (Beraet al.. 2023; Zheng et al.. 2023)
g__Mycobacterium 92% Positive | B.FLOR.Day06=1.2 | 0.048 (Pereira et al.. 2021; Zhao et al.. 2023b)
. B.FLOR.Day06 = 2.0 | 0.001
0
g__Nordella 92% Positive BFLOR.Dayl1=22 | 0.001 (Deng et al.. 2021)
g__Pedomicrobium 75% Positive g?iggggﬁ z ég 8882 (Payne et al.. 2021; Schmautz et al.. 2022)
g__Phreatobacter 88% Positive Egtggg:ﬁ? 2 1‘51 882’ (Suphoronski et al.. 2019)
o i B.FLOR.Day06 =2.3 | <0.001
0,
g__ Pir4_lineage 92% Positive B.FLOR Dayll =2.7 | <0.001 (Deng et al.. 2021)
g__Pirellula 92% Positive | B.FLOR.Dayll1=1.9 | 0.007 (Beraetal.. 2023)
g__Planctopirus 90% Positive gitgsggcﬁ i 12 0600137 (Payne et al.. 2021; Silva et al.. 2020)
g__Pseudomonas 48% Positive B.FLOR =13 0.015 (Beraetal.. 2023)

136



(Bereded et al.. 2020; Huang et al.. 2023;

. 0 . _
g__Ralstonia 18% Positive B.FLOR =1.7 0.022 Liu et al.. 2023)
(Bera et al.. 2023; Huang et al.. 2023; Ruiz
g__Reyranella 92% Positive | B.FLOR.Day06 =15 | 0.016 |etal..2023;W. Xuetal.. 2022; Zhang et al..
2016)
. i B.FLOR.Day06 =2.1 | 0.016
0
g__Rhodopirellula 48% Positive BFLOR.Dayll=28 | 0.002 (Zheng et al.. 2019)
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Table S.10: Genera from hindgut samples of tilapia reared in Clear-Water system which were impacted by florfenicol feed therapy.

Genus Prevalence in Therapy Coefficient GLMM | P-Value Detection in Tilapia Gut
Hindgut.CW Impact Fitted
samples (n=
36)
g__Bdellovibrio 64% Positive B.FLOR=0.8 0.024 (Beraetal.. 2023)
g__Nocardioides 42% Positive B.FLOR=1.0 0.026 (Wu et al.. 2021)
g__ Bacillus 56% Positive B.FLOR =15 <0.001 (Ke et al.. 2022; Kuebutornye et al..
2020; Nakharuthai et al.. 2023)
g__Lactococcus 25% Positive B.FLOR =35 <0.001 | (Kaktcham et al.. 2019; Melo-Bolivar
et al.. 2022)
g__Plesiomonas 97% Negative B.FLOR.Day1l = - 0.01 (Bereded et al.. 2022; Deng et al..
2.2 2022b; Molinari et al.. 2003)
g__Alsobacter 94% Negative B.FLOR.Day1l = - 0.033 (Deng et al.. 2021)
2.0
g__ Clostridium_sensu_stricto_1 97% Negative B.FLOR.Dayll = - 0.004 (Bereded et al.. 2020; E. Wang et al..
2.3 2022; Wu et al.. 2021)
g__Reyranella 94% Positive B.FLOR.Dayll=3.2 | <0.001 | (Beraetal..2023; Huang et al.. 2023;
Ruiz et al.. 2023; W. Xu et al.. 2022;
Zhang et al.. 2016)
g__Cetobacterium 100% Negative B.FLOR.Day06 = - <0.001 | (Colorado Gomez et al.. 2023; Zhang
2.6 <0.001 et al.. 2022)
B.FLOR.Dayll = -
4.3
g__lamia 53% Positive B.FLOR.Day06 =2.2 | 0.046 (Deng et al.. 2021)
g__ Kaistia 61% Positive B.FLOR.Day06 = 2.3 0.04 (Zhao et al.. 2023b)
B.FLOR.Dayll = 2.6 0.02
g__Mycobacterium 94% Positive B.FLOR.Day06 = 2.7 | <0.001 (Pereira et al.. 2021; Zhao et al..
2023b)
g_ SH-PL14 2% Positive B.FLOR.Day06 =1.8 | 0.045 Not reported
g_ Gemmata 64% Positive B.FLOR.Day06 = 2.0 0.04 (Payne etal.. 2021; E. Wang et al..

2022)
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g__Neochlamydia 75% Positive B.FLOR.Day06 =2.2 | 0.015 (Beraet al.. 2023; Silva et al.. 2020)
B.FLOR.Dayl1=2.3 | 0.014
g__Aaquicella 78% Positive B.FLOR.Day06 =2.3 | 0.028 | (Giatsis et al.. 2016; Payne et al.. 2021,
B.FLOR.Dayl1=2.8 | 0.011 Zhang et al.. 2020; Zhao et al.. 2023b)
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Table S.11: Genera from biofloc which were impacted by florfenicol feed therapy.
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Genus Prevalence in Therapy | Coefficient GLMM Fitted | P-Value Detection in Water of Aquaculture
water BFT Impact System for Tilapia
samples (n=32)
g__Aeromonas 94% Positive B.FLOR.Dayll =2.1 0.008 (Gutiérrez et al.. 2016; Monroy-Dosta et
al.. 2013)
g__Anaerolinea 41% Negative B.FLOR =-0.7 0.016 Not reported
g__Anaerovorax 88% Negative B.FLOR =-0.8 0.001 Not reported
g__Azospira 100% Negative B.FLOR=-0.4 0.03 (Schmautz et al.. 2022)
g_ BD1-7 _clade 100% Negative B.FLOR.Day31=-14 0.003 Not reported
g__Bryobacter 75% Negative B.FLOR =-0.6 0.027 Not reported
g__ Butyricicoccus 53% Negative B.FLOR =-1.0 0.018 Not reported
g__Candidatus_Accumulibacter 94% Negative B.FLOR.Day31=-1.6 0.025 Barry 2016
g__Candidatus_Competibacter 100% Negative B.FLOR.Day31 =-1.6 0.028 Not reported
g__ Cellvibrio 72% Positive B.FLOR=0.8 0.035 Not reported
g__ Cetobacterium 100% Negative B.FLOR.Day06 = -2.1 <0.001 (Abakari et al.. 2021b; Deng et al..
B.FLOR.Dayll =-2.5 <0.001 2022b; Gullian-Klanian et al.. 2023;
Tanay et al.. 2020)
g__Chitinivorax 100% Negative B.FLOR =-0.5 0.025 Not reported
g__ Clostridium_sensu_stricto_1 97% Negative B.FLOR.Day06 = -0.9 0.027 (Barry et al.. 2016; Fan et al.. 2017)
B.FLOR.Dayll =-1.5 0.006
B.FLOR.Day31 =-0.8 0.036
g__ Cytophaga_xylanolytica_group 97% Negative B.FLOR =-0.7 0.005 Not reported
g__ Desulfobulbus 100% Negative B.FLOR.Dayll =12 0.03 (Barry et al.. 2016; Fan et al.. 2017)
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g__Desulfomicrobium 63% Negative B.FLOR =-0.9 0.024 (Barry et al.. 2016)
g__Desulfovibrio 97% Negative B.FLOR =-0.8 <0.001 (Barry et al.. 2016)
g_ DEVO008 97% Negative B.FLOR.Day31 =-1.5 0.036 Not reported
g__Dinghuibacter 91% Negative B.FLOR.Day31 =-1.9 0.007 (Ray et al.. 2024)
g__Gemmata 91% Negative B.FLOR.Day31=-1.5 0.018 Not reported
g__Gemmatimonas 100% Negative B.FLOR.Dayl11 =-1.2 0.016 (Bietal.. 2023; Fan et al.. 2017)
B.FLOR.Day31 =-2.9 <0.001
g__Geothrix 100% Positive B.FLOR =0.8 <0.001 Not reported
g__Haliscomenobacter 100% Positive B.FLOR=0.9 <0.001 (Fanetal.. 2017
; Luo et al.. 2020)
g__ Kaistia 100% Positive B.FLOR =05 0.013 (Luo et al.. 2017)
g__ Luteolibacter 100% Positive B.FLOR =0.6 0.03 (Ramli et al.. 2018; Tanay et al.. 2020)
g__Nitrospira 100% Positive B.FLOR.Dayl11 =0.9 0.04 (Del’Duca et al.. 2019; Fan et al.. 2022;
Giatsis et al.. 2015; Monroy-Dosta et al..
2013; Schmautz et al.. 2022)
g__Niveibacterium 84% Positive B.FLOR.Day31=2.1 0.023 Not reported
g__Oceanobacter 91% Negative B.FLOR.Dayll =-2.2 <0.001 Not reported
g__Oikopleura 97% Negative B.FLOR.Dayll=-15 0.008 Not reported
B.FLOR.Day31 =-2.6 <0.001
g__Pajaroellobacter 78% Negative B.FLOR =-0.5 0.036 Not reported
g__Planctopirus 100% Negative B.FLOR =-0.6 0.011 Not reported
g__Porticoccus 78% Negative B.FLOR =-0.7 0.021 Not reported
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g__Pseudomonas 88% Positive B.FLOR.Day31=2.3 0.009 (Gutiérrez et al.. 2016; Monroy-Dosta et
al.. 2013; Pérez-Fuentes et al.. 2018)
g__Rheinheimera 84% Positive B.FLOR =05 0.01 (Chen et al.. 2013)
g_ SH3-11 100% Negative B.FLOR.Day31 =-2.2 0.001 Not reported
g__SM1A02 100% Positive B.FLOR =0.7 0.023 | (Fanetal..2017; Luo et al.. 2020; Ray et
al.. 2024)
g__Thermomonas 78% Negative B.FLOR.Day31=-1.9 0.029 | (Abakari et al.. 2021b; Gullian-Klanian et
al.. 2023)
g_WCHB1-32 91% Positive B.FLOR =04 0.049 Not reported
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6. FINAL CONSIDERATIONS

There is an increasing trend in worldwide Nile tilapia production. making it the third most
aquacultured fish species globally and an important commodity for the global fish trade.
Tilapia aquaculture benefits from a comprehensive and continuously updated technological
package. In recent years. with the rise in popularity of the "Precision Fish Farming™ approach.
there has been a growing interest in exploring aquaculture systems for tilapia to enhance the
control of biological processes that would benefit the entire production system for this fish
species. In this regard. new technologies have emerged to evaluate the complexity of the
intricate microbiological relationships of fish microbiota.

As the cost of next-generation sequencing decreases. studies focusing on the microbiome
systems of tilapia in aquaculture settings have increased. These studies have allowed for a
deeper taxonomic characterization of the tilapia gut bacterial microbiome. However. a
complete understanding of the dynamic and complex relationship between bacterial
microbiota and its host is still far from being achieved. These studies have shown that
modulation of the tilapia gut microbiome can be triggered by several intrinsic and extrinsic
factors. One of these recognized extrinsic factors is aquaculture antimicrobial therapy. which
is an actual sanitary tool for disease control in commercial tilapia aquaculture facilities but is
also a concerning practice for public and environmental health.

Bacterial metataxonomic studies of tilapia gut microbiota exposed to antimicrobial feed
therapy have been reported. but the majority of them are based on a non-longitudinal
approach. which implies an incomplete capture of information regarding the therapy's impact
on fish gut microbiota. In this sense. the present study aims to contribute to this research
scope by providing longitudinal data. which allowed us to verify that florfenicol feed therapy
on tilapia hindgut effectively shifts overall diversity and bacteria composition temporally.
followed by a recuperation trend after a withdrawal period. Additionally. this present study
verified that this hindgut microbiota response to florfenicol therapy was negligibly affected by
the aquaculture system where the tilapia was reared.

Another significant contribution of this work involves assessing the indirect impact of
antimicrobial feed therapy on the bacterial aquatic microbiota of the tilapia Biofloc
Technology (BFT) system. Since tilapia worldwide production primarily relies on open and
semi-closed aquaculture systems. the uncontrolled environmental conditions of these systems
impact accuracy. precision. and repeatability in farming operations throughout production
cycles. Consequently. alternative aquaculture systems aiming to improve environmental
control. such as the BFT system. have been developed. In this study. the longitudinal
assessment of the aquatic microbiota of the BFT system revealed a slow but significant
impact on diversity and bacterial composition due to the indirect effects of florfenicol feed
therapy applied to tilapia reared in this system. However. despite this impact on the bacterial
microbiota. the functional overall activities of the BFT system in controlling nitrogenous
compounds remained not impaired throughout the experimental assay. This result can be
considered as evidence of safety in the management of disease control by antimicrobial
therapy in the BFT aquaculture system under the conditions displayed in this assay.
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On the other hand. it is essential to acknowledge the main limitations of this study to pave the
way for future research that can address them. Firstly. this study evaluated complex
microbiological ecosystems that can still be theoretically divided into different
microenvironments. For instance. regarding the hindgut microbiota. our experimental design
did not account for assessing potential compositional differences between allochthonous and
autochthonous bacterial microbiota. nor between luminal and mucosal bacterial microbiota.
Similarly. the aquatic bacterial microbiota of the BFT system. which can be divided into two
possible clusters (bacteria in free-living form and bacteria attached to bioflocs). was not
distinguished in our study. Future research must shed light on the reliability to differentiate
compositional and functional aspects of these potential microenvironmental units and their
role during the impact of antimicrobial therapy.

Secondly. due to financial resource limitations. this work did not consider measuring the
actual florfenicol concentration circulating in the fish body. as well as the dissolved
concentration in the water of the BFT system. Although the overall impact of florfenicol
therapy was detected. and measures to control variations in the delivery of therapy were taken
into account. the dynamic variations in dosage expected to occur in an antimicrobial
metaphylaxis approach were not monitored.

Lastly. this work was designed on the basis of a simulated scenario of fish therapy. but
without direct exposure to a specific pathogen that would motivate the real-life use of
florfenicol feed therapy. Since the presence of pathogenic bacteria has a high probability of
modulating the bacterial microbiota in fish gut. a controlled study where interactions between
pathogen. bacterial microbiota. and antimicrobial therapy are considered would render a more
realistic situation observed in commercial tilapia aquaculture.
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