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Abstract

Biofloc technology (BFT) is considered the new “blue revolution” in aquaculture. Such
technique is based on in situ microorganism production which plays three major roles:
(i) maintenance of water quality, by the uptake of nitrogen compounds generating in situ
microbial protein; (ii) nutrition, increasing culture feasibility by reducing feed conversion
ratio (FCR) and a decrease of feed costs; and (iii) competition with pathogens. The aggre-
gates (bioflocs) are a rich protein-lipid natural source of food available in situ 24 hours
per day due to a complex interaction between organic matter, physical substrate, and
large range of microorganisms. This natural productivity plays an important role recy-
cling nutrients and maintaining the water quality. The present chapter will discuss some
insights of the role of microorganisms in BFT, main water quality parameters, the impor-
tance of the correct carbon-to-nitrogen ratio in the culture media, its calculations, and
different types, as well as metagenomics of microorganisms and future perspectives.

Keywords: microbial floc, shrimp, fish, microorganisms, nitrogen compounds,
metagenomics

1. Aquaculture: state of the art and challenges

In a world where more than 800 million people continue suffering from chronic malnourish-
ment and where the global population is expected to grow by another 2 billion to reach 9.6
billion people by 2050, it is important to meet the huge challenge of feeding our planet while
safeguarding its natural resources for future generations [1]. In this context, aquaculture plays
a key role in eliminating hunger, promoting health, reducing poverty, as well as generating
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jobs and economic opportunities. According to FAO [1], the world food fish aquaculture pro-
duction expanded at an average annual rate of 6.2% in the period 2000-2012 from 32.4 million
to 66.6 million tons, in which Africa grew 11.7%, Latin America and the Caribbean 10%, Asia
(excluding China) 8.2, and China 5.5. Employment in the sector has grown faster than the
world’s population. The sector provides jobs to tens of millions and supports the livelihoods
of hundreds of millions. Fish continues to be one of the most traded food commodities world-
wide. It is especially important for developing countries, sometimes worth half the total value
of their traded commodities.

On the other hand, global aquaculture has yet to face some serious challenges. For instance,
aquaculture has been accused of being an unsustainable activity, because of the efflu-
ents discharged to the environment which contain excess of organic matter, nitrogenous
compounds, toxic metabolites, and elevated rates of chemical and biochemical oxygen
demands [2]. Other serious accusations include the competition for land and water, the
introduction of exotic species around the globe, the overexploitation of ocean fish stocks
to obtain fishmeal and fish oil, the dispersion of pathogens, the development of antibiotic
resistance genes, etc. [3, 4].

Furthermore, aquaculture has to constantly deal with other problems, such as the shortage of
ingredients and their price volatility. Thus, strategies aimed to overcome these challenges are
required. In this regard, the modification of physicochemical variables of the culture system to
favor the proliferation of particular biotic communities has been adopted not only to improve
the recirculation of nutrients (and the consequent detoxification of the system) but also to use
the biomass of such biotic communities as direct food source for the cultured organisms [5].
These kinds of systems, also known as biofloc (BFT) technology systems, promise to solve
some of the above challenges and revolutionize aquaculture [6].

2. Definition and applications of biofloc technology (BFT) in aquaculture

Biofloc technology (BFT) is as an environmentally friendly aquaculture technique based on in
situ microorganism production. Fish and shrimp are grown in an intensive way (minimum
of 300 g of biomass per square meter [7]) with zero or minimum water exchange. In addi-
tion, continuously water movement in the entirely water column is required to induce the
macroaggregate (biofloc) formation. Nutrients in water (in accordance with a known carbon-
to-nitrogen ratio of 12-20:1) will contribute naturally to a heterotrophic microbial community
formation and stabilization. These microorganisms play three major roles: (i) maintenance
of water quality, by the uptake of nitrogen compounds generating in situ microbial protein;
(ii) nutrition, increasing culture feasibility by reducing feed conversion ratio (FCR) and a
decrease of feed costs; and (iii) competition with pathogens.

BFT is considered the new “blue revolution” since nutrients can be continuously recycled and
reused in the culture medium, benefited by the minimum or zero-water exchange. Also, the
sustainable approach of such system is based on the high production of fish/shrimp in small
areas. In addition, the bioflocs is a rich protein-lipid natural source of food available in situ
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24 hours per day due to a complex interaction between organic matter, physical substrate, and
large range of microorganisms. This natural productivity plays an important role recycling
nutrients and maintaining the water quality. The consumption of biofloc by shrimp or fish
has demonstrated innumerous benefits such as improvement of growth rate, decrease of FCR,
and associated costs in feed [8].

Regarding the applications, in the past years, BFT has been used in grow-out phase for tilapia
[9, 10] and marine shrimp [11, 12], nursery phase [13-15], freshwater prawn culture [16, 17],
broodstock formation and maturation in fish [18] and shrimp [7-19], and as aquafeed ingredi-
ent also called as “biofloc meal” [20-22]. In addition, recently BFT also has been applied in
carp culture [23], catfish culture [24], and cachama culture [25].

3. Microorganisms as a tool for water quality management

3.1. Main water quality parameters in BFT

Water quality maintenance and monitoring in aquaculture are the essential practices aim-
ing at the success of the growing cycles. Temperature, dissolved oxygen (DO), pH, salinity,
solids [total suspended solids (TSS) and settling solids], alkalinity, and orthophosphate are
some examples of parameters that should be continuously monitored, especially in BFT. The
comprehension and understanding of water quality parameters and its interactions in BFT
are crucial to the correct development and maintenance of the production cycle. For example,
safety ranges of pH, DO, total ammonia nitrogen (TAN), solids, and alkalinity will lead a
health growth and avoid mortalities. N:P ratio (normally using nitrate and orthophosphate
values) will influence the autotrophic community that will occur in the system (e.g., chloro-
phytes versus cyanophytes). The same recommended water quality parameters ranges and/
or normal ranges observed for tropical species (e.g., marine shrimp Litopenaeus vannamei and
tilapia) in BFT are presented in Table 1.

3.2. The role of microorganisms in BFT aquaculture systems

Microorganisms play a key role in BFT systems. The maintenance of water quality, mainly
by the control of bacterial community over autotrophic microorganisms, is achieved using
a high carbon-to-nitrogen (C:N) ratio, since nitrogenous by-products can be easily taken up
by heterotrophic bacteria. High carbon-to-nitrogen ratio is required to guarantee optimum
heterotrophic bacteria growth, using this energy for maintenance (respiration, feeding, move-
ment, digestion, etc.) but also for growth and to produce new bacterial cells.

The stability of zero or minimal water exchange depends on the dynamic interaction among
communities of bacteria, microalgae, fungi, protozoans, nematode, rotifer, etc. that will occur
naturally. Such consortia of microorganism will help on the water quality maintenance and
recycling wastes to produce a high-value food. In a study with stable isotopes, Burford et al.
[12] estimated a daily nitrogen retention of 18-29% into the shrimp obtained from biofloc
biota, while Avnimelech and Kochba [26] found about 25% of assimilation for tilapia, using
the same technique.
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Parameter Ideal and/or normal observed ranges Observations
Dissolved oxygen (DO) Above of 4.0 mg L™ (ideal) and at least For correct fish, shrimp, microbiota
60% of saturation respiration, and growth

Temperature 28-30° (ideal for tropical species) Besides fish/shrimp, low temperatures
(~20° C) could affect microbial
development

pH 6.8-8.0 Values less than 7.0 is normal in BFT
but could affect the nitrification process

Salinity Depends on the cultured species It is possible to generate BFT, e.g., from
0 to 50 ppt

TAN Less than 1 mg L™ (ideal) Toxicity values are pH dependent

Nitrite Less than 1 mg L (ideal) Critical parameter (difficult to control).

Special attention should be done, e.g.,
on protein level of feed, salinity, and
alkalinity

Nitrate 0.5-20 mg L* In these ranges, generally not toxic to
the cultured animals

Orthophosphate 0.5-20 mg L* In these ranges, generally not toxic to
the cultured animals

Alkalinity More than 100 mg L™ Higher values of alkalinity will help the
nitrogen assimilation by heterotrophic
bacteria and nitrification process by
chemoautotrophic bacteria

Settling solids (SS) Ideal: 5-15 mL L (shrimp), 5-20 High levels of SS (measured in
(tilapia fingerlings) and 20-50 mL L™ Imhoff cones) will contribute to the
(juveniles and adult tilapia) DO consumption by heterotrophic

community and gill occlusion

Total suspended solids (TSS) Less than 500 mg L™ Idem to SS

Table 1. Main water quality parameters monitored in BFT systems and its ideal and/or normal observed ranges.

Organic matter and nitrogen wastes are a huge problem in aquaculture. Phytoplankton,
heterotrophic, and nitrifying bacteria have the most important role in the nitrogen and OM
reutilization. Fungj, ciliate, protozoa, rotifer, copepod, and nematode complement the biofloc
community, participating in the recycling of organic matter as a part of complex food webs
which include the cultured species.

Mutualism and commensalism relationships occur among some group of microorganisms in
BFT, e.g., bacteria-bacteria or bacteria-microalgae. In low water exchange cultures, complex bio-
films are generated in which coexist heterotrophic and nitrifying bacteria. Inorganic ions are
attracted to the surface of these biofilms and the solid surfaces of the substrate, promoting greater
nitrification processes [27]. Some bacterial strains have a positive effect on microalgae growth not
only for planktonic species but also on attached (benthic) species [28]. The extracellular polysac-
charides of benthic diatoms may be used by heterotrophic organisms as carbon source [29].
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One current practice in BFT is the use of commercial bacteria consortia (probiotics). The main
reasons of probiotics used in BFT are (i) help to stabilize the heterotrophic community and to
compete with autotrophic microorganisms (mainly in the initial phases), (ii) help to recycling
the organic matter, and (iii) control solids and TAN levels.

3.2.1. Bacteria

The heterotrophic bacteria use the organic compounds as a carbon source. This community
can minimize ammonia accumulation in the water column through incorporation as bacterial
biomass. Under suitable conditions (temperature, carbon:nitrogen ratio, pH, etc.), bacteria
have a fast growth. Leonard et al. [30] estimated that the generation time for the free viable
heterotrophic populations was around 2.5 h in laboratory conditions.

Heterotrophic bacteria utilize sugar, alcohol, and organic acids as energy source but exist in
specialized species capable of decomposing cellulose, lignin, chitin, keratin, hydrocarbons,
phenol, and other substances [31]. Heterotrophic bacteria are able to colonize a high diversity
of environments; they are common in soil, freshwater, and saltwater. Aquatic environments
are responsible to recycle high amounts of dissolved and particulate organic matter, playing
one of the most important roles in the food webs [32]. In biofloc system, the heterotrophic bac-
teria colonize the feces, molts, dead organisms, and unconsumed food to produce bacterial
biomass, which is consumed by detritivores [8]. Brown et al. [33] evaluated the biochemical
compositions of seven strains of marine bacteria and reported protein content (dry weight) of
29-49%, carbohydrates 2.5-11.2, lipids 4-6%, and, additionally, the presence of all essential
amino acids.

Chemoautotrophic bacterial community (i.e., nitrifying bacteria) obtains energy through oxi-
dation of toxic nitrogen compounds. The nitrifying bacteria are naturally promoted by the
presence of ammonia and nitrite as well as the accumulation of flocculated matter (used as
substrate). The alkalinity consumed by these microorganisms must be replaced by different
sources (i.e., sodium bicarbonate, calcium carbonate, or calcium hydroxide [34]). In laboratory
conditions, the generation time of ammonia oxidizer bacteria was estimated to 25 h and nitrite
oxidizer to 60 h [30].

The nitrifying bacteria thrive in a wide diversity of environments [35]. Besides the oxygen,
toxic nitrogen compounds are the major concern into the biofloc systems. The main sources of
ammonia are excretion of cultured organism and the decomposition of nonliving matter (dis-
solved and particulate). In BFT, three nitrogen conversion pathways occur for the removal of
ammonia nitrogen: (a) photoautotrophic removal by algae, (b) autotrophic bacterial conver-
sion from ammonia to nitrate, and (c) heterotrophic bacterial conversion of ammonia nitrogen
directly to microbial biomass [36]. In long term, the most efficient process is the autotrophic,
in which two bacterial groups are involved: (a) the ammonia-oxidizing bacteria, which obtain
their energy by catabolizing unionized ammonia to nitrite, including the genera Nitrosomonas,
Nitrosococcus, Nitrosospira, Nitrosolobus, and Nitrosovibrio and (b) the nitrite-oxidizing bacteria,
which metabolize nitrite to nitrate, including the genera Nitrobacter, Nitrococcus, Nitrospira,
and Nitrospina [37].
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3.2.2. Fungi

Fungi are a group of eukaryotic organisms that include unicellular microorganisms, such
as yeasts and molds, as well as multicellular fungi. Most yeasts reproduce asexually by
mitosis and many others by the asymmetric division [38]. Typically measuring 34 um in
diameter, they are widely distributed in freshwater and saltwater (Candida, Cryptococcus,
Rhodotorula, and Debaryomyces). Some marine species live at temperatures as low as -13° and
at deeps of 4000 m; some others can nearly saturate brine solutions. Seawater normally con-
tains 10-100 yeast L™, but in estuarine environments, the number significantly increases [39].
Brown et al. [33] evaluated seven species of yeast to determine their nutritional value and
found 25-37% of protein, 21-39% of carbohydrate, and 4-6% of lipid, as well as complete
profile of essential amino acids. Yeasts are strictly chemoorganotrophic and require organic
forms of carbon which are quite diverse and include sugars, polyols, organic and fatty acids,
aliphatic alcohols, and various heterocyclic and polymeric compounds [39].

Fungi, especially yeast (chemoorganotrophic microorganisms), are also reported in biofloc.
They use organic compounds as a source of energy. Carbon is obtained mostly from hexose
sugars, such as glucose and fructose. In a biofloc culture of tilapia, Monroy-Dosta et al. [40]
reported the presence of the yeast Rhodotorula sp. during the fifth week, which increases its
biomass by the end of the culture period.

3.2.3. Microalgae

Photoautotrophic community (microalgae) also play an important role in the biofloc system.
Microalgae assimilate mainly ammonia and nitrate to produce biomass, additionally consume
carbon dioxide, and produce oxygen. The divisions of microalgae reported in biofloc cultures
are Chlorophyta, Chrysophyta, and Cyanophyta. These microorganisms catch the solar energy,
to produce chemical energy (carbohydrates), which is used in their metabolic process.

In biofloc cultures the microalgae can live as free cell into the water column or could form
aggregates. In some cases the aggregations of chrysophytes and cyanophytes can measure
up to 2 mm in diameter [41]. Their sizes are highly variable, with cells of less than 10 um to
more 50 um [42].

Chlorophytes are green microalgae that are the most numerous and diverse in the freshwater;
they can reproduce massively forming blooms, but, at difference of the cyanophytes, are non-
toxic. This division presents a high plasticity and is able to colonize diverse habitats; they are
spherical or oblong and may have flagella or not [43].

Chrysophytes are the most representative organisms that correspond into the Bacillariophyceae
class (diatoms), which is divided in centric and pennate. The planktonic species are mainly
centric; meanwhile, the pennate are commonly benthic. All centric species are marine, while
most of the pennate live in freshwater [43]. In aquaculture, diatoms are considered as benefi-
cial algae because they are a source of food and nutrients for most aquatic animals [44].

Cyanophytes are known as the most ancient photosynthetic organisms; they possess a high
morphologic and structural variability. During its evolution they have developed various
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ecophysiological adaptation strategies to survive in extreme environmental conditions [45].
Given its abundance in different environments, the division Cyanophyta is important for
nutrient circulation, incorporating nitrogen into the food chain, which makes them primary
producers or decomposers.

In aquaculture ponds, excessive concentrations of major nutrients (nitrogen and phospho-
rus) can lead to uncontrolled microalgae blooms, sometimes are cyanobacteria dominated
which is known to produce some toxic compounds to aquatic animals, and can cause
unpleasant flavors in cultured species [46]. Several authors have reported the presence of
cyanobacteria in biofloc, with concentrations varying according to the biofloc type. Becerra-
Dérame et al. [47] reported 2.1 x 104 cells mL™ in heterotrophic biofloc, while in autotrophic,
they found 3.3 x 106 cells mL™. Although cyanobacteria can become toxic or problematic,
Lezama-Cervantes et al. [48] found several species of Cyanobacteria (Nostoc sp., Anabaena sp.,
Phormidium sp., Chroococcus sp., Oscillatoria sp., and Lyngbya sp.) in a microbial mats used to
culture L. vannamei postlarvae and fund evidenced of active grazing by the shrimp.

Aquaculture microalgae are widely used; their nutritional characteristic has permitted to
produce crustaceans, fishes, and mollusk in laboratory. Several factors can contribute to
the nutritional value of microalgae, including its size and shape, digestibility, biochemical
composition, and bioactive compounds as enzymes, vitamins, antioxidants, etc. Microalgae
grown to late-logarithmic growth phase typically contain 30-40% protein, 10-20% lipid, and
5-15% carbohydrate; PUFAs derived from microalgae, i.e., docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA), and arachidonic acid (AA), are known to be essential for various
farmed species [49].

In general, microalgae are common inhabitants in biofloc, even in a bacteria dominated (het-
erotrophic). Monroy-Dosta et al. [40] evaluated the microorganism composition in biofloc
tilapia culture, indicated that the first microalgae appeared were chlorophytes, followed by
diatoms and finally cyanobacteria, and also mentioned that diatoms achieved the highest
concentration and cyanobacteria the lowest. Ray et al. [50] cultured L. vannamei in zero-water
exchange, and differing from the previous authors, in their study the chlorophytes were dom-
inant over the diatoms. Biofloc systems are highly dynamic; Kuang et al. [51] indicate that in
nature, certain species of ciliates and rotifers have a selective consumption of microalgae, and
therefore may influence their diversity. The physicochemical parameters also affect the micro-
algae dominance. Maica et al. [52] observed in a L. vannamei biofloc culture greater abundance
of chlorophytes in salinity of 2 %, while in 25 % diatoms were the most abundant.

3.2.4. Zooplankton

Protozoa is one of the most relevant microorganism groups in BFT system. They play an
essential role (together with bacteria) recycling the organic matter in the system. Both groups
are the “basis” of the trophic transfer of energy to the next levels. Protozoa have different
body shapes (spherical, oval, and elongated) and often have one or more whip appendages
called flagella or many short hair-like structures called cilia. Protozoa are abundant in many
types of environments and often are found on the surfaces of submerged rocks, free living
into the water column or colonizing the sediment. Ciliates are the largest group of protozoa
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in nature; they eat bacteria (including cyanobacteria) and small phytoplankton. Some are car-
nivorous and feed on zooplankton [53].

In nature, ciliates have importance as a live food source for juvenile stages of aquatic animals
including small invertebrates. Pandey et al. [54] carried out the analysis of the ciliate Fabrea
salina to evaluate proximate and biochemical composition. The moisture, protein, fat, car-
bohydrate, and ash content from natural sources were 86.66%, 56.66%, 36.66%, 1%, and 4%,
respectively. Gas chromatographic analysis revealed the presence of fatty acids such as oleic,
palmitic, palmitoleic, linoleic, and stearic.

Ballester et al. [14] registered concentrations from 39 to 169 ciliates/mL, in postlarvae
Farfantepenaeus paulensis biofloc culture. Maica et al. [52] found an average concentration of
164, 64, and 29 ciliates mL™" in water salinities of 2%, 4%, and 25%, respectively. Furthermore,
Monroy-Dosta et al. [40] observed minimum and maximum concentrations of 13 and 39 and
also noted a variation in species according to the culture age.

Rotifer belongs to the smaller group of metazoans. Most rotifers are 0.1-0.5 mm long. Their
body shape varies widely between groups: they can be spherical, cylindrical, or elongated.
The body can be soft or may have a firm covering called lorica. The cilia surrounding a roti-
fer's mouth form a circle, called a corona or wheel organ. The rapid movements of the cilia
create water currents for swimming and feeding [53]. Their diets consist on microalgae, bac-
teria, yeast, and protozoa [55].

The rotifers are the group of organisms that probably have been largely used to replace
Artemia as exogenous natural food in larval culture of crustaceans and fish. Campafia-Torres
et al. [56] evaluated the proximal composition of the rotifer Brachionus rotundiformis cultured
in laboratory and reported a dry content of carbohydrate of 15.9-22.7%, lipid 21.4-24.12%,
protein 45.7-61.3%, and ash 4.5-4.6%.

Loureiro et al. [57] indicate that rotifers can fragment the flocs and consume bacteria. The
mucilage produced by their excretions contributes to new flocs formation [58]. Ballester et al.
[14] registered concentrations form 4.6 to 151 org/mL in seawater; besides, Monroy-Dosta et
al. [40] reported concentrations between 28 and 96 org/mL in freshwater.

Copepods comprise two main groups: calanoids and cyclopoids. Calanoid copepods have an
elongated body and the first pair of antennae is long, whereas cyclopoid have a robust body
and a first pair of antennae is short. In general, both use the appendices near the head to create
streams to filter or collect food. They feed on bacteria, phytoplankton, detritus, or any other
organic material [53].

Farhadian et al. [59] evaluated the proximate composition of copepod Apocyclops dengizicus
and reported protein levels between 39 and 42% and lipid between 16 and 19%, indicating
that nutritional properties varied according to the microalgae used as feed.

Cladocerans posses a body covered by a transparent shell, although it may be yellowish or
brown. A pair of appendages called thoracic members are inside the shell, and are important
for the capture and transfer of food particles in the mouth. In general, cladocerans eat a wide
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variety of phytoplankton and suspended matter. They can greatly reduce the abundance of
phytoplankton in the water column [53].

As the other zooplankton groups, the cladocerans play an important role into the natural
food webs. They could supply a high amount of protein into the biofloc cultures. Berberovic
[60] evaluated the elemental composition (CHN) of two Daphnia species, reporting the fol-
lowing: C, 46.1%; H, 6.5%; N, 9.7%; and ash, 23.8%, which permit to estimate a protein con-
tent of 60.6%. This group of organisms was reported in biofloc system by Emerenciano et al.
[61]. Moreover, in a postlarvae culture of L. vannamei reared in zero-water exchange, Ferreira-
Marinho et al. [62] reported Cladocera abundance from 0.89 to 1.16 ind mL™ represented by the
genus Bosmina (0.39-0.53 ind mL™) and Daphnia (0.50-0.69 ind mL™).

Nematoda is the other essential group in BFT. The body of these organisms is perfectly cylin-
drical, coated by a relatively thick noncellular cuticles secreted by the underlying epidermis.
The cuticle is composed primarily of collagen [63]. They continuously ingest bacteria and other
microbenthic organisms; almost all particles which fit into the buccal cavity are ingested, hint-
ing at a selection mechanism based primarily on particle size. Moens and Vincx [64] proposed
six major nematode feeding strategies: (a) microvores; (b) ciliate feeders, (c) deposit feeders
sensu stricto, (d) epigrowth feeders, (e) facultative predators, and (f) predators.

Ray et al. [50] mentioned that nematodes are an important group in the biofloc systems,
whose abundance is determined by the presence of various ciliates that serve as food. In other
studies, Monroy-Dosta et al. [40] observed the appearance of nematodes around the fourth
week with average of 25 org mL™ with a maximum of 125 org mL™, and their abundance were
correlated with the ciliates” presence. Loureiro et al. [57] reported the presence of nematodes
in the stomach contents of fish grown in the biofloc and suggest that they are a rich source of
live food in situ.

4. Carbon:nitrogen (C:N) ratio and its application

The management of the carbon-to-nitrogen ratio (C:N) in BFT is normally divided in two
phases: (i) initial and formation phase, utilizing a carbon-to-nitrogen ratio of 12-20:1, and (ii)
maintenance phase, utilizing a carbon-to-nitrogen ratio of 6:1, according to the total ammonia
nitrogen (TAN) values.

In the beginning of culture period, high carbon-to-nitrogen ratio (12-20:1) in water is a key
factor to promote and stabilize the heterotrophic community in BFT [8]. High carbon concen-
tration will induce the nitrogenous by-product assimilation by heterotrophic bacteria and
also will supersede the carbon assimilatory capacity of algae, contributing to bacteria growth.
Aerobic microorganisms are efficient in converting feed to new cell material (40-60% of con-
version efficiency), rather than higher organisms (e.g., micro-herbivores, micro-carnivores,
and deposit feeders) that spend about 10-15% to rise in weight. The system is considered
“mature” (~30 to 50 days) when SS reaches at least 5 mL/L (measured using Imhoff cones)
and TAN and nitrite peaks already occurred. To accelerate the water “maturation” (biofloc
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equilibrium), an inoculum of a previous BFT culture can be used once sanitary conditions are
satisfactory.

It is important to note that as long as the production cycles advance, nitrifying (chemoautotro-
phic) bacteria play a major role in N-compound control. In addition, suspended particles or sol-
ids (bioflocs) also will be increasing over time. With this information in mind, carbon addition
could be reduced (or even stopped), preventing the excess of solids (bioflocs) in the cultured
system that will lead an excessive DO consumption [65] and shrimp/fish gill occlusions [66].

For the maintenance phase, the monitoring of TAN values is an important tool for water
quality maintenance. When values of TAN are higher than 1.0 mg L, external carbon source
application is recommended with a C:N ratio of 6:1 [36]. In such phase, the use of mono-
saccharide and oligosaccharide carbohydrate-rich types (e.g., molasses and other sugars) is
recommended due to the faster bacteria assimilation and consequently TAN reduction. Same
examples of C:N calculations for the phase I and phase II are presented as followed. For both
examples, the carbon content of the feed will be considered 50% (based on dry matter). For the
carbon source, molasses was chosen and its content in such case is also 50%. It is important to
note that the carbon content will change according to the dry matter composition and type of
carbon source. In a practical way, dry matter of the feed will be 90%. Fish and shrimp assimi-
lation will be considered 35 and 20%, respectively.

Example 1 (initial and formation phase using a C:N ratio of 20:1) in a tilapia culture tank
that receives 4 kg of feed (30% of crude protein) per day.

Calculation 1 (C:N content in the feed)

C: 4 kg of feed x 0.9 (90% dry matter) x 0.7 (30% of fish assimilation or 70% of waste that
remains in water)/2 (carbon content of the feed is ~50% based on dry matter) = 1260 g of C

N: 4 kg of feed x 0.9 (90% dry matter) x 0.7 (30% of fish assimilation or 70% of waste that
remains in water) x 0.3 (30% crude protein content of feed)/6.25 (constant) = 121 g of N. The
results indicated a ~10:1 C:N ratio of feed.

Calculation 2 (adjusting the C:N ratio)

If I want a C:N ratio of 20:1, 121 g of N in feed x 20 = I need 2420 g of C. But I already have
1260 g of C (calculated in feed). So 2420 g—1260 g of C =1 really need 1160 g of C.

If the molasses has 50% of carbon content (based on dry matter), 1 kg of molasses represents
500 g of carbon. So, 1160 g of carbon requirement will represent 2320 g (or 2.3 kg) of molasses
(applied daily until biofloc maturation).

Example 2 (maintenance phase and C:N ratio of 6:1) in a L. vannamei culture tank (30 m°)
that indicates 2.0 mg L™ TAN values.

Calculation 1 (TAN in water)
For 2.0 mg L of TAN in a 30 m® tank = 0.002 g x 30,000 L = 60 g of TAN
Calculation 2 (adjusting the C:N ratio)
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If I want a C:N ratio of 6:1, 60 g of TAN in water x 6 = I need 360 g of C. If my molasses has
50% of carbon content (based on dry matter), 1 kg of molasses represents 500 g of carbon. So,
360 g of carbon requirement will represent 720 g (or 0.72 kg) of molasses (one application and
checked after 2-3 days).

5. Economics and types of carbon sources

The carbon sources applied in BET are often by-products derived from human and/or animal
food industry, preferentially cheap and local available. Cheap sources of carbohydrates such
as molasses, glycerol, and plant meals (i.e., wheat, corn, rice, tapioca, etc.) will be applied
before the fry/postlarvae stocking (fertilization protocols) and during grow-out phase, aiming
to (i) provide food for the first stages of growth and (ii) to maintain a high C:N ratio and to
control N-compound peaks in the culture tanks, respectively [67].

Depending of the carbon source chosen, organic fertilization could be considered as an
important item of The production costs. Local available sources should be tested, but bac-
teria assimilation’s characteristics will certainly need to take into account. Monosaccharide
and oligosaccharide simple carbohydrate-rich types (e.g., glucose, sucrose-rich sugars, etc.)
versus polysaccharide complex-rich types (e.g., starch and cellulose) will lead different
bacteria assimilations, nutritional value, and growth. Crab et al. [16] evaluated the effect
of different carbon sources for Macrobrachium rosenbergii postlarvae. Besides the price, dif-
ferent sources will lead diverse nutritional value of the flocs. The authors observed that
when using glycerol as compared to glucose and acetate, higher values of n-6 PUFA were
observed.

For each phase (initial and formation phase or maintenance phase), different sources should
be chosen according to the price and purpose. For example, dextrose (high purified sugar)
versus molasses; refined sugar versus grains by-products, etc. Grains and tubercles con-
tain high levels of carbon (carbohydrates), as polysaccharides. Some grains used as carbon
sources additionally contain protein and lipids. Garcia-Rios [68] compared three carbon
sources into the BFT tilapia fry culture and found that corn meal contains 11.79% of pro-
tein and 2.8% lipid; meanwhile, wheat has 15.5% of protein and 3.73% lipid. The unrefined
sugar (monosaccharide) without protein and lipid promoted the best growth and the high-
est protein content into the tilapia tissue. It is possible that the chemical structure of sugar
presented a high bioavailability to heterotrophic bacteria, hence, fast increase of bacterial
biomass.

6. Groups and metagenomics

Phytoplankton, free and attached bacteria, aggregates of particulate organic matter and graz-
ers, such as rotifers, ciliates and flagellates, and protozoa and copepods are common groups
of microorganisms in BFT. As the use, identification and study of microbes in aquaculture
have become a usual practice in the last decade [69]. For a long time, techniques based on
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culture media were used as the main strategy to know the microbial composition of biotic
communities, including biofilm and BFT; however, this was a very superficial approach
considering that >80% of the bacteria thriving in any environment are readily culturable or
unculturable at all [70]. The overcome of culture-independent techniques such as denaturing
gradient gel electrophoresis (DGGE) but particularly high-throughput sequencing (next-gen-
eration sequencing) increased the depth and coverage of studies aiming to study the micro-
bial diversity of these kinds of conglomerates [71, 72].

Metagenomics is therefore a relative recent genomics subdiscipline that has emerged as a
promising scientific tool to analyze the complex genomes contained within microbial com-
munities. However, its use is not yet common in some agro-industrial disciplines such as
aquaculture. The reason of this relies in the high cost of this technology; however, prices have
significantly decreased during the last decade, and now it is possible for individual laborato-
ries to perform metagenomics studies using high-throughput sequencing.

The study of microbial diversity can be studied with the highest resolution so far, for
instance, ribosomal genes such as 16S and 23S have been used as a targeted loci approach
for diversity studies of prokaryotic communities. Herein, universal genes are used for the
amplification of particular hypervariable regions of these genes [4]; these hypervariable
regions contain elements to differentiate organisms. In this regard, this technology offers
the possibility to reveal most of the bacteria thriving in any biofloc biomass. However,
current sequencing technologies can cover only a fraction (~600 bp) of the ribosomal genes
used for taxonomic classification, which means that only 2 or 3 of the 10 hypervariable
regions of the 16S gene can be used for this classification. Researchers have made efforts to
elucidate whose sequences are the most information richness [73]; however, there is still a
loss of information contained on the regions that cannot be covered by these sequencing
platforms.

Novel technologies such as single-molecule real-time (SMRT) sequencing have been devel-
oped [74]. This particular technology has advantages such as the generation of long reads and
high accuracy. Long reads could be useful for sequencing not only ribosomal genes but also
larger fragments of DNA, which would serve for multilocus classification. Whether the price
for doing metagenomics of bacteria is still high, it is expected to decrease along the following
years.

In spite of the incomplete coverage of ribosomal genes by most of the current high-through-
put sequencing platforms, the amplification of two or three hypervariable regions of these
genes is still a very useful tool to know most of the bacteria contained in biofilms and bio-
flocs [72] and inclusively to detect novel species, study dynamic population patterns, pro-
biotic activity, etc. Furthermore, metagenomics based on single-gene surveys and random
shotgun studies of all accessible genes in any environment could be two useful approaches
to study the biological activity and communications of these complex bacterial networks.
Whether the use of BFT systems is now a reality and promises to be revolutionary strategy,
their biology studied through novel genomic tools is still to provide mass information of
these biotic communities.
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7. Conclusions and perspectives

Biofloc technology will enable aquaculture grow toward an environmentally friendly
approach and biosecurity. Consumption of microorganisms in BFT reduces FCR and conse-
quently costs in feed. Also, microbial community is able to rapidly utilize dissolved nitrogen
leached from shrimp/fish feces and uneaten food and convert it into microbial protein, main-
taining the water quality. The physical, chemical, and biological interactions that occur into
the biofloc systems are complex; further studies can elucidate specific phenomena and their
possible applications to other biotechnological fields.
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