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The present research evaluates the performance of the Nile

with biofloc technology. For this purpose, spent grains
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and 40% levels (settleable solids). The partial 20% substitu-
tion of the diet did not have significant effects on the bio-
logical parameters: final body weight, weight gained,
average body weight, specific growth rate, daily growth
index, condition factor, feed conversion ratio, protein effi-
ciency rate, and viscerosomatic and hepatosomatic indices.

However, the dietary substitution showed a significant
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effect on the final biofloc chemical composition. Nitrogen
compounds, NH,*, NO,~, and NO3~, were adequate for
tilapia cultivation in all the treatments. No clear effect of
partial dietary substitution was observed on meat quality
parameters: pH, color, water holding capacity, and amino
acid and fatty acid profile of fillet. The results suggest that a
20% substitution of the diet for malted barley is suitable for
satisfactory biological parameters and Nile tilapia fillet

quality.
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1 | INTRODUCTION

Currently, aquaculture has been mainly characterized by monocultures, depending on large water volumes and signifi-
cant amounts of fishmeal for manufacturing balanced feeds, as well as substantial areas of land to obtain high productiv-
ity (Boyd et al., 2020; Rodrigues et al., 2019). On the other hand, the inappropriate waste disposal into the environment
can have negative impacts, such as soil and water contamination, pathogen transmission, and eutrophication of water
bodies affecting sustainability (Boyd et al., 2020; Verdegem, 2013). To ensure sustainability, fish production should meet
standards, such as environmental (CO,, CHj,, energy utilization), economic (production and mobilization of commercial
chains), social (good quality and affordable products), and animal welfare aspects (Yacout et al., 2016).

Biofloc technology (BFT) allows a more environmentally friendly culture system that generally occurs in a closed
system configuration that minimizes water and nutrient discharge, providing a biosecure and economically sustain-
able aquaculture production (Browdy et al., 2012). The principle of BFT is to develop aggregates of microorganisms,
mainly heterotrophic bacteria, algae, protozoa, and rotifers (Avnimelech, 2009; Monroy-Dosta et al., 2013). Hetero-
trophic bacteria recycle food waste. For example, organic carbon, ammonia nitrogen, nitrites, nitrates, and phos-
phates are used as an energy source by oxidizing them into chemical forms and making them usable for algae, fungi,
other bacteria, and filter feeders; they keep water quality and increase efficiency in the use of this resource by mini-
mizing turnover rate, and at the same time, a source of complementary food is generated in situ for the cultivated
species (Avnimelech, 2009; Correa et al., 2020; Crab et al., 2009; Ekasari et al., 2014; Hargreaves, 2013; Monroy-
Dosta et al., 2013; Sgnaulin et al., 2020; Wasielesky et al., 2020). Bacterial populations are stimulated by modifying
carbon: nitrogen ratio (C:N ratio) adding external carbon sources and providing sufficient aeration to keep the micro-
biota and nutrients suspended in the water column (Crab et al., 2012). Other benefits of BFT include the control of
pathogenic bacterial populations. Thus, biofloc can play an important role as an immunostimulant in fish and shrimp
(Hernandez et al., 2019). In addition, nutritional advantages have been observed, such as improvement in the rate of
ingestion, digestion, absorption, food conversion, growth, and activity of digestive enzymes, among others, which
can optimize crop performance (Hernandez et al., 2019).

Several studies on freshwater cultured tilapia with BFT have shown favorable growth results (Aly et al., 2017;
Mansour & Esteban, 2017; Munoz, 2018; Velasco, 2019) even improving feeding efficiency and the antioxidant response
of juvenile tilapia (Bafiuelos-Vargas et al., 2021). In this sense, biofloc represents an alternative to face one of the main
challenges of aquaculture today. For instance, the high cost of food represents more than 50% of the production cost in
an aquaculture farm, where commercial feeds traditionally use fishmeal as a protein source (El-Sayed, 1999; FAO, 2009).

Thus, one of the research areas that has emerged today is the search for industrial by-products that can be incorporated
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into the cultures of aquatic organisms with BFT as a carbon source to generate low-cost in-house protein. Some studies
have tested the use of different carbon sources to maintain the appropriate C:N ratio in the BFT: molasses, cassava
starch, corn starch, corn flour and molasses (Mufioz, 2018), molasses and wheat flour (Aly et al., 2017), wheat milling by-
product, rice bran (Mansour & Esteban, 2017), and brewery by-products (spent grain) (Estévez et al., 2021). Barley flour
has been already evaluated as a carbon source for biofloc management with satisfactory results when compared to
molasses, corn meal, and starch for growth and nitrogen waste control in tilapia (Khanjani et al., 2021).

Currently, the brewing industry generates large amounts of by-products and waste. Among the most common
are grains, used hops, and yeasts, which can be easily recycled and reused (Mussatto et al., 2006). Grains from the
brewing industry contain approximately 18%-35.4% protein (Farcas et al., 2017). These grains constitute alternative
protein sources that have begun to be investigated for the preparation of feeds for aquaculture organisms with
favorable results (Estévez et al., 2021), which could help reduce high feeding costs. Large breweries that produce
1000 hectoliters (HL) of beer per day generate up to 40 tons (t) of waste by-products (Thomas & Rahman, 2006). De
Macédo et al. (2023) mentioned that the inclusion of exogenous enzymes can improve the utilization of sorghum dis-
tiller dried grains as a dietary component. Other references have already described the feasibility of using barley,
either as protein concentrate to replace fishmeal in Caspian brown trout (Salmo trutta caspius) (Zaretabar
et al., 2021) or directly as brewer's waste, positively replacing up to 25% of fishmeal in experimental diets for juvenile
tilapia (Zerai et al., 2008). From these last references, a previous fermentation is inferred as pre-digestion with com-
mercial probiotic bacteria that could increase both carbon availability (suspended solids) and digestibility (SSs) of
malted barley by-products. In this case, aerobic fermentation—along with commercial probiotics—serves as exoge-
nous enzyme sources and degrades organic compounds (fiber, etc.) as usable carbon sources besides improving the
probiotic-prebiotic-postbiotic complex as naturally occurring feed additives (Marimuthu et al., 2022; Piazzon
etal, 2017).

Therefore, the objectives of the present research study are, firstly, to evaluate the effect of using fermented
malted barley from the local brewing industry as a partial substitution of commercial feed from 10% to 40% of daily
feeding ratio, and secondly, to consider it as an alternative carbon source for the maintenance of BFT culture for
feeding Nile tilapia O. niloticus juveniles on biological and water quality parameters, blood, proximate composition,
amino acid (AA) and fatty acid profile, and meat quality.

2 | MATERIALS AND METHODS
21 | Fish

The tilapia O. niloticus fry (0.5 + 0.05 g) were donated by the company Maricultura Del Pacifico S.A. de C.V, Mazatlan
Sinaloa, México. The fish were received at the Aquaculture Laboratory of Veterinary Science Research Institute
(IICV) and kept in three 1000-L tanks with constant water recirculation and aeration. The organisms were fed a com-
mercial diet (Nutripec-Purina 2.4 mm, 38.4 and 9.1% proteins and lipids, respectively as per our analysis) both during
acclimatation (grinded and sieves to 1.0-1.5 mm) and, thereafter, for the feeding experiment at the 2.4 mm size, and
the water temperature was maintained at 24°C with 800-watt titanium heaters with temperature controller until the
experiment started, and once this temperature was maintained naturally, the heathers were removed from all tanks

during the feeding experiment.

2.2 | Biofloc maturation and management conditions

The malted barley was donated by the craft beer company Brew Capital Co, Mexicali, Baja California, México. In the
laboratory, the malted barley was packed in 2-kg bags (S.C. Johnson, WI, USA) and stored at —20°C until use. At the
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beginning of the experiment, one of the packages was thawed daily, taking the amount necessary for preparing the
fermentation used for maturation and maintenance of the biofloc. The nutritional contribution of the malted barley
after fermentation was 17.8 and 10.6% of proteins and lipids, respectively.

For the maturation of the biofloc system, (no fish present in experimental units) each of the 15 square fiberglass
tanks, measuring 55 x 55 cm on each side and 55 cm high, although the water column was kept at 35 cm to prevent
tilapia from jumping upon stocking, giving an approximate volume of 100 L per tank, was inoculated daily with a fer-
ment prepared according to Bafuelos-Vargas et al. (2021), as follows the amount necessary to inoculate each of the
biofloc tanks was prepared with a concentration equivalent to 25 g per cubic meter of molasses, wheat bran and gro-
und commercial feed above mentioned and 2.5 g m—2 of probiotics (Saccharomyces cerevisiae), biodigester (Bacillus
subtilis), and micronutrients (Micronutrients) from a commercial brand (Bioplanet, Culiacan Sinaloa, México) dissolved
in 32 L of water and placed in a reactor provided with sufficient aeration to keep the solids in suspension for 24 h
for 30 days prior to the experiment. After that, 2 L of the fermentation was distributed to each of the biofloc tanks.
This procedure was carried out daily for 1 month, during which the levels of total ammonia nitrogen (TAN), nitrites,
and nitrates were determined as described below every 3 days in all the tanks to monitor the establishment of nitri-
fying bacterial populations. A 1-hp Sweetwater® triphasic regenerative blower (USA) was used to keep the biofloc
and SSs in the water column; the air was distributed to all the tanks with a network of PVC pipes that ended in a cir-
cular diffuser hose (an Aerotube® ring 28 centimeters in diameter) placed at the bottom of each tank. Oxygen was
maintained above 6 mg L™ all the time of the experiment.

When the nitrite and total ammonia levels stabilized, the juvenile tilapia stocking was carried out: n = 180 juve-
niles (11.57 + 0.4 g) were stocked in 15 tanks (0.1 m®) with biofloc culture (12 fish/tank). The stocking density was
120 fish per cubic meter (initial biomass of 1.38 kg m®). All the organisms were fed a commercial diet (38% protein
and 9% lipids) along with the experimental groups in the biofloc system. The experiment consisted of five treatments
randomly distributed (three replicates for the treatment) with different substitution percentages of the daily feeding
diet based on dry weight for the fermented malted barley (SSs from the reactor) as follows: (1) Bio-Control (Bio-C,
100% commercial diet); (2) Bio-10 (90% commercial diet and 10% fermented malted barley); (3) Bio-20 (80% com-
mercial diet and 20% fermented malted barley); (4) Bio-30 (commercial diet 70% and 30% fermented malted barley);
and (5) Bio-40 (commercial diet 60% and 40% fermented malted barley). The chemical composition and AA profile
(g/100 g) of the commercial diet and fermented malted barley are shown in Table 1. The food ration was adjusted at
4,7,9 and 11 weeks at 5%-3% of fish biomass. After each adjustment in the dietary ration formulated according to
biomass, the percentage of commercial diet corresponding to each treatment was subtracted, which was replaced by
fermented malted barley until completing 100% of the corresponding daily ration. The wet malted barley and the
amount of commercial feed corresponding to each tank were mixed, and both were supplied at the same time to
each of the tanks.

For the biofloc management, the amounts of molasses and fermented malted barley needed to maintain the C:N
ratio at 10:1 were also adjusted, ensuring that 50% of the carbon required came from each of these two sources and
considering both moisture content and daily feed amount per each individual tank. A C:N ratio of 10:1 was based
only on the C:N content present in the commercial feed according to Emerenciano et al. (2013). The calculations pro-
posed by Crab et al. (2012) were used, which, according to these authors, 75% of the N contained in the proteins
provided in the feed ends up as residual N in the water column. The percentage of C in molasses and wheat was esti-
mated at 28% and 31%, respectively, based on their carbohydrate content, while the estimated percentage was
23.5% in malted barley. Once the biofloc culture had matured and the organisms were stocked, wheat bran was rep-
laced by the beer by-product (malted barley) in the ferment preparation. The adjustment was made as described
below, while the bacterial inoculum products were added to a concentration of 2.5 g m~2 in the tanks (Bacillus plus
commercial yeast), with minimal fermentation time of 3 days. After the fermentation process, a filtration process was
carried out with a 75-um mesh to separate the barley from the liquid part. Due to the fermentation time, three reac-
tors were used in an offset manner so that one was ready daily to be used as inoculum. At the end of the
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TABLE 1 Chemical composition and amino acid profile (g/100 g) of commercial diet and fermented malted
barley.

Amino acid (g/100 g) Commercial diet Fermented malted barley

Essential amino acids

Histidine 1.22 +0.01 0.58 £ 0.02
Arginine 3.81 £ 0.02 1.39 £0.02
Threonine 1.62 +£0.01 0.82 + 0.00
Valine 1.62 £ 0.00 0.90 £ 0.00
Methionine 0.18 £ 0.05 0.17 £ 0.04
Lysine 2.12 +0.03 0.88 £ 0.01
Isoleucine 1.56 £0.01 0.88 £ 0.00
Leucine 3.61 +0.02 1.80 £ 0.02
Phenylalanine 2.09 £0.01 1.20 +£0.01
Subtotal 17.82 £ 0.07 8.60 £ 0.04
Aspartic acid 2.97 £0.03 1.25+0.02
Serine 2.37 £0.02 1.10+£0.01
Glutamic acid 7.78 + 0.05 3.70 £ 0.07
Glycine 3.52 £0.06 1.15+0.01
Alanine 2.52 +0.02 1.20 + 0.01
Tyrosine 1.40 + 0.00 0.63 £ 0.01
Subtotal 20.56 £ 0.07 9.02 £ 0.07
Others
TAU Nd 0.22 +0.02
Total amino acids 38.38 £ 0.00 17.84 £ 0.00

Chemical composition (g/100 g)

Protein 384 17.8
Lipids 9.1 10.6
Humidity 8.1 4.5
Ash 9.8 77
NFE 34.6 59.4

fermentation process, the malted barley (fermented) was suspended in the water and the corresponding fermenta-
tion volume was added to each of the tanks.

The fish were cultured for 98 days in the biofloc system. Experimental procedures related to fish husbandry
were approved by the Secretariat of Agriculture, Livestock, Rural Development, Fisheries, and Food (Mexican Official
Standard NOM-062-Z00, 1999).

The food was distributed in two rations at 09:00 h and at 17:00 h. The photoperiod was maintained for 12-h
light and 12-h darkness (07:00 and 19:00 h.). Dissolved oxygen (DO mg L™1) was monitored with the dissolved oxy-
gen meter, model 550-A of Yellow Spring Instruments (YSI); temperature (T) and salinity (Sal) were monitored with a
conductivity meter model 30 of YSI daily at 09:00 and 17:00-h. Residual nitrogen compounds were monitored every
4 days using commercial colorimetric reagents (Hanna®) for TAN (ammonia NH3/NH,4* test solution), nitrites
(Nitrite NO,~ test solution), and nitrates (nitrate NO3 ™~ test solution), and alkalinity (Alk) was determined indirectly
with the GH & KH kit (General & carbonate hardness Kit) (Mars Fishcare North America, Inc. USA), and SS were
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checked every 4 days by sedimentation in a separator flask. When the SS exceeded 20 mL L™, the biofloc sedimen-
tation and removal were allowed at one end of the tank, and when the pH reached 6.5, NaHCO3; was added to rise
itto 7.5.

23 | Sampling

At the end of the experiment (day 98), the fish were anesthetized with 50 uL L= clove oil. Then, blood was
extracted by cardiac puncture using 1-mL insulin syringe previously filled with EDTA solution as anticoagulant
(50 mg mL~! of blood) as described by Blaxhall and Daisley (1973). After that, the fish were euthanized with an over-
dose of clove oil; three of them were eviscerated to calculate the viscerosomatic index and three more to calculate
the hepatosomatic index and proximal content of the viscera and liver, while the muscle was stored for proximal
composition. The rest of the fish (six per tank) were immediately stored at —20°C to analyze meat quality,

proximal composition, AA, and fatty acid profile of the whole fish.

24 | Growth performance

At the end of the test, all the fish were individually weighed, and the biological parameters were calculated with the

following formulas:

Final body weight (FBW)

FBW = FTB/n

Where

FTB is final total biomass and

N is total number of organisms
Weight gained (WG)

WG = FBW — IBW

Where

FBW is final body weight and
IBW is initial body weight
Weight gain percentage (WG %)
WG % = ((FBW — IBW)/IBW) *100

Average body weight (ABW)

ABW = (FBW + IBW)/2

Specific growth rate (SGR)

SGR = Ln (FBW) — Ln (IBW)/days*100
Daily growth index (DGI)

DGI = ((FBW1/3) — IBW1/3)/days) *100
Initial K Condition Factor (Initial K)
Initial K = 100*(IBW/L"3)

Final K Condition Factor (Final K)

Final K = 100%(FBW/L"3)

Where L is length of the body

Feed conversion ratio (FCR)

FCR = Feed consumed/(FBW — IBW)
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Protein efficiency ratio (PER)

PER = (FBW — IBW)/Protein consumed
Hepatosomatic index (HI)

HI = (liver weight/FBW) * 100
Viscerosomatic index (VI)

VI = (viscera weight/body weight) *100

2.5 | Proximate chemical composition

Proximate analyses of the commercial diet fermented and unfermented malted barley, biofloc sediments, muscle,
and whole fish were performed using standard methods of the Association of Official Analytical Chemists
(AOAC, 2000). The crude protein analysis (CP) (N x 6.25) was performed according to a micro-Kjeldahl method
(Labconco Corporation, MO, USA), and the crude lipid (CL) analysis was performed according to a modified Folch
method using dichloromethane-methanol (2:1) (Cequier-Sanchez et al., 2008). To obtain moisture (Mo), the samples
were weighed in a porcelain tumbler and dried at 105°C to constant weight. Ash was obtained from incineration
samples in a muffle (Barnstead/Thermolyne, Thermo Fisher Scientific, MA, USA) at 550°C for 6 h. Nitrogen-free
extract (NFE) was calculated using the formula NFE = [100 — (Mo + CP + CL + Ash).

2.6 | Blood analysis

The collected blood was immediately analyzed for hemoglobin (HB) concentration by a standardized procedure using
Pointe Scientific, Inc. (MI, USA) kit; the absorbance reading was performed in cuvette using the Hach DR-5000
(UK) spectrophotometer. After that, the hematocrit (Hct) values were determined by the microhematocrit method as
proposed by Blaxhall and Daisley (1973). The remaining blood samples were then centrifuged at 12,000 rpm at 4°C
for 5 min (Atencio-Garcia et al., 2007). The plasma collected was immediately frozen and stored at —80°C until total
protein (TP), albumin (AL), and glucose (GLU) determinations were performed by a standardized procedure using
Pointe Scientific (USA) kits. All the absorbance readings were performed with the microplate reader Multiskan™ GO,
Thermo Scientific (MA, USA).

2.7 | Amino acid and fatty acid profile

The analyses of AAs were performed as described by Barreto-Curiel et al. (2019) where 100 mg of biofloc and diet
and 20 mg of the tissue samples were previously defatted and dried. Then, they were hydrolyzed to AA with 5 and
1.2 mL of 6 N HCI mixture with 0.06% phenol in 10 mL glass vials. The hydrolysis was carried out by incubating each
of the samples at 113°C for 18 h. After the hydrolysis period, the samples were adjusted to a final volume of
100 mL, where they were filtered through 0.45 um Acrodiscs (P.N. 4426 T). A final volume of 1.5 mL was placed in a
previously cleaned, calcined, and amber-colored vial. The samples were refrigerated at —30°C until processing in the
high-performance liquid chromatography (HPLC). Derivatization was carried out directly on the Agilent HPLC (Model
1200 Infinity Series, Agilent Technologies, USA). In general, 2.5 uL of phosphate buffer (Part Num. 5061-3339) was
taken, followed by O.5uL of the sample at a 1:1:1 ratio of OPA:FMOC (orthophthaldehyde:
fluorenylmethyloxycarbonyl). Subsequently, they were injected in a continuous sequence into the HPLC. For the sepa-
ration of the AAS, a reverse-phase C18 Zorbax Eclipse AAA column (4.5 X 150 mm, 3.5 um, P.N. 963,400-902) was
used, with an injection volume of 5 uL. For the run, a sodium phosphate buffer gradient at 40 mM (Sigma-Aldrich, cat.
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num. 71500-250g USA.) and a mixture of acetonitrile at 45%, methanol at 45%, and HPLC-grade water at 10% were
used at a flow rate of 1 mL/min.

The system is coupled with a fluorescence detector (1260 FLD series, Agilent Technologies, USA) and a DAD
detector (1260 DAD-UV, Agilent Technologies, USA). These detectors were configured at two wavelengths,
340/450 nm for excitation/emission in fluorescence and 266/305 nm for excitation/emission, and for the DAD, at
380 nm (OPA) and 262 nm (FMOC).

The calibration curve was performed using a solution of standard AAs (P.N. 061-3330) with concentrations from
50 to 350 picomoles (pmol). Finally, the area under the curve was estimated with the “OpenLAB” program (Agilent
Technologies 2000, CA, USA), thus obtaining the percentage of AAs, with respect to the protein content in the
samples.

In general, the extraction of fatty acids was carried out by means of a technique described by Folch et al.
(1957) and Barreto-Curiel et al. (2017). Small modifications were incorporated, such as adding 0.01% of butyl-
hydroxy-toluene (C15H240) as an antioxidant solution, working at the lowest possible temperature and making
the lipid extraction. To obtain fatty acids, they were separated, identified, and quantified using gas chromatog-
raphy. An Agilent GC 7820A gas chromatograph was employed, equipped with a split/splitless injector, a flame
ionization detector (FID), and an Agilent 122-2361 DB-23 (Agilent Technologies, USA) capillary column mea-
suring 60 m x 0.25 mm with an internal diameter of 15 mm. Calculations were performed using the GC
Chemstation Data Analysis software. The initial injection temperature was set at 50°C for 1 min, then raised to
190°C at a rate of 25°C/min, and held for O min. Subsequently, it was increased to 230°C at a rate of 6°C/min,
and nitrogen (N2) was used as the carrier gas at a flow rate of 0.9 mL/min. Fatty acids were identified by com-
parison with the retention times of the following standards: 37 Component FAME Mix (Supelco®/Sigma-
Aldrich, USA), GLC 87, GLC 96 (Nu-ChekPrep®, MN, USA), RM-2, RM-6, and GLC 90 (Supelco®/Sigma-
Aldrich®) and PUFAs from marine oils (PUFA1 and 3, Supelco®/Sigma-AIdrich, USA) were also used as an iden-
tification standard. The composition of each fatty acid was calculated according to the corresponding area in
the respective chromatogram. C19:0 fatty acid was used as an internal standard. The results are shown as the

total percentage of methylated fatty acids.

2.8 | Meat quality analyses

The Delta Trak ISFET pH 101 puncture potentiometer (DeltaTrak, CA, USA) was used to determine pH. Color values
(L*, a*, b*, C*, H*) were measured on the cut surface using a MINOLTA CM-2002 spectrophotometer (Minolta Co.,
Ltd., Japan). A Specular Component Included (SCI), D65 illuminant and a 10° observer were used, where L* is the
luminosity index; a* is the red color intensity; b* is the yellow color intensity; and chroma (C*) was calculated as C =
(a* 2 4+ b* 2) 0.5. The water holding capacity (WHC) was performed by means of centrifugation according to the
technique of Sutton (1997).

2.9 | Statistical analyses

A randomized design was used in the present study. All data were analyzed for normality (Kolmogorov-Smirnov) and
homoscedasticity of variance (Levene's median test). Blood and plasma parameters, growth performance, meat
and biofloc composition, AA profile, and meat quality were analyzed by one-way analysis of variance (ANOVA) with
the treatment as independent variable. Data are shown as means + standard error (SE). When significant differences
were obtained from the ANOVA, the Holm-Sidak test was used to compare all treatments versus the control group,
with a level of significance p < 0.05 for all statistical tests. When significant differences were observed, correlation
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and simple lineal regression analysis were performed to detect the variables with a significant relationship with the
treatment. Only the variables with a significant correlation and regression (p < 0.05) are presented. All statistical ana-
lyses were performed using the computer package SIGMA STAT 3.5 (CA, USA).

3 | RESULTS
3.1 | Water quality

The mean values of the water quality parameters are shown in Table 2. No differences were shown in DO, T, Sal,
pH, NH4", NO,7, NO3 ™, or SS (p = 0.257 to 0.909). Alk was higher (p = 0.009) in Bio-30%, and Bio-40% with
respect Bio-C. Alk was the only water quality parameter that showed a significant correlation (p < 0.05) with the
level of diet replacement (Table 11). The regression equation and the coefficient of determination are shown in

Figure 2.

3.2 | Growth performance

At the end of the experimental period, significant differences in growth performance and feed efficiency were
observed (Table 3). The Bio-10% and Bio-20% diets did not show a significant difference with respect to Bio-C in
any of the parameters analyzed. Diet replacement beyond 20% (30%-40%) resulted in a significant decrease in the
parameters FBW, WG(g), WG (%), ABW, SGR, DGI, and FCR (p < 0.016 to p = 0.025), with respect to Bio-C,
whereas in HI, a decrease was only observed in Bio-40% (p = 0.011), and FCR showed the opposite behavior,
increasing in Bio-40% with respect to Bio-C (p = 0.042), while none of the treatments showed differences in the
condition factor (K), PER or VI versus Bio-C (p = 0.050 to p = 862). Figure 1 shows the weight in grams at 0, 8, and
14 weeks for all treatments.

Ten of the growth performance parameters analyzed showed a negative correlation (p < 0.05) with the diet
replacement level, and only VI showed a positive correlation (Table 11). Figure 2 shows the regression equations and

the coefficient of determination.

TABLE 2 Water quality parameters of the Nile Tilapia juvenile culture in biofloc systems fed with partial
substitution of the diet by fermented malted barley.

Treatments

Bio-C Bio-10% Bio-20% Bio-30% Bio-40% p value
DO (ppm) 6.34 £0.125 6.47 +0.120 6.53+0.121 6.42 +0.124 6.46 +0.124 0.852
T(°C) 24.5 +0.27 24.4+0.26 24.2 +0.30 24.5+0.26 24.4+0.26 0.909
Sal (%o) 1.31 £0.02 1.31 +0.02 1.33 £ 0.02 1.3+£0.02 1.34 +0.02 0.601
pH 7.1+0.12 7.3+0.15 74 +0.17 74 £0.19 7.5+0.14 0.434
NH," (ppm) 0.18 +0.08 0.11+0.05 0.01 +0.04 0.04 + 0.04 0.03 +0.03 0.301
NO,~ (ppm) 0.07 +0.05 0.07 £ 0.05 0.03 +0.03 0.09 +0.05 0.09 +0.05 0.830
NO3™ (ppm) 5.1 +0.08 5.0 £ 0.00 4.4 +0.63a 4.4 +0.63 5.0 £0.95 0.857
Alk (ppm) 98.1+7.6 1279 +11.1 125.3 +9.9 1433 £9.8% 156.1 £ 11.8% 0.009
SSs (ml LY 15.8 £ 0.96 14.7 £ 091 174+ 1.2 173+ 14 14.6+1.2 0.257

Abbreviations: DO, dissolved oxygen, T, temperature; Sal, salinity, pH; NH,", ammonia; NO, ™, nitrites; NO3 ™, nitrates; Alk,
alkalinity; SSs, settleable solids.
?Indicates significant differences versus control.
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TABLE 3 Growth performance and feed utilization efficiency of tilapia fed experimental diets.

Treatments

Bio-C Bio-10% Bio-20% Bio-30% Bio-40% p value
IBW (g) 11.6 +0.23 114 +0.24 11.56 £ 0.24 11.57 £0.28 12.16 £ 0.24 0.267
FBW(g) 57.03 +2.87 51.04 £4.70 47.60 +0.10 44.39 + 1.14° 43.08 + 1.15° <0.020
Fl (g x fish) 70.91 +1.27 68.77 £ 0.51 68.04 £ 0.89 67.79 £0.31 67.95 +0.66 0.098
WG (g) 4543 +2.91 39.61 +4.62 36.04 + 0.41 32.81 +1.25° 30.92 +1.23° <0.017
WG (%) 391.91+26.9 346.60 £ 39.7 31272 + 147 283.76 + 13.7° 25441 + 11.8° <0.017
ABW (g) 34.31+ 142 31.23+2.40 29.58 +0.21 27.98 +0.52° 27.62 + 0.54° 0.025
SGR 1.62 + 0.06 1.52 + 0.09 1.45 +0.04 1.37 £ 0.04° 1.29 +0.03 <0.016
DGl 1.62 + 0.07 148 £ 0.12 1.39 £ 0.03 1.30 + 0.04° 1.23 £ 0.04° <0.016
Initial K 1.66 + 0.02 1.69 + 0.03 1.73 +0.03 1.71+0.01 1.65 + 0.02 0.225
Final K 1.88 + 0.08 1.67 +0.15 1.87 +0.02 1.81+0.04 1.97 +0.15 0.399
FCR 1.60 + 0.06 1.79 £ 0.23 1.89 +0.04 2.07 £0.08 221+0.11* 0.042
PER 1.63 £ 0.06 1.58 £0.18 1.55 +0.03 1.50 + 0.06 1.51 +0.07 0.862
HI 3.17+£0.21 2.74 +£0.23 3.04 £0.25 2.58 +0.23 2.15+0.17° 0.011
\ 9.31 £0.37 9.03 £0.27 8.95+£0.38 9.67 +£0.39 10.79 £ 0.30 0.050

Abbreviations: ABW, Average body weight; DGI, daily growth index; FBW, final body weight; FCR, feed conversion ratio; Fl,
feed intake; Final K, final K condition factor; HI, hepatosomatic index; IBW, initial body weight; Initial K, initial K condition
factor; PER, protein efficiency ratio; SGR, Specific growth rate; VI, viscerosomatic index; WG, weight gained; WG%, weight
gain percentage.

?Indicates significant differences versus control.
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FIGURE 1 Growth in grams of Nile Tilapia juveniles in the biofloc system fed with partial substitution of the diet
by fermented malted barley.

3.3 | Proximate composition

The protein and lipid contents in the biofloc, whole fish, and muscle are shown in Table 4. No differences were
observed in protein content in muscle (p = 0.241) or whole fish (p = 0.721). The proteins in the biofloc did not show
significant differences in Bio-10% compared to Bio-C; however, the highest percentages of diet replacement (20-
40%) did show a decrease in protein content in the biofloc with respect to Bio-C (p < 0.001). Lipids increased with
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FIGURE 2 Simple linear regression analysis between the variables corresponding to (a) water quality; (b) growth
parameters; (c) proximal composition; (d) blood and plasma components; (e) meat quality and the substitution

percentage of the diet; (f) amino acids in the biofloc; (g) amino acids in the muscle; (h) lipids in the biofloc; (i) lipids in
the muscle and substitution percentage of the diet.

Bio-30% (p = 0.013) and Bio-30% and Bio-40% (p < 0.001) compared to the control group in the muscle and biofloc,
respectively, while lipids in whole fish did not show significant differences (p = 0.512).

Only in biofloc, a negative correlation (p < 0.05) of protein and lipids was observed with the level of dietary sub-

stitution. Figure 2 shows the regression equations and the coefficient of determination.

34 |

Blood and plasma parameters

The values of blood and plasma parameters are shown in Table 5. No differences in these parameters were observed

in Bio-10% compared to Bio-C, except for a decrease in Glu and Glob (p < 0.001). However, diet substitution beyond
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FIGURE 2 (Continued)

10% (20%-40%) decreased all blood and plasma parameters (p < 0.001) with respect to Bio-C, except for the
Alb:Glob ratio, where no effects of the diet (p = 0.171) were observed.

All blood and plasma parameters showed a negative correlation (p < 0.05) with the level of dietary replacement
(Table 11), except for Glob and Alb:Glob ratio; the regression equations and coefficients are shown in Figure 2.
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TABLE 4 Protein and lipid contents (% on dry matter basis) in biofloc, muscle, and whole Nile tilapia juveniles
cultured and fed with partial substitution of the diet by fermented malted barley.

Treatments
Bio-C Bio-10% Bio-20% Bio-30% Bio-40% p value
Muscle Proteins 79.7 £2.2 81.2+17 76.1+18 779 £0.7 778 £0.2 0.241
Lipids 8.1+0.44 7.1+0.0 9.1+0.7 11.0 £ 0.67 88+0.1 0.013
Whole fish Proteins 483 0.1 50.4 + 3.2 489 +04 48.8 + 1.7 50.4 £ 0.2 0.721
Lipids 241+ 34 268 4.2 220+27 228+1.7 20.1 £0.5 0.512
Biofloc Proteins 240+0.9 232+08 21.3+0.2? 184 +0.7° 19.5+0.7° <0.001
Lipids 3.9+0.12 3.8+0.20 40+0.16 3.2 £ 0.09° 3.2 +0.08° < 0.001

?Indicates significant differences versus control.

TABLE 5 Blood hemoglobin (Hb, g dL™1) and hematocrit (Hct, %) and plasma levels of glucose (Glu, mg dL™1),
total proteins (TP, g dL™2), albumin (Alb, g dL™1), and globulins (Glob, g dL™) of Nile tilapia juveniles cultured in
biofloc and fed with partial substitution of the diet by fermented malted barley.

Treatments

Bio-C Bio-10% Bio-20% Bio-30% Bio-40% p value
Hb 9.9+0.3 10.0+04 8.6 £ 047 7.9 £0.67 8.2+04° < 0.001
Hct 229 +0.8 20.5+14 17.6 £ 1.0° 17.9 £ 1.0° 18.6 £ 0.97 < 0.001
Glu 126.2+8.0 79.1 +5.6° 70.0 + 3.8° 67.2+47° 66.4 +4.1° < 0.001
TP 42+0.2 34+02 2.6 £0.17 3.0+0.2° 2.9 +0.1° < 0.001
Alb 1.9 £0.07 1.8+0.10 1.5 £ 0.06° 1.3 £ 0.06° 1.5+ 0.06" <0.001
Glob 2.6 £0.18 1.8 +0.14° 1.4 +0.11° 1.8 £0.14° 1.7 +0.10° < 0.001
Alb:Glob 1.01 + 0.05 1.15 +0.05 1.26 + 0.07 0.93 £ 0.05 1.19 +0.17 p=0.171

?Indicates significant differences versus control.

3.5 | Meat quality

Table 6 shows the means and standard error of the meat quality parameters pH, color (L*, a*, b*, C*, H*), and WHC.
Significant differences (p < 0.05) were observed in the treatments with respect to Bio-C. According to data on the
meat color variables, similar results were observed between Bio-40% and Bio-C groups, which showed a high bright
and pale and less vivid coloration with respect to other treatments, whereas the groups with an intermediate level of
diet replacement (Bio-10 to Bio-30%) showed darker meat with a greater number of red pigments and more vivid
and less pale color than Bio-C, except for Bio-20% in which the color was paler.

While no clear trend was observed in pH and WHC, only the a* parameter showed a positive correlation
(p < 0.05) with the level of diet replacement (Table 11). The regression equation and coefficient of determination are

shown in Figure 2.
3.6 | Amino acid profile
In biofloc, high percentages of dietary replacement decreased the levels of the essential AAs histidine (His), methio-

nine (Met), lysine (Lys), and leucine (Leu) (p = 0.043 to p < 0.001); the non-essential AAs serine (Ser) and glycine
(Gly) (p =0.003 to 0.012); and the sum of total AAs (p = 0.030) with respect to the control diet, while no
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TABLE 6 Quality of flesh parameters pH, color values (L*, a*, b*, C*, and H*) and water holding capacity (WHC) of
Nile tilapia juveniles cultured in biofloc and fed with partial substitution of the diet by fermented malted barley.

Treatments

Bio-C Bio-10% Bio-20% Bio-30% Bio-40% p value
pH 6.48 +0.02 6.46 +0.05 6.50 £ 0.02 6.37 £ 0.04 6.45 +0.02 0.046
L* 429 +10 39.1+0.7° 354 +0.8° 35.8+0.8° 411+06 < 0.001
a* 3.10 £ 0.64 5.31 +£0.52% 5.35+0.67° 6.79 £ 0.68° 3.83+0.72 < 0.001
b* 10.8 + 0.57 12.3+0.47 18.6 + 0.41* 12.1+ 041 11.0 + 0.42 <0.001
c* 11.6 +0.64 13.4 + 0.55? 19.6 + 0.49? 14.2 + 0.56% 11.6 £ 0.51 <0.001
H* 76.7 £2.9 65.6 +2.8° 747 £1.8 61.5+2.2° 75.6 £2.0 < 0.001
WHC 78.8 +0.70 76.3 +0.52° 77.8 £0.56 74.2 £ 0.677 77.3 £0.54 <0.001

Indicates significant differences versus control.

differences were observed in any of the AAs between Bio-10% and Bio-C. Only taurine showed a significant
decrease at all levels of dietary replacement with respect to Bio-C (p < 0.001) (Table 7).

In the muscle, only the essential AA, Met, and the non-essential AAs Ser and Taurine (Tau) showed a decrease
with the highest percentages of dietary replacement with respect to Bio-C. However, Bio-10% did not show any dif-
ference with respect to Bio-C in terms of AA content in the muscle (Table 9).

A significant correlation (p < 0.05) between AAs and the level of dietary substitution was observed in a greater
number of AAs in biofloc, in relation to muscle (Table 11). The equations and coefficient of determination are shown

in Figure 2.

3.7 | Fatty acid profile

The only fatty acids that showed differences with any of the percentages of dietary replacement against the Bio-C
group were the saturated fatty acids C16:0 (Bio-30 and Bio-40%) and C18:0 (Bio-10 to Bio-40%) and the monoun-
saturated fatty acid C18:1n9 (Bio-10%) (p = 0.019 to p = 0.003) (Table 8). However, in the muscle, the fatty acids
that showed a significant difference—due to the level of substitution of the diet with respect to Bio-C—were the sat-
urated fatty acids C13:0 (Bio-20 to Bio-40%) and C24:0 (Bio-20%); the monounsaturated fatty acids C16:1n7 (Bio-
20 and Bio-30%) and C18:1n9 (Bio-30%); and the polyunsaturated fatty acids C20:4né (Bio-10 to Bio-30%) and
C20:5n3 (Bio-30%) (p = 0.035 to p < 0.001) (Table 10).

A significant correlation (p < 0.05) between fatty acids and the level of dietary substitution was observed in a
greater number of fatty acids in muscle, in relation to biofloc (Table 11). The equations and coefficient of determina-

tion are shown in Figure 2.

4 | DISCUSSION

Cultivation in biofloc is considered a symbiotic process that, in addition to aquatic animals in culture, is characterized
by the presence of aggregates of heterotrophic bacteria, algae, protozoa, and other microbial species. They are
united in a matrix together with particular organic material suspended in culture water, where bacteria perform the
function of improving water quality, waste treatment, and, in some cases, disease resistance (El-Sayed, 2019). In bio-
floc, the addition of external sources of organic carbon allows an increase in the carbon: nitrogen (C:N) ratio in the

water column, which favors the rapid development of heterotrophic bacteria that immobilize dissolved inorganic
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TABLE 7 Amino acid profile (g/100 g) of biofloc of tilapia culture using malted barley as C source and partial
dietary substitute.

Treatments
Amino acid Bio-C Bio-10% Bio-20% Bio-30% Bio-40% p value
Essential amino acids
Histidine 0.62 £ 0.02 0.57 £ 0.03 0.51+0.01° 0.43 +0.02° 0.47 + 0.02% < 0.001
Arginine 1.61+£0.31 1.65+0.11 1.50 + 0.07 1.13+£0.03 1.25 £ 0.09 0.155
Threonine 1.19 +0.11 1.26 +0.09 1.08 + 0.03 1.00 + 0.06 1.05 + 0.03 0.136
Valine 1.46 +0.15 1.47 £0.10 1.30 + 0.04 1.19 + 0.07 1.27 £ 0.05 0.214
Methionine 0.28 £ 0.04 0.28 + 0.02 0.21 £0.04 0.15 +0.01° 0.20 £ 0.01 0.043
Lysine 1.40 £ 0.10 1.33+0.09 1.17 +0.03 1.03 £ 0.07° 1.09 + 0.05% 0.020
Isoleucine 0.84 +£0.11 0.88 + 0.07 0.76 £ 0.04 0.70 + 0.05 0.75 +0.03 0.359
Leucine 2.15+0.02 1.90 +0.14 1.67 £ 0.06° 1.49 + 0.09° 1.59 +0.06° 0.002
Phenylalanine 1.28 +0.15 1.24 +0.09 1.10 + 0.04 0.94 + 0.06 1.04 +0.05 0.098
Subtotal 10.81 + 0.94 10.60 + 0.66 9.30 £ 0.20 8.06 +0.43° 8.68 +0.35 0.028

Non-essential amino acids

Aspartic acid 2.36 +0.23 220 +£0.26 2.03 £0.08 1.89 £0.12 2.00 £ 0.07 0.304
Serine 1.62 £ 0.07 1.56 + 0.08 140+ 0.01 1.20 + 0.09° 1.21 + 0.05° 0.003
Glutamic acid 3.16 £ 0.23 3.14£0.23 2.73 £0.04 2.50 £0.18 2.55+0.10 0.046
Glycine 2.77 £0.21 267 £0.11 249 +0.02 2.06 £ 0.157 2.14 £ 0.10° 0.012
Alanine 2.37 £0.25 2.35 £ 0.09 2.13£0.01 1.82+0.15 1.89 £ 0.07 0.057
Tyrosine 0.93 +£0.08 0.91 + 0.08 0.82 +0.03 0.70 + 0.07 0.72 £ 0.05 0.092
Subtotal 13.20+ 1.03 12.15+0.81 11.60 + 0.12 10.11 + 0.74 10.52 + 0.44 0.063
Others
Taurine 0.51 +£0.02 0.43 + 0.04° 0.37 £0.01° 0.30 + 0.01° 0.34 +£0.01° < 0.001
Total 24.53 £1.93 23.17 £1.27 21.27 £0.32 18.47 £ 1.172 19.53 £ 0.79% 0.030

Indicates significant differences versus control.

nitrogen (Oliveira et al., 2022). Bacteria assimilate residual nitrogen from fish waste and uneaten food scraps into a
protein-rich microbial biofilm that is easily accessible to fish, improving growth rate (Haraz et al., 2023).

Because of the benefits of tilapia O. niloticus biofloc rearing, some studies have tested different sources of C
(molasses, cassava starch, corn starch, rice bran, corn flour, wheat flour, wheat milling, and brewery by-products) to
maintain the appropriate C:N ratio (Aly et al., 2017; Estévez et al., 2021; Mansour & Esteban, 2017; Mufioz, 2018).

On the other hand, protein predominates as the most important component in fish diet formulation, with
fishmeal being the preferred protein source for many aquaculture species due to its balance of AAs, vitamin content,
palatability, and energy content (Martin & Pagare, 2016); however, the high costs of fishmeal could compromise
aquaculture sustainability (Boyd et al., 2020; Rodrigues et al., 2019). Thus, the search for alternative protein sources
constitutes a topic of great importance, and the use of industrial by-products is of particular interest. Considering
that brewery by-products are made in large quantities, they can be potential alternatives to reduce the use of plant
proteins or fish/animal by-products (trimmings) and increase the sustainability of both sectors, brewery industry, and
aquaculture alike (Estévez et al., 2021). Therefore, the results in the present study evaluate the performance
and meat quality of tilapia O. niloticus in biofloc culture using malted barley (brewing by-product) as carbon source
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TABLE 8 Fatty acid profile (% of methylated fatty acids) of biofloc culture of tilapia juvenile using malted barley
as C source and partial dietary substitute.

ID

Fatty

acids Bio-C Bio-10% Bio-20% Bio-30% Bio-40% p Value
Caprylic acid C8:0 0.33+0.21 033+0.33 021+021 028+0.28 0.20 +0.20 0.992
Capric acid C10:0 0.39+0.23 041+041 028+0.28 0.26+0.26 nd 0.976
Undecylic acid C11:0 054+0.19 046+024 034+034 nd 0.26 +0.26 0.848
Ginkgolic acid C13:0 4115+225 41.67+236 39.75+1.72 3853+136 4034+104 0.807
Myristic acid C14:0 1.18 £ 0.09 1.07 £0.23 1.10 £ 0.03 1.07 £ 0.06 1.05 + 0.05 0.92
Pentadecylic acid C15:0 1.01+008 1.26+0.09 0.85+0.12 0.99+0.01 0.95+0.12 0.103
Palmitic acid C16:0 11.34+0.19 1056 +0.63 1233+0.36 1346+0.36" 12.92+0.48 0.003
Heptadecanoic acid C17:0 Nd 0.21+£0.21 0435+0.18 nd nd 0.618
Stearic acid C18:0 510+0.13 4.09+0.19" 443+015 4.16+010° 416+0.30" 0.017
Arachidic acid C20:0 nd nd 0.20 £ 0.20 0.25+0.25 nd 0.875
Lignoceric acid C24:0 090+0.30 092+0.05 0.94+0.12 1.06 + 0.07 0.92+0.19 0.978
Saturated fatty acids XSFA 61.93+1.13 60.97+2.07 6077 +1.10 60.07+1.36 60.80+1.27 0.903
Tetradecanoic acid C14:1 2.33+046 2.73+0.94 2.06 + 0.06 2.06 £ 0.08 201 +0.11 0.814
Pentadecanoic acid C15:1 098+0.09 094+0.10 080+0.08 0.72+0.02 0.75 +0.10 0.185
Palmitoleic acid C16:1n7 298+031 336+0.13 261+030 265+0.24 2.85+0.10 0.294
Oleic acid C18:1n9 801+040 6.32+0.25" 7.51+014 7.78+0.30 7.28 +0.21 0.019
Cis-Vaccenic acid C18:1n7  6.40 £0.58 7.04 +0.84 6.52 +0.34 6.53 +0.35 6.77 £ 0.59 0.934
Monounsaturated XMUFAS 20.71+099 20.39+205 19.50%£0.67 19.73+£032 19.65+0.76 0.912

fatty acids
Linoleic acid C18:2n6  9.52+139  841+0.57 10.39 +046 11.2+1.83 10.65+1.90 0.678
Octadecatrienoic acid C18:3n4  0.83 £0.29 1.09 £0.16 1.04+0.02 1.00 +0.08 1.00 +0.12 0.871
a-Linolenic acid C18:3n3 1.31+0.11  0.91+0.06 1.05+0.03 0.98+0.12 1.03+0.13 0.091
Stearidonic acid C18:4n3  Nd Nd Nd 0.2 +0.24 Nd -
Eicosatrienoic acid C20:3n3 142 +0.19 1.94 +0.25 1.52 +0.03 1.24 +0.23 1.58 +0.25 0.269
Eicosatrienoic acid C20:4n3  Nd Nd Nd Nd 0.3+0.19 -
Eicosapentaenoic acid C20:5n3  Nd Nd 0.40 +0.21 0.90 £0.36 0.40 +0.20 0.367
Docosapentaenoic acid C22:5n3  Nd Nd 0.50 + 0.29 0.35+0.18 0.40 + 0.20 0.894
Polyunsaturated YPUFAS 13.08+1.17 1234+043 1491+083 1587+216 153719 0.392
fatty acids

Unidentified NID 429 +1.0 630+0.17 483+0.62 435+0.58 4.18 £ 0.39 0.268
TOTAL Stotal 100.0 100.0 100.0 100.0 100.0

Indicates significant differences versus control.

and vegetable protein, partially replacing the diet as a strategy to integrate an industrial by-product to reduce both
commercial feed and water utilization.

In general, water quality parameters (T, DO, pH, Alk, NH,", NO,~, NO3 ™) remained within the acceptable ranges
for tilapia farming in biofloc (Avnimelech, 2011) in all treatments. The water temperature was within the acceptable
ranges for the normal growth of tilapia (20-35°C) suggested by El-Sayed (2006), optimum temperature estimated
from 25 to 30°C (Crab et al., 2009), and ideal temperature for stable biofloc culture (20-25°C) according to De
Schryver et al. (2008).

85US0| 7 SUOWILLIOD BAIIR1D) 8|edt dde au Aq pauienoB a1 SapiLe YO ‘SN J0 S3nu 10} Akeiqi 8UIIUO AB| 1A UO (SUOIPUOD-PUE-SWLBILI0D" A3 | 1M AR.d] 1 )BUIIUO//STIL) SUORIPUED pUe SWe | U} 83S *[Z02/70/0T] U0 ARiqi 18Ul O AB]IM '091X8 I 8URIYO0D) AQ Z90ET SeMITTTT '0T/I0pAWc0"A8 | Ale.q 1 Ul UO//SANY W1} papeoumod 'S 'v20 'SYEL6YLT



CABANILLAS-GAMEZ €T AL. World Aquaculture Society

TABLE 9 Amino acid muscle profile (g/100 g) of Nile tilapia juveniles cultured in biofloc and fed with partial
substitution of the diet by fermented malted barley.

Treatments
Amino acid Bio-C Bio-10% Bio-20% Bio-30% Bio-40% p value
Essential amino acids
Histidine 2.10 £0.01 2.25 +0.06 2.30 £0.10 2.19 £0.05 2.03 +£0.02 0.039
Arginine 6.20 £0.13 6.08 £ 0.20 5.58 £0.23 6.00 £ 0.30 541 +0.04 0.053
Threonine 4.12 +0.10 4.13 + 0.07 3.91+0.11 3.81+£0.18 3.96 +0.02 0.246
Valine 4.04 +0.23 3.91+0.11 3.86 £0.13 4.00 + 0.04 3.93 £ 0.06 0.881
Methionine 2.14 £ 0.05 2.39 £0.08 2.15+0.14 1.43 £ 0.20° 1.44 +0.18° 0.002
Lysine 6.73 £0.13 6.65+0.15 6.21 +0.05% 6.91 +0.09 7.06 £0.07 0.003
Isoleucine 3.94+0.11 4.04 + 0.06 3.88 £ 0.09 3.83+0.11 3.95+0.03 0.485
Leucine 6.88 +0.08 6.68 +0.17 6.44 £ 0.22 7.31£0.45 6.95 +0.06 0.245
Phenylalanine 3.47 +£0.05 3.67 £0.07 3.63 £0.09 3.90 £ 0.17 3.81 +£0.05 0.081
Subtotal 39.31+0.20 40.13 +0.78 37.69 + 0.59 38.67 £ 0.63 38.80 + 0.15 0.100
Non-essential amino acids
Aspartic acid 8.54 +£0.18 846 +0.13 8.17 £0.18 8.52+0.11 8.62 +0.07 0.286
Serine 3.83 £ 0.04 3.88 +£0.08 3.40 +0.11° 3.53 £ 0.04° 3.49 +0.02° 0.003
Glutamic acid 13.06 £ 0.25 13.24 £ 0.21 12.76 £ 0.35 13.34 £0.25 13.69 £ 0.10 0.178
Glycine 4.58 + 0.17 441+0.16 4.28 +0.17 4.71 + 0.06 4.29 +0.19 0.287
Alanine 5.48 +0.10 5.63+0.18 5.15+0.28 5.33+0.16 4.93 + 0.04 0.106
Tyrosine 3.44 £0.23 3.27 £ 0.06 3.10 £ 0.09 3.31£0.18 3.14 £ 0.03 0.480
Subtotal 38.92 + 0.64 38.89 £ 0.77 36.86 + 1.09 38.53 £ 0.42 38.15+0.24 0.313
Others
TAU 1.80 £ 0.19 2.19 £0.16 1.91+0.01 1.15+0.26 0.83 + 0.04% 0.002
Total 80.96 + 1.53 81.21+1.70 76.11 +1.81 77.98 £0.71 77.78 £ 0.24 0.094

?Indicates significant differences versus control.

Salinity increased during cultivation from 0.8 to 1.3 ppt, which may be related to settled solids and zero-water
exchange in the biofloc systems. Moreover, the salinity difference from 0.8 to 1.3 ppt in this experiment did not rep-
resent a stress factor for Tilapia, a species with the ability to tolerate a wide range of water salinity (El-Sayed, 2006).

Lower Alk levels were observed in Bio-C compared to Bio-30% and Bio-40%, possibly related to a better biofloc
performance in Bio-C. The pH and Alk had to be corrected several times by the addition of NaHCOs to raise Alk to
the range recommended (Oviedo et al., 2013) for crop species (50-150 mg L™1). A decrease in Alk may be due both
to the assimilation processes by heterotrophic bacteria and nitrification by chemoautotrophic bacteria (Bri-Cordero
et al.,, 2017). Thus, low pH and Alk could be indicators of a good assimilation and nitrification processes. Nitrification
requires 8 mg of HCO3;™ to oxidize 1-mg of TAN (Gujer & Jenkins, 1974; Sharma & Ahlert, 1977). According to
Ebeling et al. (2006), heterotrophic and autotrophic processes require 7.14 g of CaCO3; per gram of ammoniacal
nitrogen reduced to nitrate to maintain adequate alkalinity levels. Thus, lower pH and alk values indicate higher bac-
terial metabolism in biofloc. Although the decrease in pH in Bio-C was not significant in the present study, the work
carried out in the laboratory demonstrates that cultures with high bacterial activity (biofloc) tend to decrease the pH
level more quickly than crops in recirculation aquaculture systems (RASs), where the bacterial activity is much lower
(data not reported). According to our data, other authors have observed a decrease in pH values due to bacterial

activity in biofloc cultures (Kishawy et al., 2020). Low oscillation in the ammonia levels observed over the experiment
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TABLE 10 Fatty acid profile (% of methylated fatty acids) of muscle of Nile tilapia juveniles fed with partial
replacement of the diet by fermented malted barley.

ID Fatt
Fatty acids acids g Bio-C Bio-10% Bio-20% Bio-30% Bio-40% p value
Ginkgolic acid C13:0 18.71 £0.70 16.65+0.85 13.62 +0.90 10.90 + 0.85" 14.07 + 0.53* 0.002
Myristic acid C14:0 132+£022 125+£006 1.62+005 1.66+0.08 133+x0.10 0.106
Palmitic acid C16:0 15.67 £0.54 14.98+0.17 15.63+£0.18 16.08 £0.21 15.54+0.44 0.330
Heptadecanoic acid C17:0 Nd 0.30+0.02 Nd Nd Nd 0.653
Stearic acid C18:0 6.83+037 639+016 630025 6.15+0.18 6.52+020 0.388
Eicosanoic acid C21:0 Nd Nd 0.089 £ 0.09 0.092 +0.09 0.089 +0.09 1.000
Lignoceric acid C24:0 1.57+0.07 150+006 126+0.12*° 131+0.02 129+0.04 0.035

Saturated fatty acids XSFA 42,07 £1.59 41.07 £0.66 3851109 36.20+0.58° 40.06 £0.71 0.015
Pentadecanoic acid C15:1 047+£001 049+003 044001 041+0.01 047+004 0472

Palmitoleic acid C16:1n7 1.70+0.25 1.84+0.11 2.28+0.08° 2.55+0.05" 201+0.11 0.009
Oleic acid C18:1n9 16.86 £ 0.44 17.04 +0.67 19.00 +0.61 20.45+0.58" 18.46+1.3 0.035
cis-Vaccenic acid C18:1n7 2.89+0.10 2.88+0.10 291+0.07 297+005 300+0.13 0.853
Gadoleic acid C20:1n9 1.13+007 1.05+0.07 1.07+0.01 1.12+003 1.09+0.09 0.875
Monounsaturated YXMUFAS 22.74 +0.71 23.31+0.96 25.65*0.56 27.46+049° 251+1.77 0.029
fatty acids
Palmitoleic acid C16:2n4 Nd Nd 033+x000 0.35+0.02 033+001 0251
Linoleic acid C18:2n6 15.86 +0.61 15.65+0.37 1842+1.06 1897+0.38 15.27+0.12 0.010
y-Linolenic acid C18:3n6 0.93+0.05 0.87+002 084+0.04 098+0.02 0.82+0.02 0.017
a-linolenic acid C18:3n3 1.32+0.06 1.32+0.03 147+0.08 151+004 123+0.04 0.025
Dihomo-y-linolenic acid C20:3né6 1.30+0.07 1.26+0.03 1.25+0.02 131+0.02 125+0.02 0.644
Arachidonic acid C20:4n6 1.23+0.04 1.04+0.03" 0.93+0.05° 1.00+0.00° 0.90+0.03 <0.001

Eicosapentaenoic acid C20:5n3 3.25+0.18 3.29+0.18 260+0.17 245+0.06° 276+0.00 0.009
Docosapentaenoic acid C22:5n3 1.11+0.03 1.27+0.04 124+007 125+0.10 1.35+0.03 0.164
Docosahexaenoic acid C22:6n3 4.53+0.44 457+0.16 383+029 367+022 480+046 0.143

Polyunsaturated TPUFAS 28.35+0.64 29.26+0.34 31.0+0.77 3147+028 30.10+1.21 0.072
fatty acids

Unidentified NID 6.0 £0.03 637+021 490+039 488%0.16 594+047 0.025

Total Ttotal 100.0 100.0 100.0 100.0 100.0

Abbreviation: Nd, not determined.
?Indicates significant differences versus control.

demonstrates the advantage of the biofloc system since the microorganisms found in the water can control this toxic
compound (Kishida et al., 2008). Low nitrite levels acceptable for fish culture (Lucas et al., 2019) and no significant
differences of this parameter were observed in all the treatments, indicating that nitrifying bacteria were correctly
established in the biofloc system. The low levels of TAN observed during the culture indicate a good functioning of
the biofloc (Avnimelech, 2011; Velasco, 2019).

Blood analysis in fish constitutes an invaluable tool to diagnose and determine health and nutritional status of
the organisms (Atencio-Garcia et al., 2007). Factors such as fish species, developmental stage, sex, stress, environ-
mental factors, seasons of the year, availability, and food quality can influence blood and plasma parameters in fish
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(Buenafo, 2010; Huss, 1988; Meraj et al., 2016; Rey-Vasquez & Guerrero, 2007; Sédez et al., 2018; Sanchez
et al,, 2017; Satheeshkumar et al., 2012; Yilmaz, 2015).

In the case of Hct, the Bio-C results were similar to those reported by Akinrotimi et al. (2010) but lower than
those of other authors (Hahn-Von-Hessberg et al., 2011; Hrubec et al, 2000; Mansour & Esteban, 2017,
Mufioz, 2018) in tilapia. Likewise, Hb in Bio-C was according to previous reports (Akinrotimi et al., 2010; Hahn-

Von-Hessberg et al., 2011; Hrubec et al., 2000). The results of TP, Alb, Glob, and Gluc were very similar to previous
reports (Hrubec et al., 2000; Mansour & Esteban, 2017). The similarity between the values obtained in the present
research study and those reported by other authors indicate that fish have adapted correctly to the biofloc system
culture.

However, when the mean values of blood and plasma parameters were compared between Bio-C and any die-
tary substitution levels, a significant difference was observed since increasing the percentage of fermented malted
barley (Bio-20 to Bio-40%) generates a decrease in all blood and plasma parameters, except for the Alb:Glob ratio.
The decrease in hemoglobin and hematocrit indicating a trend in anemia and consequently hypoxemia and lower TP
means a lower nutritional contribution. The decrease in GLU as the substitution level increased is relevant since glu-
cose is essential for energy generation and, consequently, the growth rate is compromised.

In general, hematological and plasma values have been related to the nutritional and health status of fish. For
example, higher values of Hct and Hb have been related to better efficiency in oxygen transport required for metabo-
lism in tissues (Aguirre-Guzman et al., 2016); a high level of TP and Alb has been associated with a strong immune sys-
tem of the organisms (Adineh et al., 2019), while glucose can present alterations due to a series of factors, among
which liver glycogen reserves and nutritional status stand out (Thrall et al., 2015). Therefore, lower blood and plasma
parameters were evident as the level of dietary replacement by fermented malted barley increased, indicating that the
nutritional status of fish may be compromised if the percentage of dietary replacement exceeds its optimal levels.

However, the results in the present study show that no significant difference exists between Bio-10% and the
Bio-C treatments in most of the hematological variables evaluated, except for Glu and Glob, which suggests that
the nutritional status of the fish was not strongly affected at this level of diet replacement.

Similar growth parameters were shown in the biofloc culture using a combination of fermented malted barley
and molasses as C sources, with respect to previous reports using traditional sources. These data supported by the
water quality parameters, which were maintained in the appropriate ranges, indicate the establishment of adequate
bacterial populations in the biofloc culture that were capable of assimilating the waste generated in the culture sys-
tem. WG (g) and FCR were similar; however, SGR and DGI were higher although PER was lower than that reported
by Aly et al. (2017) using molasses and wheat bran as C sources. Furthermore, the FCR was similar while WG (%)
was lower than those reported by Mansour and Esteban (2017), who used wheat milling and rice bran as carbon
sources. The differences in WG (%) reported by Mansour and Esteban (2017) could be related to the size of the
organisms and the culture period, since these authors cultured tilapia (O. niloticus) juveniles with an initial weight of
48.0 + 1.10 g for a period of 10 weeks. Other authors have recently reported lower WG and FCR, and higher SGR
and PER using sugar cane molasses as C source (Hisano et al., 2020); in this case, differences in SGR and PER could
have been related to smaller size of fish used by Hisano et al. (2020). Kishawy et al. (2020) reported lower values in
FCR, which could be explained in part by the greater volume of flocs, as well as higher protein and lipid content
in the flocs reported in that work. Ferreira et al. (2015) have related greater volume of flocs with greater consistency
in food availability, which can promote an increase in growth parameters. Other authors reported similar FCR, SGR,
and factor K, and an increase in PER values in their treatments that showed greater water reuse in a biofloc system,
attributing it to a greater presence of flocs available as food due to the low percentage of water change (Figueroa-
Espinoza et al., 2022). In general, growth parameters indicate good fish performance in biofloc with fermented
malted barley and molasses as C sources.

The treatment analysis in the present study did not show differences in any of the growth parameters
between Bio-C, Bio-10%, and Bio-20% using fermented malted barley and molasses as C sources. The result shows
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the possibility of partially replacing the diet to 20% with malted barley without negatively affecting fish
performance.

The results in the present study agree with those of Estévez et al. (2021), who reported that the by-product of
the spent grain brewery may be used at levels of 15%, without finding differences in growth, FCR, and fillet composi-
tion of sea bream (Sparus aurata) marine species. On the other hand, Durigon et al. (2020) reported higher final
weight in the organisms fed with a higher level of protein in the diet; likewise, the organisms showed higher protein
and lower lipid contents. The authors related a lower protein percentage and higher energy amount in the diet with
higher lipid content and HI of the organisms. This result indicates that the intake of a diet with a lower
protein:energy ratio could imply a greater deposition of energy reserves. Furthermore, other authors stated that
higher HI in fish fed excess carbohydrates from by-products suggests increased lipogenic activity in the liver (Alves
de Sousa et al., 2019), which has played an important role in energy reserve accumulation in lean fish (Garcia-
Moreno et al., 2021). In our case, the decrease in HI in the Bio-40% group could be related to a decrease in Fl, which
also tended to decrease with a higher percentage of diet replacement and could have reduced nutrient availability.
Another factor that could affect available energy could be a low digestibility of the fermented malted barley. Hanley
(1987) reported that the proteins and lipids of cereal by-products from the brewery have a significantly lower digest-
ibility than those from fish meal. Although malted barley went through a fermentation process before its use, the
digestibility was not verified in the present study. However, lower glucose values were observed in the groups with
the highest diet replacement compared with the Bio-C group that did not contain malted barley as feed, which
strongly supports this idea.

A higher percentage of diet substitution decreased growth parameters, which is comprehensible because of
lower protein content in malted barley (17.84) regarding the control diet (38%). However, survival was not affected
by the treatments. In fact, a cost-benefit analysis should be performed to elucidate to what extent a growth sacrifice
can be compensated by a lower cost. Zerai et al. (2008) reported that in Nile tilapia juveniles (initial weight 25 g),
replacing up to 50% of fishmeal with brewery waste did not show significant differences in growth. It should be
noted that the fishmeal content of the control diet was 25% in the previous work (Zerai et al., 2008). Therefore, the
amount replaced represented 12.5% of the diet, while in the present study, the replacement of up to 20% of
the complete commercial diet with fermented malted barley did not show significant effects on the evaluated param-
eters. The biofloc chemical composition analysis showed higher protein content in Bio-C and Bio-10% regarding Bio-
20 to Bio-40%. This result could have been reflected on higher protein content of diets due to no replacement and
low replacement of the diet by fermented malted barley in Bio-C and Bio-10%, respectively, which may also have
promoted greater growth of chemoautotrophic and heterotrophic communities. Lipid content was higher in the bio-
floc of Bio-C to Bio-20% regarding the Bio-30 and Bio-40% treatments; these data indicate higher nutritional contri-
bution by the biofloc in Bio-C to Bio-20%, which could have contributed significantly to improving the biological
parameters in these groups. According to the data in the present study, Bra-Cordero et al. (2017) reported a positive
relationship between dietary and biofloc content protein, but Azim and Little (2008) reported no difference in nutri-
tional quality of biofloc when different protein dietary contents were used. Bri-Cordero et al. (2017) suggested that
biofloc chemical composition is more related to its biological composition than diet origin. However, in the present
study, the microbiological communities present in the culture were not analyzed, so the effects observed in the Bio-
30% and Bio-40% groups could be explained by the decrease in the two main macronutrients (proteins and lipids) in
the biofloc, besides the fact that these two groups represent the highest percentage of diet replacement.

Our data showed similar protein content in muscle and whole fish in all the treatments, and the values were sim-
ilar to those reported by Aly et al. (2017) using molasses and wheat bran as external C sources. On the other hand,
lipids showed an increase only with B-30% in the muscle, while no differences were observed between treatments
in the whole fish. Estévez et al. (2021) declared that partial replacement of fishmeal by brewery by-products (yeast
and spent grain) produced significant changes in lipid but not in protein contents in S. aurata muscle. Lipids are the
first component to be affected in fish when there are variations in dietary abundance and composition (Huss, 1988),

which confirms that lipids are the favorite source of metabolic energy in fish (Sargent et al., 2002).
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An analysis of pH, color, WHC, and profiles of AAs and fatty acids was carried out to determine the effect of the
treatments on fillet quality. The pH results in this study were very similar to those reported by Pinto et al. (2019) in
O. niloticus and Ntzimani et al. (2023) in European Sea bass (Dicentrarchus labrax), while Alvarez et al. (2020) reported
slightly lower pH values in S. aurata. The pH of live fish muscle is close to 7.0. However, postmortem pH can vary
from 6.0 to 7.1 depending on the season, species, and other factors (Simeonidou et al., 1998). The low range of varia-
tion in fish muscle pH after the sacrifice can be related to a low level of lactic acid production due to the low carbo-
hydrate content in these organisms, which is in the order of 0.5% (Huss, 1988). The high pH levels observed could
have been related to the high WHC observed in all the groups. At pH levels considered high (>6.0) or below the iso-
electric point of actomyosin (approximately 5.0), the number of available charges increases, thus increasing the WHC
(Gault, 1985). Likewise, a direct relationship was observed between the WHC values and the L* parameter values,
where both were higher in Bio-C and Bio-40% and lower in groups with intermediate percentage of diet replacement
by fermented malted barley.

The International Commission on lllumination (CIELAB) system allows a colorimetric characterization (through-
out L* a* and b* color space) that has all the visible as well as non-visible colors and can be related to aspects of
meat quality, such as health and animal welfare, which impacts the product value (Rodriguez-Tovar, 2017). Particu-
larly, the component L* is related to the lightness of human vision; this value relates to the sample brightness, which
can vary from 100 to O, characterizing white and black, respectively (Konica, 1998). The observed values of L*
showed similarity to those reported by Alvarez et al. (2020) in fillets of the S. aurata. However, they were lower than
those shown by Pinto et al. (2019) in O. niloticus fillets and those reported by Ntzimani et al. (2023) in D. labrax. The
a* coordinate defines the color tone and ranges from red (+a*) to green (—a*), and the b* coordinate represents
the color tone from yellow (+b*) to blue (—b*) (Alves et al., 2008). The data in this study showed relatively high
values of a* and b*, suggesting a reddish and yellowish hue of the fillets. Wang et al. (2017) reported that the muscle
color and color stability of tilapia fillets became more yellowish during storage and suggested that this modification
may be related to the yellow pigments that resulted from lipid and protein oxidation, contributing to the increase of
b* values during the storage period. Our data in the present study partially support this theory, because two of the
groups with the highest muscle lipid content (Bio-20 and Bio-30%) were the ones that showed higher b* levels along
with Bio-10%. These results confirm that the b* value is an important indicator of the fish fillet quality and freshness
(Mohan et al., 2016). Pinto et al. (2019) reported negative values of a* in fillets of O. niloticus indicating a green color,
while the value of b* indicated a lighter yellow tone than that in our study. Likewise, Alvarez et al. (2020) reported
values of a*, b*, c*, and H in S. aurata fed with partial substitution of dietary fish oil by vegetable oil, which were very
different from those observed in tilapia. Data in this study provide important fillet quality characteristics of tilapia
cultivated in biofloc; however, more studies are still needed to establish the standard characteristics of meat quality
in fish. These parameters should be related to factors, such as diet composition or culture conditions. However, no
clear trend was observed in the meat quality parameters in the present study (Table 6).

Partial dietary replacement increased the percentage of saturated fatty acids palmitic (C16:0) (Bio-30 and Bio-
40%) and stearic (C18:0) (Bio-10 to Bio-40%) and decreased monounsaturated fatty acid oleic C18:1n9 (Bio-10%) in
biofloc.

However, in the muscle, the high levels of dietary replacement decreased the percentage of ginkgolic saturated
fatty acid (C13:0) (Bio-20 to Bio-40%), the palmitoleic monounsaturated fatty acid (C16:1n7) (Bio-20 and Bio-30%),
and the arachidonic polyunsaturated acid (C20:4n6) (Bio-10 to Bio-40%) and eicosapentaenoic acid (C20:5n3).

The arachidonic and eicosapentaenoic fatty acids together with docosahexaenoic acid have been related to the
production of immunologically active eicosanoids, affecting the ability to resist diseases (Lim & Webster, 2001).
However, a major role of fatty acids in all the organisms is to generate metabolic energy in the form of adenosine
triphosphate via mitochondrial p-oxidation. Lipids, and specifically fatty acids, are the favored sources of metabolic
energy in fish for growth from the egg to the adult stage (Sargent et al., 2002). According to these authors, the fatty
acids that are potential sources of metabolic energy in fish feeds include 16:0 and 18:1n-9; 20:1n-9 and 22:1n-11;
and n-3 highly unsaturated fatty acids (HUFAs) 20:5n-3 and 22:6n-3. These fatty acids are heavily catabolized to
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generate metabolic energy in fish, so they must be consumed in large amounts during growth of farmed fish species.
Therefore, a greater effect on fatty acid reduction in the muscle in relation to the biofloc data can be explained by its
use for the production of metabolic energy, especially in those groups with a higher percentage of dietary replace-
ment. These data are supported by a significant correlation observed between the percentage of fatty acids C13:0,
C21:0, C:18-1n9, C20:4n6, and C20:5n3 in muscle and the percentage of dietary replacement.

The AA methionine (Bio-30 and Bio-40%), serine (Bio-20 to Bio-40%), and taurine (Bio-40%) showed a decrease
in muscle as the percentage of dietary replacement increased. Given that the methionine content was very similar
between the commercial diet and the fermented malted barley, the decrease in these and other AAs in the muscle
could be related to a lower intake rate of the fermented malted barley in the groups with a higher percentage of diet
replacement.

However, no difference was observed in the muscle or in the whole fish protein content. Therefore, the
decrease in some of the AAs could have been related to the use of free AAs for other physiological functions, such
as the production of energy, given the decrease in Glu observed according to the increase in dietary replacement,
whereas in the biofloc, a decrease was observed in the AAs His and Leu (Bio-20 to Bio-40%), Lys, Ser, and Gly (Bio-
30 and Bio-40%). Since both fish excreta and uneaten food remains form the basis of nutrition for the establishment
of bacterial communities in biofloc, the decrease in AAs in biofloc could have been related to a lower content of
these acids in malted barley fermented compared to the commercial diet.

Met, His, Leu, and Lys constitute part of the essential AAs in the fish diet according to Halver and Hardy (2002).
According to these authors, the percentage requirement of dietary protein for tilapia is 3.2% Met, 1.7% His, and 2.8-
3.6% Leu, while the diet and the fermented malted barley contributed only to 0.17-0.18, 0.58-1.22, and 1.8-3.61%
of Met, Hist, and Leu, respectively. However, the AA that was furthest from its requirement was Lys, for which
according to Halver and Hardy (2002), it is 5.1% for tilapia and the fermented malted barley contributed only to
0.88% (Table 1). According to these authors, Lys appears to be the first limiting AA in feedstuffs commonly used in
formulating feeds for warm water fish.

Reasonably, the decrease in growth, blood, and plasma parameters could have been related to an imbalance
in the content of essential AAs, which showed a strong correlation with the percentage of dietary replacement.
Nevertheless, the vast majority of these parameters were not affected by the Bio-20% diet, so up to 20% of the
diet could be replaced by fermented malted barley without affecting the performance of the organisms, which
could represent a very significant saving in fish production units, given that the cost of feed can represent more
than 50% of the production costs (El-Sayed, 1999; FAO, 2009). Furthermore, supplementation of essential AAs in
fermented malted barley should be explored in future studies to achieve an even higher percentage of dietary
replacement.

In conclusion, the use of fermented malted barley and molasses as C sources allowed water quality parameters
to be maintained in biofloc at values suitable for tilapia cultivation. No negative effects were observed on meat qual-
ity parameters of fish grown in biofloc with partial diet replacement. The biological parameters suggest that the diet
can be partially replaced by fermented malted barley at a rate of 20%; however, blood and plasma parameters
showed sensitivity from this level of diet replacement. Therefore, cost-benefit studies should be conducted to deter-
mine the optimal replacement percentage, as well as evaluate the long-term performance of organisms with partial
dietary replacement by fermented malted barley.
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