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a b s t r a c t

The efficacy of different biofloc treatments (BFTs) to compensate for a reduction in dietary protein level
under zero-water exchange systems was studied during a 10 weeks experiment, assessing the effect on
water quality, growth, immune and antioxidant status of Nile tilapia (Oreochromis niloticus) fingerlings.
Six groups were established and fed the same plant-based feed containing 20 or 30% crude protein: two
groups in clear water conditions with no added carbon source, two biofloc groups given a wheat milling
by-product (WMB) as additional carbon source and two biofloc groups given rice bran (RB). The results
showed that biofloc volume was higher when WMB was used as carbon source. The highest growth
performance were obtained with the biofloc system and the higher dietary protein level. Fish fed 20%
crude protein and stocked in WMB biofloc significantly outperformed the fish fed 30% crude protein and
stocked in clear water. Significant improvements in hematocrit, white blood cells, lymphocytes, plasma
proteins, and humoral (immunoglobulin, lysozyme, myeloperoxidase and ACH50) and cellular (phago-
cytosis activity and respiratory burst) immune parameters were observed in all BFT fish. BFT also
increased superoxide dismutase and catalase activities. Moreover, the fish fed 20% dietary protein and
reared in both biofloc conditions showed equal or superior levels of the immunological criteria to fish fed
30% protein in clear water conditions. In conclusion, using WMB as carbon source could make up for a
reduction in dietary protein levels of 10% and improve growth performance, and the immune and
antioxidant status of O. niloticus.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The aquaculture of tilapia has increased to occupy second place
in the list of farmed fish species worldwide and the first species in
Egypt [1]. Furthermore, it is expected that this increase will
continue at an even faster rate in the near future, giving rise to new
challenges with respect to aquacultural conditions, including
environmental issues [2]. Indeed, it is well known that the envi-
ronmental impact of aquaculture is the major constraint in the
sustainable development of this sector [2,3]. There are two main
problems. The first is the “pre-effect” of aquaculture as natural
resources in the form of fishing stock are depleted for use by fish
asha, Boulkly, P.O. Box 21531,

).
meal and fish oil production industry [4], and the second is the
“post-effect” in the form of drainage water, which is a rich source of
organic matter, nitrogen and phosphorus, and which causes severe
pollution and frequent harmful algal blooms in aquatic ecosystems
[5,6].

Numerous potential solutions have been proposed to alleviate
the ecological effects of aquaculture, among themwater treatment
[3], the integration of aquaculture-aquaculture or aquaculture-
agriculture systems [7], or the use of recirculating aquaculture
systems [8]. Furthermore, new efforts are being directed towards
innovative solutions and investment in systems that involve min-
imal water expenditure, lower protein use in diets, smaller feed
amounts and lower power consumption than are required at pre-
sent while attaining similar growth efficiency levels in the farmed
fish [9]. In this line, a modern approach is represented by a sym-
biotic process that includes the farmed animals, heterotrophic
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Table 1
Ingredients and chemical composition (% dry matter basis) of the experimental
diets.

Ingredients Diets (% protein)

20 30

Soya bean meal 200 400
Corn gluten 300 500
Wheat bran 200 200
Yellow corn 920 369
Wheat bran 280 440
L-lysine 10 10
DL- methionine 10 10
Sun flower oil 40 40
Vitamin premixa 20 20
Minerals premixa 20 20
Chemical composition (% DM basis)
Dry matter (DM) 89.21 89.96
Crude protein (CP) 19.98 28.82
Ether extract 7.37 8.39
Crude fiber 5.54 7.21
Ash 4.15 5.38
Nitrogen-free extract (NFE)b 62.96 50.20
GE (KJ1 g�1 DM)c 18.45 18.74
P/E ratio (mg CP: kJ)d 10.83 15.38

a Vitamins and minerals in 1 kg: vitamin Ae50 00 000 IU; vitamin D3e10 00 000
IU; vitamin B2e2.0 g; vitamin E� 750 units; vitamin Ke1.0 g; calcium pantothenate
2.5 g; nicotinamidee10.0 g; vitamin B12e6.0 g; choline chloridee150.0 g;
calciume750.0 g; manganesee27.5 g; iodinee1.0 g; ione7.5 g; zince15.0 g;
coppere2.0 g; cobalt-0.45 g, calcium carbonate up to (1000 g).

b NFE (nitrogen free extract) ¼ 100-(crude protein þ ether extract þ crude
fiber þ ash).

c GE (gross energy) calculated on the basis of 23.6, 39.4 and 17.2 kJ gross energy
g�1 protein, ether extract and NFE, respectively [66].

d P/E ratio (protein energy ratio) (mg crude protein kJ�1 gross energy) ¼ CP/
GE � 1000.
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bacteria and other microbial species in the water, which is referred
to as biofloc [10].

Biofloc treatment (BFT) is one of the most recent environmen-
tally friendly aquaculture systems to have been developed. This
technology started as a minimization or zero-water exchange sys-
tem and has been adapted over the last three decades by several
researchers to improve the stimulation of bacterial growth and
formation of biofloc suspended particles [11e13]. By adjusting the
carbon-to-nitrogen ratio (C:N) in the aquaculture water through
carbohydrate supplementation, the ability of some heterotrophic
bacteria to assimilate the inorganic nitrogen can be promoted,
resulting in an improvement of water quality and greater produc-
tion of the microbial protein [11]. The increased growth of bacteria
and other microbial organisms in BFT systems leads to the coagu-
lation of suspended biofloc particles in the water, and these can be
easily eaten by omnivores and filter feeder fish [14]. In this sense,
BFT represent an integrated biofilter system in fish aquaculture
systems for treating farm water through the removal of different
nitrogen compounds and the breakdown of the organic matter
[6,12] without using chemical agents.

Moreover, the high cost of aqua-feed, which mainly refers pro-
tein sources in the diet, especially fish meal [15], has led to animal
protein being used as replacer in diet formulas in order to mitigate
the above mentioned negative pre-effects of aquaculture on the
environment. Although plant-based protein diets are perhaps the
most practical choice for producers [16], their use could involve
certain limitations, such as the inadequate level of key amino acids
they contain, or the possible presence of endogenous anti-nutrient
factors, which may negatively affect their nutritional value [16,17].
The above represent some of the reasons for the suggestion that
bioflocs could be used as a supplementary feed to improve the
nutritional quality of feed for farmed fish species [18,19]. The bio-
floc process produces feed with a high content of easy digestible
proteins [18] because the nutritional composition of the biofloc
particles includes 38e54% of crude protein [20,21]. For this reason,
the suspended biofloc particles could replace part of the feed used
to feed farmed specimens, while recycling and/or recovering a
significant amount of the N-ammonia nitrogen excreted by fish
[22,23]. Moreover, bacteria are usually associated to the suspended
biofloc particles, providing extra nutrients and exogenous digestive
enzymes [18,19] and stimulating growth and survival [24,25]. In
addition, it has also been demonstrated that animals grown under a
BFT system showed higher immune competency, antioxidant status
and disease resistance compared to those reared in clear water
[26,27]. Taking into account all these considerations, the present
study was designed to evaluate the effect of two different BFTs to
compensate the low dietary protein levels in a zerowater-exchange
system on growth performance, water quality, immune and anti-
oxidant status of Nile tilapia (O. niloticus) fingerlings.

2. Materials and methods

2.1. Fish

A total of 756 Nile tilapia (O. niloticus) fingerlings (48.0 ± 1.10 g
mean body weights) were purchased from a local farm (Kafr El-
Sheikh Governorate, Egypt). Fish were allowed to acclimate to
laboratory conditions for two weeks. The experiment was con-
ducted at the Fish Nutrition Laboratory, Faculty of Agriculture (Saba
Basha), Alexandria University (Egypt), starting in March 2016.

Fish specimens were distributed into eighteen indoor circular
fiberglass tanks (1000 L water capacity) at an initial stocking den-
sity of 2 kg fish m�3 of water. The temperature was maintained in
the range of 27.0e28.0 �C using an electric heater during the whole
experimental period. The light regime was set at 12 h light/12 h
dark and each tank was supported by two airstones (5 cm) to
maintain appropriate dissolved oxygen and vigorous water agita-
tion using an air blower.

2.2. Experimental design

Six groups (with three replicates of each one) were established
and fed the same plant-based feed containing 20 or 30% crude
protein: two groups in clear water conditions with no added carbon
source, two biofloc groups given a wheat milling by-product
(WMB) as additional carbon source and two biofloc groups given
rice bran (RB). At the beginning of the experiment, all the tanks
were filled with fresh water. No organic carbon was added to the
tanks of the clear water groups, in which a daily water exchange
rate of 30% was applied. For their part, each of the tanks containing
the fish exposed to the BFT treatments was inoculated with 100 ml
of concentrated biofloc from old biofloc tanks on the first day of the
experiment. Furthermore, the BFT tanks were supplied daily with
one of the tested carbon sources, two hours after feeding to
maintain the C:N ratio of 15:1 [28]. Fresh water was regularly added
to the BFT tanks to compensate for water loss due to evaporation,
thus maintaining a fixed volume of water.

The diets were formulated using plant protein sources with no
added fish meal (Table 1). Fish were hand-fed with the experi-
mental diets twice daily for 10 weeks at 3% of wet body weight per
day, adjusting the daily amount of feed every two weeks according
to the fish biomass present in each tank.

2.3. Water quality monitoring

The water quality parameters were monitored weekly
throughout the experimental period. Temperature and dissolved
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oxygen (DO, mg L�1) were measured at 9:00 a.m. using a portable
DO meter (Crison, model OXI 45 P, Spain). The pH, salinity (g L�1),
total ammonia-nitrogen (TAN, mg L�1), nitrate-nitrogen (NO3, mg
L�1) were measured using a digital multimeter (Crison, model
MM41, Spain). Biofloc volume was determined using an Imhoff
cone, where the biofloc volume was registered after 30 min of one
liter water sedimentation of each BFT tank [29], therefore the
number of observation is 30 treatment�1 (10 values replicate�1 and
three replicate treatment�1).

2.4. Fish growth performance and survival

Fish growth performance was determined by studying the
weight gain percentage (wt. gain%), thermal unit growth coefficient
(TGC), total yield, feed conversion, feed intake and survival ratio
(FCR) which were determined as follows:

Wt. gain (%) ¼ 100 � (final weight -initial weight/initial weight)
[30]
TGC ¼ (W1=3

D -W1=3
0 /

PD
i¼1 Ti) � 1000 [31]

Total yield (kg m�3) ¼ total weight of fish/cubic meter
FCR ¼ the total feed intake (g)/weight gain (g).
Feed intake (g diet kg�1

fish)¼ total weight of feed provided (g)/
kg of fish.
where:Wf is the final weight (g), W0 is the initial weight (g), Ti is
the mean daily temperature (�C) and D is the number of days.
Survival (%) ¼ 100 � (final fish number/initial stocked number)
2.5. Hematological parameters

Blood was collected from the caudal vein of previously anaes-
thetized fish (50 mg clove oil L�1) using a sterile insulin syringe
containing one drop of heparin (Amoun Pharmaceutical Co. S.A.E.,
Egypt). Blood samples were taken from five fish per treatment,
pooled and divided into two portions. The first half was used to
develop the hematological assays, and cellular immune parameters
(phagocytosis and respiratory burst activities), while the other part
was centrifuged (1075 � g, 10 min, 4 �C) to obtain plasma. The
plasma samples were stored at�80 �C until used in the biochemical
and immunological assays.

The white blood cells count (WBC; 103 mm�3) was made using a
standard Neubauer hemocytometer chamber with Shaw's solution
as diluting fluid. Moreover, a differential leukocyte count was made
by light microscopy (Optika, Via Rigla, Ponteranica, Italy) using
Giemsa-stained smears. The hematocrit (Ht; %) was determined by
filling hematocrit capillary tubes which were centrifuged
(8400 � g, 10 min) using a Micro-hematocrit centrifuge (Krebs,
Bunsen, EU). The hematocrit values were recorded by means of a
centrifuge combo-reader.

2.6. Humoral immune parameters

The total protein (g dL�1) was determined in plasma samples
from fish of the different experimental groups by Biuret's method
according to Gornall et al. [32]. Albumin (g dL�1) was determined
using the bromocresol green method [33], while globulin (g dL�1)
was calculated as the difference between total protein and albumin.

The lysozyme activity (Umg�1 protein) in plasmawas measured
by turbidimetric assay according to [34] with some modifications.
Briefly, aliquots of 25 ml of plasmawere added to 1 ml suspension of
Micrococcus lysodeikticus (0.2 mg ml�1 in a 0.05 M sodium phos-
phate buffer (pH 6.2) and the absorbance was measured at 670 nm
after 30 s and 180 s by spectrophotometer (Spectrophotometer PD-
303 UV, APEL, Japan). Total immunoglobulin (Ig, mg dL�1) was
evaluated according to Siwicki et al. [35], whereas total proteinwas
determined using a micro protein determination method (C-690;
Sigma, USA) before and after Ig molecules were precipitated by a
12% polyethylene glycol solution (Sigma, USA). The difference in
protein content before and after Ig molecule precipitation was
considered as the Ig content.

The alternative complement activity (ACH50) was determined
using sheep red blood cells as a target and the absorbance of the
lysed cells was measured at 540 nm in a spectrophotometer [36].
The volume of plasma producing 50% hemolysis was determined
and the ACH50 was obtained for each experimental group as
follows:

ACH50 value (unit ml�1) ¼ 1/Y x (reciprocal of the plasma
dilution).

where Y is the amount of plasma (ml) giving 50% lysis.
The total myeloperoxidase (MPO) content in plasma was

measured according to Sahoo et al. [37]. Briefly, serum (20 ml) was
diluted with HBSS (Hanks balanced salt solution without Ca2þ or
Mg2þ, Sigma, USA) in 96-well plates. Then, 35 ml of 20 mM
3,30e5,50-tetramethyl benzidine hydrochloride (Sigma, USA) and
5 mM H2O2 were added. The color change reaction was stopped
after 2 min by adding 35 ml of 4 M sulfuric acid. Finally, ODwas read
at 450 nm.

2.7. Cellular immune parameters

Cellular immune parameters (phagocytic and respiratory burst
activities) were determined in fresh blood samples obtained from
the caudal vein using a syringe with heparin as anticoagulant.
Phagocytic activity (PA) was determined using Candida albicansas
target particles according to [38]. Briefly, 200 ml of blood and 10 ml
of yeast (1 g C. albicansml�1 saline) were incubated in a water bath
and shaken for 3 h at 25 �C to facilitate the action of leucocytes.
Blood smears were then prepared, stainedwith Giemsa and studied
under an oil-lens light microscope (OPTIKA, Via Rigla, Ponteranica,
Italy). Phagocytosis was estimated by determining the proportion
of macrophages which contained intracellular yeast cells in a
random count of 300 phagocytes, and the results were expressed as
percentage of PA (%).

Finally, respiratory burst activity of leucocytes was determined
from the reduction of nitroblue tetrazolium (NBT) to formazan as a
measure of superoxide anion production [39]. Briefly, 200 ml of
blood was mixed with 100 ml of NBT (0.2% in PBS, Sigma USA) and
superoxide dismutase (SOD, Sigma, 300 Uml�1). After incubation at
room temperature for 60 min with regular mixing, plates were
centrifuged at 500 � g for 3 min and the supernatants were dis-
carded. Cells were washed twice with HBSS and fixed in 70%
methanol. Formazan crystals were dissolved by adding a 120 ml of
2 M KOH and 140 ml dimethyl sulfoxide (DMSO). After the forma-
tion of the turquoise-blue-colored solutions, absorbance values
were read at 620 nm using KOH/DMSO (120 ml of 2 M KOH/140 ml
DMSO) as blank.

2.8. Antioxidant parameters

Catalase activity (CAT, U/mg protein) wasmeasured according to
Ref. [40]. Briefly, 10 ml plasma sample was added to 1.25 ml of
freshly prepared buffer containing 50 ml of H2O2 10 ml�1 Na-K
phosphate buffer (0.15 M, pH 7, El-gomhoria Co., Egypt). The dif-
ference in absorbance was recorded after 20 s (A1) and after 80 s
(A2) of incubation at 240 nm against air. The CAT value calculated as
A1-A2/0.0008.

Superoxide dismutase (SOD; U/mg protein) was evaluated ac-
cording to Misra et al. [41]. Briefly, 20 ml of plasma was added to
940 ml sodium carbonate buffer (pH 10.2, 0.05 M, El-gomhoria Co.,
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Egypt) and 40 ml epinephrine (30 mmol l�1 dissolved by adding
30 ml of HCL, Sigma, USA). The inhibition of epinephrine auto-
oxidation in the alkaline medium to adrenochrome was recorded
after 30 and 90 s at 480 nm. A control was prepared as 960 ml so-
dium carbonate buffer and 40 ml epinephrine.

The percent of inhibition (%) ¼ 100- [(DA control-DA sample/DA
control) � 100].

SOD activity in plasma (U/ml) ¼ % inhibition � 3.75.

2.9. Statistical analyses

The statistical analyses were performed using SAS v9.3 for
Windows (Cary, NC, USA). Data were subjected to two-way ANOVA
to test the effect of carbon sources and protein levels. Duncan's
multiple range test was used as a post hoc test to comparemeans at
P< 0.05 [42]. The results were presented asmeans ± standard error.
The following general liner model was used:

Yijk ¼ mþ ai þ bj þ ðabÞij þ eijk

where Yijk is the mean value of the tank, m is the mean population,
ai is the fixed effect of carbon sources effect, bj is the fixed effect of
protein levels, (ab)ij is the interaction between fixed effects, and eijk
is the random error.

3. Results

3.1. Water quality

Water quality parameters (DO2, temperature, pH and salinity)
were not affected by any of the treatments, but, TAN, NO2, NO3 and
biofloc volume were significantly (P � 0.05) affected by the
different carbon sources added (Table 2). The nitrogen content
increased in the biofloc treatments in a zero-water exchange sys-
temmore than in the control with dailywater change. However, the
levels remained within an acceptable range for O. niloticus. The
biofloc volume was greater when WMB was used as carbon source
rather than RB.

3.2. Growth performance

The greatest increase in growth parameters (Wt. gain, TGC and
yield) and best FCR were also recorded using WMB as carbon
source. The 30% dietary plant protein diets in general led to
appreciably higher growth and FCR than the lower protein level
(Table 3). However, the growth of fish reared in biofloc tanks and
fed 20% protein still surpassed that of the fish cultured in clear
Table 2
Water quality parameters of Nile tilapia (O. niloticus) fingerlings reared in tanks with or

Treatments Temperature
(�C)

Dissolved oxygen
(mg L�1)

pH

Carbon source (C)
Control 26.97 ± 0.22 5.50 ± 0.45 8.02 ± 0.10
Rice bran 27.03 ± 0.22 5.62 ± 0.62 8.00 ± 0.09
Wheat milling by-product 27.00 ± 0.20 5.28 ± 0.56 7.92 ± 0.07

Protein levels (P)
20% 26.97 ± 0.18 26.97 ± 0.22 7.96 ± 0.07
30% 27.03 ± 0.16 27.03 ± 0.22 8.00 ± 0.07

Two-way ANOVA
P values
C 0.98 0.93 0.73
P 0.81 0.80 0.69
C � P interaction 0.94 0.98 0.61

Different superscript letters in the same column (a, b and c for carbon sources) and (A a
water, and fed the 20 or 30% protein diet. Feed intake (g fish�1) was
significantly (P � 0.05) higher with WMB than in the other treat-
ments, and increased, but not significantly (P > 0.05), with the 30%
protein level. Survival ranged from 96 to 100% at the end of the
experiment, without any significant (P > 0.05) effect of carbon
sources, protein level or their interaction.

3.3. Hematological changes

The Ht, WBCs and lymphocytes were significantly higher using
RB and WMB as carbon source than in the fish stocked in the
control tanks (Table 4). The higher protein level improved the WBC
count, Ht and lymphocytes, significantly so in the case of the WBC.
The interaction effect of carbon source and protein level on he-
matological parameters was significant (P < 0.05) in the case of the
WBC count. The highest WBC count was recorded with fish reared
in the WMB biofloc tanks. The effect of BFT produced by both RB
and WMB on the WBC of fish fed 20% dietary protein levels was
greater than in the group fed 30% protein and reared in clear water
tanks.

3.4. Humoral non-specific immune parameters

Plasma total protein, albumin, globulin and humoral factors of
innate immunity (Ig, lysozyme, MPO and ACH50) improved signif-
icantly (P < 0.05) with the biofloc treatments and associated higher
protein levels (Table 5). The significant interaction (P < 0.05) was
clear from the Ig and MPO levels, and the highest values were
recorded with WMB biofloc and 30% dietary protein. The two
produced biofloc compensated the reduction of dietary protein
levels by maintaining higher Ig levels than the two control groups.
For its part, the MPO compensated for the lower protein content of
the 20% protein diet only in the WMB biofloc treatment.

3.5. Cellular non-specific immune parameters

Rearing O. niloticus in biofloc systems using RB and WMB
significantly increased PA and NBT activities compared with the
fresh water group (control). The same trend was observed for the
higher protein level (Table 6). The two-way ANOVA showed a sig-
nificant interaction effect of different carbon sources and protein
levels on the PA, the highest value being obtained with WMB.

3.6. Antioxidant enzyme activities

The different carbon sources, protein levels and their interaction
significantly (P < 0.05) affected CAT and SOD (Table 6), the highest
without biofloc treatments for 10 weeks.

Salinity
(g L�1)

Ammonia-N
Nitrogen
(mg L�1)

Nitrite
(mg L�1)

Nitrate
(mg L�1)

Biofloc volume
(ml)

1.30 ± 0.00 0.49 ± 0.15b 0.33 ± 0.05b 1.28 ± 0.25b 0.83 ± 0.11c

1.50 ± 0.00 1.61 ± 0.05a 1.37 ± 0.11a 12.58 ± 0.64a 18.58 ± 3.84b

1.50 ± 0.00 1.62 ± 0.06a 1.55 ± 0.04a 12.33 ± 0.67a 29.92 ± 4.10a

1.43 ± 0.03 1.18 ± 0.21 1.02 ± 0.20 8.67 ± 1.91 15.44 ± 4.81
1.43 ± 0.03 1.30 ± 0.19 1.14 ± 0.20 8.80 ± 1.92 17.44 ± 5.06

0.98 0.001 0.00 0.00 0.00
0.99 0.28 0.15 0.85 0.63
0.89 0.63 0.20 0.68 0.82

nd B for protein levels) indicate significant differences (P < 0.05).



Table 3
Growth performance of Nile tilapia (O. niloticus) fingerlings reared in tanks with or without biofloc treatments for 10 weeks.

Treatments Weight gain
(%)

Thermal growth coefficient Total yield
(kg m�1)

Survival (%) Feed intake
(g kgfish�1)

Feed conversion ratio

Carbon source (C)
Control 67.00 ± 3.92c 5.67 ± 0.33c 3262.68 ± 111.67c 96.83 ± 1.59 1002.33 ± 37.02a 2.46 ± 0.17a

Rice bran 88.23 ± 1.81b 7.47 ± 0.15b 3732.980 ± 25.72b 98.41 ± 1.00 859.47 ± 22.18b 1.80 ± 0.05b

Wheat milling by-product 100.02 ± 3.92a 8.47 ± 0.33a 4032.345 ± 79.06a 100.00 ± 0.00 872.41 ± 26.34b 1.72 ± 0.08b

Protein levels (P)
20% 79.14 ± 5.49B 6.70 ± 0.47B 3540.432 ± 133.44B 97.88 ± 1.15 933.23 ± 41.85A 2.13 ± 0.18B

30% 91.02 ± 4.68A 7.70 ± 0.40A 3811.569 ± 103.75A 98.94 ± 0.70 889.58 ± 15.34B 1.85 ± 0.07A

Two-way ANOVA P values
C 0.001 0.001 0.001 0.18 0.001 0.001
P 0.001 0.001 0.002 0.43 0.03 0.001
C � P interaction 0.04 0.04 0.03 0.53 0.001 0.001

Different superscript letters in the same column (a, b and c for carbon sources) and (A and B for protein levels) indicate significant differences (P < 0.05).

Table 4
Hematological parameters of Nile tilapia (O. niloticus) fingerlings reared in tanks with or without biofloc treatments for 10 weeks.

Treatments Hematocrit
(%)

White blood cells
(103 mm�3)

Lymphocytes (%) Monocytes
(%)

Neutrophils
(%)

Carbon source (C)
Control 27.33 ± 0.49c 23.67 ± 0.56c 30.67 ± 0.92c 4.00 ± 0.37 63.50 ± 0.92a

Rice bran 33.00 ± 0.37b 30.29 ± 0.61b 34.50 ± 0.22b 4.83 ± 0.31 59.50 ± 0.50b

Wheat milling by-product 35.00 ± 0.45a 37.00 ± 1.24a 37.33 ± 0.33a 4.67 ± 0.33 57.17 ± 0.31c

Protein levels (P)
20% 31.44 ± 1.33 28.98 ± 1.70B 33.67 ± 1.15 4.33 ± 0.24 60.78 ± 1.15A

30% 32.11 ± 1.03 31.66 ± 2.23A 34.67 ± 0.94 4.67 ± 0.33 59.33 ± 0.87B

Two-way ANOVA P values
C 0.0001 0.0001 0.0001 0.26 0.0001
P 0.15 0.0001 0.11 0.44 0.04
C � P interaction 0.08 0.02 0.15 0.81 0.23

Different superscript letters in the same column (a, b and c for carbon sources) and (A and B for protein levels) indicate significant differences (P < 0.05).

Table 5
Non-specific immune parameters of Nile tilapia (O. niloticus) fingerlings reared in tanks with or without biofloc treatments for 10 weeks.

Treatments Total protein
(g dL�1)

Albumin
(g dL�1)

Globulin
(g dL�1)

Immunoglobulin (mg dl�1) Lysozyme
(U mg�1 protein)

Total myeloperoxidase (OD at 450 nm) ACH50

U ml�1

Carbon source (C)
Control 3.68 ± 0.08c 2.24 ± 0.03b 1.44 ± 0.08b 2.25 ± 0.15c 25.00 ± 2.02c 1.31 ± 0.19c 18.97 ± 1.60c

Rice bran 3.92 ± 0.07b 2.37 ± 0.03a 1.55 ± 0.05b 3.03 ± 0.07b 29.67 ± 1.41b 2.28 ± 0.06b 30.30 ± 1.02b

Wheat milling by-product 4.29 ± 0.07a 2.37 ± 0.03a 1.92 ± 0.05a 3.20 ± 0.09a 32.42 ± 1.39a 2.63 ± 0.06a 37.05 ± 1.74a

Protein levels (P)
20% 3.83 ± 0.09B 2.29 ± 0.03B 1.54 ± 0.08B 2.64 ± 0.18B 25.56 ± 1.31B 1.88 ± 0.26B 25.77 ± 2.70B

30% 4.09 ± 0.10A 2.36 ± 0.03A 1.73 ± 0.08A 3.01 ± 0.13A 32.50 ± 0.96A 2.27 ± 0.15A 31.78 ± 2.67A

Two-way ANOVA P values
C 0.001 0.01 0.001 0.001 0.001 0.001 0.001
P 0.001 0.05 0.01 0.001 0.001 0.001 0.001
C � P interaction 0.94 0.96 0.98 0.05 0.12 0.001 0.25

Different superscript letters in the same column (a, b and c for carbon sources) and (A and B for protein levels) indicate significant differences (P < 0.05).

Table 6
Cellular innate immune parameters and antioxidant enzymes of Nile tilapia (O. niloticus) fingerlings reared in tanks with or without biofloc treatments for 10 weeks.

Treatments Phagocytic activity (%) Nitroblue tetrazolium (mg/mL) Catalase (U/mg protein) Super oxide dismutase (U/mg protein)

Carbon source (C)
Control 22.22 ± 1.12c 0.56 ± 0.04c 22.78 ± 1.89b 47.49 ± 3.20c

Rice bran 25.10 ± 0.55b 0.80 ± 0.04b 33.72 ± 0.61a 56.10 ± 3.27b

Wheat milling by-product 26.83 ± 0.31a 0.84 ± 0.03a 35.03 ± 1.25a 60.95 ± 1.66a

Protein levels (P)
20% 23.49 ± 1.00B 0.67 ± 0.05B 28.71 ± 2.56B 49.07 ± 2.46B

30% 25.94 ± 0.46A 0.80 ± 0.04A 32.31 ± 1.57A 60.62 ± 1.79A

Two-way ANOVAP values
C 0.001 0.001 0.001 0.001
P 0.001 0.001 0.004 0.001
C � P interaction 0.02 0.27 0.02 0.03

Different superscript letters in the same column (a, b and c for carbon sources) and (A and B for protein levels) indicate significant differences (P < 0.05).
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values of both enzyme activities being obtained with WMB at 30%
protein. The compensating effect of biofloc was evident in the case
of CAT using both carbon sources and at both protein levels (20 or
30%), fish outperforming those fed 30% dietary protein and reared
in clear water.

4. Discussion

In tilapia farming, 30% dietary protein is the ideal level to cover
the requirements of growth, and the general metabolic and phys-
iological responses of growing fish [16], while lower levels affect
normal functions. At the same time, the role of biofloc as a sup-
plementary feed component of high nutritional quality, especially
in terms of protein, has been demonstrated in several aquaculture
species [13,18,43,44]. The present study determines the efficacy of
different biofloc treatments to compensate for a reduction in pro-
tein levels under zero-water exchange conditions in fingerlings of
O. niloticus. Two dietary plant-based protein levels (20% and 30%
protein) were used without or with the addition of two carbon
sources (WMB or RB). In shrimp, BFT has been seen to be effective
in compensating for a decrease in protein levels from 35 to 20%
[43].

Moreover, the organic carbon source used for stimulating bio-
floc formation is a detrimental factor for production in culture
systems. In the present work, WMB and RB were tested as cheap
and widely available carbon sources. The results demonstrated that
the use of WMB as a carbon source is preferable to RB for farmed
O. niloticus. The effect of a carbon source on the growth of cultured
species depends on some characteristics of the biofloc produced,
such as its volume, chemical composition, and ability to store
bioactive compounds (e.g. polymers, carotenoids, phytosterols and
extracellular enzymes) [6,18,45,46].

The experiment described lasted 10weeks in order to determine
the possible effect of biofloc on fish growth and nutrient utilization.
As regard, water quality parameters (DO, pH and salinity), no sig-
nificant differences with respect to the parameters tested in the
fresh water tank were observed and all values were always within a
range considered acceptable for tilapia production [16]. Although
the TAN and NO2 tended to increase in BFT treatments, it is known
that the heterotrophic and ammonium-oxidizing bacteria formedin
BFT take part in the oxidation of ammonia in the water to produce
NO3. Accordingly, the nitrification that occurred in the BFT treat-
ments maintained the ammonia and nitrite at safe levels for
O. niloticus [11,13]. These findings agree with previous ones
demonstrating that the in situ biofloc formation accelerates the
nitrification process in the water of tanks [47,48]. The greater effect
of WMB in improving the water quality and forming biofloc parti-
cles observed in the current study may be attributed to both the
degradability of its components and to the particle size formed,
which would have increased the surface area for bacterial growth,
hence an increased biofloc volume. This view is supported by Fer-
reira et al. [48], who found that increasing the substrate surface
area in biofloc tanks improved water quality and increased food
availability.

Furthermore, the results of our experiment revealed that the
best growth performance and highest FCR were obtained for fish
reared with BFT and fed the higher protein level (30%). Interest-
ingly, the growth of fish fed 20% crude protein and reared in biofloc
conditions with WMB significantly surpassed that of the fish fed
30% crude protein and stocked in clear water. Biofloc systems
therefore represent a suitable culture condition for growth and feed
utilization of O. niloticus without any obvious negative effect on
water quality or fish survival, which reflects previous findings
concerning the positive effect of biofloc on the growth performance
of cultured fish and shrimp [18,45,46,49].
The improvement in growth performance in the present study
might be due to the formed biofloc also used by the fish as a source
of protein to compensate for the reduction in dietary protein levels
and to provide a proper amino acid profile when plant-based
protein diets are used. These results are in consistence with those
obtainedwith shrimps fed different dietary protein levels (20e35%)
and reared under BFT. In this study, no significant differences in
terms of final body weight, weight gain and specific growth rate
and FCR were observed between the animal fed different protein
levels [43]. Also, O. niloticus fed different dietary protein 24 and 35%
and reared under biofloc systems did not showed any significant
changes in growth performance [50]. Interestingly, in the present
study significant changes in growth performance among different
biofloc treatments were recorded. Perhaps, the different results
may be relay to the use of higher C:N ratio (15:1) and higher feed
intake (3%) in the present study, in comparison with the C:N ratio
(10:1) and feed intake (1.5%) used in the study of Azim et al. [50].
Rather than the differences in the used carbon sources in the two
studies, whereas carbon source is the most determinate factor in
the chemical composition and characteristic of the biofloc pro-
duced [6,18,45,46].

Similarly, the suitability of using biofloc at 4% level of dietary
supplementation for improving growth, FCR and digestive enzyme
activities has been demonstrated in Penaeus monodon [51]. Our
results show that the use of low levels of dietary protein with BFT
systems can have similar effects on fish growth as demonstrated in
shrimps. The improvement in growth and FCR afforded by BFT in
the present study would be due to the abundance of active het-
erotrophic bacteria, which can assimilate the waste nitrogen and
produce new cellular protein for fish consumption, as previously
indicated [11,12,18]. The observed retardation of fish growth in
groups fed 20% dietary plant-based protein and reared in clear
water in the present study, could be attributed to the reduction in
protein levels together with the unsuitable amino acid profile of
both diets using a plant protein mixture [26]. On the other hand,
biofloc represents an efficient recycling process for feed nutrients
and a rich source of essential amino acids [52], as well as an
external source of digestive enzymes [6,45], rather than stimulating
indigenous digestive enzyme activities (amylase, cellulase, protease
and lipase) of reared animals [43,51]. For these reasons, biofloc
could make up for the reduction of dietary protein and enhance the
amino acid profile of fish diets, hence offsetting the continually
increasing price feed cost and increasing production efficiency.

Recent approaches in aquacultureare have used high quality
feeds not only for optimal growth but also for maintaining the
physiological, immunological and antioxidant status of fish [53]. As
regard hematological parameters, in the present study fish reared
under BFT showed higherWBC counts than fish maintained in clear
water. Furthermore, the increased number of WBC was due to the
increase in both neutrophils and lymphocytes, while monocyte
numbers remained unchanged. Leucocytes play an important role
in innate immunity during inflammation and their numbers are
considered to be an indicator of fish health status [54]. However,
O. niloticus reared in BFT conditions but using glucose as a carbon
source showed no significant differences in WBC, red blood cell,
hemoglobin or hematocrit levels compared to the values obtained
for fish reared in clear water [44]. Such different results are prob-
ably due to the different carbon sources used in the studies (glucose
or WMB/RB). In agreement with the present results, it BFT main-
tained the total haemocyte count of shrimps even with the dietary
protein level was reduced from 35 to 20% [48].

A strong innate immune status is associated with increasing
levels of proteins, albumin, and globulin, which represent themajor
proteins in plasma [55]. In the present study, all three proteins
improved significantly in BFT reared fish. Also, total
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immunoglobulin, lysozyme, MPO and ACH50 levels markedly
increased in fish reared with both biofloc treatments compared
with the levels recorded for the same activities in fish reared in
clear water. The interaction of carbon source and protein levels
demonstrates that rearing fish in biofloc conditions canmake up for
a 10% reduction in dietary protein in terms of non-specific immune
parameters. The notable increase in Ig levels in the biofloc-based
treatments is consistent with previous results obtained for Labeo
rohita reared in BFT systems using different carbon sources [47].
Similar results were obtained in shrimps reared in BFT, which
showed an increase in gene expression (pro-phenoloxidase, lyso-
zyme, and serine proteinase) in the hepatopancreas, compared
with the expresion observed in the hepatopancreas of shrimps
reared in clear water [55]. Lysozyme and MPO are immune en-
zymes involved in defence against bacterial infection. In fish,
lysozyme is produced by leucocytes and causes bacterial cell wall
lysis, thus stimulating and activating the complement system and
phagocytosis of different pathogens [34,56]. Also, MPO is one of the
microbial enzymes expressed and stored in neutrophils, and plays a
role in respiratory burst via peroxide to produce hypochlorous acid
[57]. On the other hand, complement activity plays a crucial role in
the antibacterial defence mechanism in teleosts [58], a function
that can be activated by immunostimulants [59]. The present re-
sults indicate that the immune status of O. niloticus reared in biofloc
conditions is stronger than that of fish reared in clear water. Future
studies might look at whether the increase observed in these im-
mune parameters is accompanied by improved defense against
disease or stressful situations.

In phagocytes, several sequenced processes, referred as respi-
ratory burst activity, destroy invading pathogens. Such activity is
used as an important indicator of the innate immune defence
mechanism in fish [60], which is measured as NBT activity in the
present work. Respiratory burst and the phagocytic activities of
blood leucocytes improved in fish reared in BFT conditions and fed
the 30% protein level; furthermore, leucocytes of BFT fish reared in
the same conditions but fed the lower protein level showed higher
phagocytic activity than fish maintained in clear water. Similar
results regarding increased phagocytic activity were reported in
hemolymph of shrimp reared in biofloc systems [43].

The effect of bioflocs as immunostimulants seemed to be carbon
source-dependent, and BFT fish given WMB showed a higher im-
mune status than those given RB in the current study. Furthermore,
the improvement recorded in the immunological parameters may
be due to microbial components, to unknown growth factors or
even to some probiotic microorganisms like Bacillus, Lactobacillus
present in the biofloc [46,51]. Moreover, it is known that immune
responses are modulated in different ways by nutrients like pro-
teins, lipids, antioxidants, vitamins, carotenoids and minerals [61].
The digestion of biofloc in the intestine could increase the quantity
and/or quality of such nutrients and potentially stimulate the fish
cellular defences in the form of phagocytosis [43] or respiratory
burst. Furthermore, the complementary protein source rich in key
amino acids provided by biofloc systems [52] might also contribute
to the optimum growth and immune function in BFT reared fish
[62]. New studies on biofloc composition could help throw light on
the exact compounds involved in this immunostimulant effect as
well as in growth promotion in fish reared in BFT systems.

Besides the increased immune competency of fish reared in BFT
conditions, the antioxidant status of such fish was also higher than
that of O. niloticus reared in clear water. More specifically, CAT and
SOD enzymatic activities increased significantly with the biofloc
treatments. In agreement with the current findings, increased SOD
and glutathione activities were previously reported in O. niloticus
reared in biofloc systems compared with fish reared in clear water
[44]. SOD and CAT are enzymes associated with the prevention of
lipid peroxidation. SOD catalyzes superoxide anion to produce
hydrogen peroxide [63], which, in turn, is decomposed by CAT to
water and oxygen, preventing the beginning of lipid peroxidation
[64]. The increasing of SOD and CATactivity observed in the present
study might reflect increased fish welfare and reduced oxidative
stress [65]. Indeed, a relationship between stress and the BFT
treatments has been described. For example, BFT reduced the
physiological stress (cortisol and glucose levels) of Labeo rohita
[49]. Besides this, shrimps fed low levels of protein had a low total
antioxidant capacity, while it modulated in shrimps reared under
BFT system [43].

To conclude, the use of in situ biofloc production systems
involving two different carbon sources (WMB and RB) significantly
improved growth performance, FCR and some haematological pa-
rameters of O. niloticus compared to fish reared in clear water. Their
immune and antioxidant status also improved. WMB seems to be a
more suitable carbon source than RB for O. niloticus biofloc rearing
systems. Moreover, the biofloc technique can compensate for a
reduction in protein levels from 30 to 20% by increasing the im-
mune and antioxidant status of reared fish. The reduction in the
percentage of protein required in feed and the improvement seen
in water quality add to the benefits of BFT.
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