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Two feeding trials were conducted to evaluate the influence of dietary curcumin level on fish meal replacement with poultry by-
product (PBM) in a largemouth bass (Micropterus salmoides) diet. In trial I, the reference diet (R) contained 400 g/kg fish meal,
and PBM replaced 60 and 80% of the fish meal (P16 and P8). In trial II, the diet containing 80 g/kg fish meal (P8) served as control
(C), and curcumin was added at 5000 and 10000 mg/kg (C5 and C10), respectively. Replacement of fish meal with PBM sig-
nificantly influenced feed intake, phosphorus retention efficiency (PRE), body lipid content, the ratio of fish meal consumption to
fish production (RCP), and wastes of carbon and phosphorus but did not result in significant alternation in weight gain, feed
conversion ratio (FCR), retention efficiencies of nitrogen (NRE), carbon (CRE) and energy (ERE), viscerosomatic index (VSI),
hepatosomatic index (HSI), and body composition. The RCP, body lipid content, and phosphorus waste were higher in fish fed
diet R than in fish fed diets P16 and P8. Curcumin supplementation influenced weight gain, feed intake, FCR, carbon waste, and
RCP, but did not result in significant alternation in CRE, NRE, PRE, ERE, condition factor, VSI, HSI, body composition, and
nitrogen and phosphorus wastes. The weight gain and feed intake were higher in fish fed diet C10 than in fish fed diet C, while the
carbon waste was higher in fish fed diets C5 and C10 than in fish fed diet C. Overall, the minimum dietary fish meal level for
largemouth bass could be dropped to 80 g/kg when PBM was used as an alternative ingredient, and 10000 mg/kg curcumin could
obviously improve growth of fish fed diet containing 80 g/kg fish meal.

1. Introduction

The contribution of aquaculture to food security and human
health has been continuously growing with expansion of the
aquaculture industry worldwide [1, 2]. Dietary protein
sources and environmental impact are the main challenges
threatening sustainability of aquaculture industry since the
proportion of fed aquaculture in global aquaculture pro-
duction increased, and more fed aquaculture production
resulted in more dietary protein consumption and waste
outputs [3]. Among the protein ingredients used for for-
mulating aquafeed, fish meal is recognized as ideal because

of its advantages in digestible protein content, amino acid
balance, and growth-promoting factors and is widely used at
high levels in carnivorous fish feed. However, fish meal is
a limited ocean resource, and replacement of fish meal with
economic terrestrial protein ingredients, including animal
or plant ingredients, is necessary for sustainable develop-
ment of aquaculture industry. Based on intensive studies
over decades, fish meal content in aquafeed significantly
declined, e.g., the average dietary fish meal level for marine
finfishes was reduced from 43% in 1995 to 14% in 2017 [4].
Several approaches, such as using previously blended protein
ingredients (such as blends of PBM, meat and bone meal,
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feather meal, and blood meal) or gamma-ray irradiated
protein ingredients (such as irradiated soybean meal and
feather meal) as fish meal alternate, supplementation of
functional amino acids (such as taurine and glycine) and
minerals (selenium) and elevating dietary protein levels,
have been demonstrated as efficient in increasing fish meal
amount replaced from fish diets [5-12]. De Cruz et al. [13]
reported that nucleotide supplementation could enhance
growth of hybrid striped bass Morone chrysops x M. saxatilis
fed with low fish meal diets. Therefore, identifying the
constituents with the function to improve feeding and
growth of fish fed low fish meal diets should be a focus in
future studies of fish nutrition and feed technology.

Curcumin (CU) is a polyphenolic and hydrophobic
phytochemical component of the turmeric herb Curcuma
longa and has been recognized as an immunomodulator of
human and domestic animals [14]. Previous studies reported
that CU supplementation could improve growth of crucian
carp Carassius auratus, Nile tilapia Oreochromis niloticus,
and large yellow croaker Larimichthys crocea [15-17], and
positively affect hematological parameters, immunity, and
disease resistance of Nile tilapia, carp Cyprinus carpio, and
rainbow trout Oncorhynchus mykiss [18-20]. However, it is
uncertain if CU could be used as a functional constituent in
low fish meal diets for carnivorous fishes.

Largemouth bass Micropterus salmoides is a carnivorous
fish species with commercial importance to freshwater aqua-
culture. In 2020, largemouth bass aquaculture production
achieved 621,300 tons, which ranked 15™ in inland finfish
aquaculture production and 2™ in inland carnivorous fish
aquaculture production in the world [3]. Fish meal content in
commercial largemouth bass feed was generally more than
400 g/kg, which could be reduced to 160 g/kg by soybean meal,
soy protein concentrate, or cottonseed protein concentrate as an
alternative ingredient [21-23] or 80 g/kg by using poultry by-
product meal as an alternative ingredient [24]. To our
knowledge, the formulated diet containing 160 g/kg fish meal
has been successfully used in largemouth bass farming, and
80 g/kg is the minimum fish meal level that could satisfy fast
growth of the fish. In the present study, we evaluated if CU
could be used as a functional constituent to improve feeding,
growth, and feed utilization efficiency of largemouth bass fed
a diet containing 80 g/kg fish meal, to explore the potential to
further reduce fish meal level in commercial fish feed.

2. Materials and Methods

21. Curcumin, Feed Ingredients, and Test Diets.
Curcumin (purity >98%) was purchased from Dulai Bio-
technology Co., Ltd. (Shanghai, China). Feed ingredients,
including animal and plant protein ingredients, were pur-
chased from Hongli Feed Company (Huzhou, China). The
proximate composition of the feed ingredients is shown in
Table 1.

Two single factor trials (I and IT) were designed. In trial I,
poultry by-product meal (PBM) replaced 60% (P16) and
80% (P8) of the fish meal in a reference diet (R) that was
formulated to contain 400 g/kg fish meal. In trial II, the diet
containing 80 g/kg fish meal (P8) served as control (C), and
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curcumin (CU) was added at 5000 (C5) and 10000 (C10)
mg/kg in diet C, respectively. Protein and lipid levels of the
test diets were 520 and 120 g/kg, respectively [25]. For-
mulation and proximate compositions of the test diets are
shown in Table 2. Amino acid profile of diets R and P8 are
represented as (g/kg) Asp, 43.2 and 39.9; Thr, 20.4 and 19.0;
Ser, 22.7 and 21.3; Glu, 76.2 and 72.8; Pro, 22.4 and 25.5; Gly,
26.8 and 29.2; Ala, 28.4 and 27.8; Val, 24.0 and 22.2; Met,
10.7 and 9.1; Ile, 18.4 and 17.0; Leu, 38.2 and 36.0; Tyr, 13.9
and 12.8; Phe, 25.1 and 23.8; His, 21.9 and 21.0; Lys, 37.1 and
33.7; and Arg, 35.9 and 36.4. The amino acid composition of
diets C, C5, and C10 was not analysed, but was theoretically
the same as that of diet P8.

The feed ingredients were ground with a hammer mill
into particles that can pass through a mesh (pore size
500 um). To prepare the test diets, the feed ingredients of
each diet were weighed and mixed as described in Wang
et al. [24], and pellets were extruded with an SLP-450 single
screw machine (Fishery Machinery and Instrument Re-
search Institute, Chinese Academy of Fishery Sciences,
Shanghai, China). The extruding temperature was controlled
at 80-100°C. After drying under 25°C in an air-conditioned
room, the test diets were collected and preserved in plastic
bags in a refrigerator (—20°C).

2.2. Fish and Feeding Trials. Trials I and II were conducted
in the field station of the Zhejiang Institute of Freshwater
Fisheries (Huzhou, China). Largemouth bass fingerlings
were purchased from a commercial fish farm located in
Deqing (Huzhou, China). The fish were transported to the
field station and acclimated in two indoor recirculating
aquaculture systems (RAS). Each RAS comprises 24 ex-
perimental tanks (water volume, 350 L). Prior to the start of
the feeding trials, 720 fish with similar body sizes were
selected and reared in a RAS at 30 fish/tank for one week.
During the acclimation period, the fish were fed with diet R
twice daily.

Trials I and II were initiated and ceased simultaneously.
At the start of the trials, the acclimatized fish were pooled in
four tanks after 24 h of feed deprivation. Twenty fish were
captured from the pooled tanks, weighed in bulk, and
randomly released into one of 15 experimental tanks. Each
diet treatment had three replicators, and the fish were
assigned to diet R, P16, and P8 in trial I and C, C5, and C10
in trial II (diets P8 and C were the same diet but was assigned
as different diets in different trial). Initial body weight was
37.8+0.2g (mean + SD, n=15). Thereafter, three groups of
15 fish each were collected from the pooled tanks. After the
measurement of body weight, body length, liver weight, and
viscera weight, the sampled fish were preserved in a re-
frigerator (-20°C) for analysis of body composition.

The duration of trials I and II was eight weeks. Fish were
fed to satiation at 8:00 and 16:00 every day. To ensure fish
were fed adequately and efficiently, several pellets of a test
diet were dropped in each tank, and feeding behavior of fish
in the tank was observed. Fish in the tanks were fed alter-
nately until no fish swam to the water surface to accept the
dropped diet. Dead fish were recorded and weighed. Water
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TaBLE 1: Proximate composition (g/kg) of the feed ingredients.

Ingredient Dry matter Crude protein' Crude lipid' Ash'
Fish meal 894 646 97 149
Poultry by-product meal 931 652 93 184
Protein premix’ 908 629 7 69
Blood cell meal 913 923 2 39
Soybean meal 903 491 13 61
Cottonseed-protein meal 909 611 6 78
Wheat flour 859 177 21 11

!crude protein, crude lipid, and ash are expressed as the situation in natural storage (12 = 2). *protein premix is a commercial product made by the Hongli Feed
Company of Deqing county (Huzhou, China). The protein premix comprised blood cell meal, soybean meal, and cottonseed protein meal.

TasLE 2: Formulation (g/kg), proximate composition (g/kg), and energy content (MJ/kg) of the test diets.

Ingredient R! P16’ P! c! cs! c1o'
Fish meal 400 160 80 80 80 80
Poultry by-product meal 238 317 317 317 317
Protein premix” 150 150 150 150 150 150
Blood cell meal 23 23 23 23 29 33
Soybean meal 131 131 132 132 121 112
Cottonseed protein meal 50 50 50 50 50 50
Wheat flour 125 125 125 125 125 125
Choline chloride 2 2 2 2 2 2
Ca (H,PO,), 20 20 20 20 20 20
DL-met 2 2 2 2 2 2
L-lysine 5 5 5 5 5 5
Vitamin and mineral premix’ 15 15 15 15 15 15
Fish oil 77 78 79 79 79 79
Curcumin 5 10
Dry matter 922 943 944 944 938 934
Crude protein* 516 519 518 518 518 512
Crude lipid4 122 121 121 121 121 123
Ash* 108 115 113 113 113 113
Gross energy* 21.1 20.2 21.1 21.1 20.0 19.9
Carbon* 452 475 447 447 467 484
Phosphorus* 21 19 20 20 19 19

'R: reference diet; P16: poultry by-product meal (PBM) replaced 60% of the fish meal in diet R; P8 and C (the same diet): PBM replaced 80% of the fish meal in
diet R; C5 and C10: PBM replaced 80% of the fish meal in diet R with 5000 and 10000 mg/kg curcumin supplementation, respectively. *protein premix is
a commercial product made by the Hongli feed company of Deqing county (Huzhou, China), and comprised of blood meal, soybean meal, and cottonseed
protein concentrate. *vitamin and mineral premix (per kg diet): vitamin A, 8000 IU; vitamin Ds, 2000 IU; vitamin E, 100 mg; vitamin K3, 7.5 mg; vitamin B,,
15 mg; vitamin B,, 15 mg; vitamin B, 12.5 mg; vitamin By, 0.05 mg; D-biotin, 0.25 mg; D-calcium pantothenate, 40 mg; folic acid, 5 mg; niacinamide, 50 mg;
vitamin C, 140 mg; inositol, 120 mg; ethoxyquin, 5 mg; FeSO,, 40 mg; CuSO4-5H,0, 25 mg; MnSO44H,0, 10 mg; ZnSO,, 100 mg; MgSO,4-7H,0, 200 mg;
CoCOs, 0.35 mg; KI, 0.05 mg; and Na,SeOs, 0.3 mg. *contents of crude protein, crude lipid, ash, gross energy, carbon, and phosphorus reflect the situation of

the feed ingredients in natural storage.

in the RAS was continuously aerated, recirculated, and
treated with a biofilter, and recirculating rate of water in each
tank was 3.0 L/min. Everyday 20% of water in the RAS was
renewed with aerated tap water. Water temperature was
monitored in the morning and afternoon daily and fluc-
tuated from 25.8 to 30.8°C. Dissolved oxygen was measured
weekly and was always higher than 5.0 mg/L.

At the end of trials I and II, fish were deprived of diet for
24 h. Three fish were captured from each tank, anaesthetized
with clove oil (100 mg/L), and individually weighed. The
blood sample was collected with a 1 ml syringe rinsed with
heparin sodium solution (1%, v/v) from the caudal vein of
each fish and transferred into a 2 ml Eppendorf tube. After
centrifugation (15min at 3000rpm), the supernatant
(plasma) was isolated and transferred into a 1.5 ml cryogenic
vial and preserved in liquid nitrogen. The liver was collected

from each fish following plasma sample collection and was
preserved in liquid nitrogen. Thereafter, fish were captured
from each tank and weighed in bulk. Three fish were
sampled from each tank, and the body weight, body length,
viscera weight, and liver weight of the fish were measured.
The samples of plasma and liver were preserved at —80°C,
and the samples of whole fish were preserved at —20°C, until
physiological and chemical analyses.

2.3. Physiological and Chemical Assay. Prior to physiological
analysis, the samples of plasma and liver were thawed at 4°C.
The activity of antioxidant enzymes [superoxide dismutase
(SOD), glutathione peroxidase (GSH-PX), and catalase (CAT)]
and malondialdehyde (MDA) content in plasma were assayed
with the kits purchased from the Nanjing Jiancheng



Bioengineering Institute (Nanjing, China). The liver was ho-
mogenized with 0.86% physiological saline (1 :4, w/v) in an ice
bath. After centrifugation (5min at 12000 rpm and 4°C), su-
pernatant of the liver sample was isolated, and concentration of
the soluble protein was determined with the method described
in Bradford [26], using bovine serum albumin as standard.
Activities of SOD, GSH-PX, and CAT and MDA content in the
liver were assayed with the kits used for plasma assay.

Prior to chemical analysis, the sampled fish were thawed,
weighed, autoclaved (20 min at 120°C), homogenized, and
dried (6h at 120°C). Contents of moisture, crude protein,
crude lipid, ash and phosphorus of the feed ingredients, test
diets, and fish were analyzed with the methods described in
AOAC [27]. Contents of crude protein and amino acids were
analyzed with an 8400 auto-Kjeldahl-nitrogen analyzer
(Foss, Sweden) and 433 amino acid analyzer (Sykam
Company with Limited Liability, Germany), respectively.
Gross energy content was analyzed with Parr 6200 calo-
rimeter (Parr, USA). Carbon content was analyzed with an
EA3000 element analyzer (Euro Vector, Italy).

2.4. Calculation and Statistics. Calculation of feed intake,
growth, feed conversion ratio (FCR), nutrient and energy
retention efficiencies (carbon: CRE; nitrogen: NRE;
phosphorus: PRE; energy: ERE), morphological indexes
[condition factor, hepatosomatic index (HSI), and vis-
cerosomatic index (VSI)], waste outputs (carbon, nitro-
gen, and phosphorus), and fish meal reliance [ratio of
dietary consumption to fish production (RCP)] were
performed with the equations described by Wang et al.
[24]. The retention efficiency of amino acids (ARE) was
calculated as follows:

ARE (%) = 100 [(W,/N; x Cyp) = (Wo/Ng x Cyo)]
[2%T/(N,+Ng) x Cyf]

(1)

where I (g) is the feed consumption of fish in each tank
during the trials; W (g) is the initial body weight of fish
in each tank; and W, (g) is the final body weight; N, and
Ny are the number of fish alive in each tank at the end and
start of the trials; C4, (%) is the content of amino acids in
the fish body at the end of the trials and C,, (%) at the
start; C4¢ (%) is the content of amino acids in the
test diets.

The influences of fish meal replacement level (among fish
fed diets R, P16, and P8) or CU supplementation (among fish
fed diets C, C5, and C10) on survival, growth, feed intake, feed
utilization efficiency, morphological indexes, and body com-
position were examined with one-way ANOVA. The differ-
ences in the above variables between the diet treatments in
trials I and II were further examined with Duncan’s test. The
differences in ARE, activity of antioxidant enzymes (SOD,
GSH-PX, and CAT) in plasma or liver, and MDA content in
plasma or liver between diets R and P8 (trial I) or between diets
C and C10 (trial II) were examined with independent #-test.
The difference between ARE and NRE for the same diet
treatment in trials I and II was examined with paired t-tests.
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The statistical analysis, including one-way ANOVA, Duncan’s
test, independent #-test, and paired ¢-test, were performed with
SPSS (version 24.0, SPSS, USA). The significant level was set at
P <0.05.

3. Results

3.1. Survival, Feed Intake, Growth, and Feed Utilization
Efficiency. Survival was over 98% throughout the feeding
trials. In trial I, feed intake and PRE were dependent
(P <0.05, Table 3), while final body weight, weight gain,
FCR CRE, NRE and ERE were independent (P < 0.05), on
fish meal replacement level. Fish fed diet R exhibited
higher feed intake relative to fish fed diet P8 (P <0.05),
and exhibited lower PRE relative to fish fed diet P16
(P <0.05). In trial II, final body weight, weight gain, and
feed intake were dependent (P <0.05, Table 3), while
FCR, CRE, NRE, PRE, and ERE were independent
(P >0.05), on CU supplementation level. The weight gain
and feed intake of fish fed diet C10 were higher than that
of fish fed diet C (P <0.05) but did not significantly differ
from those of fish fed diets C5 (P> 0.05).

In trial I, amino acid retention efficiencies except proline
were higher in fish fed P8 than in fish fed R (P < 0.05, Table 4).
In trial II, no significant differences were found in retention
efficiencies of Asp, Ser, Pro, Gly, Ala, His, and Lys between
fish fed diets C and C10 (P> 0.05). In trials I and II, the
retention efficiencies of Gly, Met, and Ala were higher, while
the retention efficiencies of Arg, Glu, His, Ile, Leu, Lys, Phe,
Pro, Ser, Tyr, and Val were lower than NRE in fish fed diets R,
P8, C and C10 (P <0.05).

3.2. Morphological Indexes and Body Composition. In trial I,
body lipid content was dependent (P < 0.05, Table 5), while
condition factors, HSI, VSI, and body contents of moisture,
crude protein, ash, carbon, phosphorus, and gross energy
were independent (P > 0.05) on fish meal replacement level.
fish fed diets P16 and P8 exhibited lower body lipid content
relative to fish fed diet R (P <0.05). In trial II, dietary CU
level did not result in significant alternation in condition
factors, HSI, VSI, and body composition (P > 0.05).

3.3. Fish Meal Reliance and Waste Outputs. In trial I, RCP,
carbon waste, and phosphorus waste were dependent (P < 0.05,
Table 6), while nitrogen waste was independent (P > 0.05), on
fish meal replacement level. fish fed diet P8 exhibited lower RCP,
carbon waste, and phosphorus waste relative to fish fed diet R
(P <0.05). In trial IT, CU supplementation level influenced RCP
and carbon waste (P <0.05) but did not influence wastes of
nitrogen and phosphorus (P > 0.05). fish fed diet C exhibited
lower RCP relative to fish fed diet C5 (P <0.05) and lower
carbon waste relative to fish fed diets C5 and C10 (P < 0.05).

3.4. Activity of Antioxidant Enzymes and MDA Content.
No significant difference was found in SOD activity in
plasma either between fish fed diets R and P8 (P> 0.05,
trial I) or between fish fed diets C and C10 (P > 0.05, trial



Aquaculture Research

TaBLE 3: Survival, growth, feed intake, and feed utilization of largemouth bass.

Weight

Feed

. FBW! : . 1 CRE! NRE! PRE! ERE! Survival
PO R S s FCR (%) (%) (%) %) %)
R? 1047+12  667+14  175+0.01* 1.04+0.01 29.92+227 31.32+027 37.57+2.01% 3026+0.15 98
P16> 103.1+83  653+82 1.67+0.09*% 1.01+0.07 29.96+213 3220+228 42.89+0.82"% 3294+281 98
pg? 101.5+34  63.7+34  159+0.07° 0.98+0.03 33.89+3.3 34.03+0.74 40.00+3.46"% 33.15+0.92 100
c? 101.5+34%  63.7+34* 159+0.07° 098+0.03 33.89+3.3 34.03+0.74 40.00+3.46  33.15+0.92 100
C5%2  103.9+2.0* 661+23" 1744016 1.03+0.10 30.35+3.55 3241+3.05 4240+4.78  33.25+2.74 98
C10> 109.0+1.8° 71.1+1.8° 1.74+0.07° 1.00+0.04 31.11+031 33.49+082 42.83+320 34.29+1.65 98

'FBW, final body weight; FCR, feed conversion ratio; CRE, NRE, PRE, and ERE are retention efficiencies of carbon, nitrogen, phosphorus, and energy,
respectively. *R: reference diet; P16: poultry by-product meal (PBM) replaced 60% of the fish meal in diet R; P8 and C (the same treatment): PBM replaced
80% of the fish meal in diet R; C5 and C10: PBM replaced 80% of the fish meal in diet R with 5000 and 10000 mg/kg curcumin supplementation, respectively.
Data are presented as mean + SD (n = 3). The superscripts present the results of Duncan’s test between R, P16 and P8 (capital letters) or between C, C5, and

C10 (small letters). The data in the same column with different superscripts are significantly different (P <0.05).

TaBLE 4: Retention efficiency of amino acids (%) of largemouth bass.

Amino acid R! ps! c! C1o0'

Met 32.80 +0.45% 4587 +1.35% 45.87 +1.35° 42,56 +1.33%
Gly 40.09 +0.55* 42.52+1.258 4252+1.25 40.56 +1.27
Ala 32.50 +0.454 38.27+1.12° 38.27+1.12 35.84+1.11
Thr 29.34 +0.40" 36.55+1.07" 36.55+1.07° 33.46 +1.04°
Asp 27.96 +0.394 34.60+1.01° 34.60 +1.01 32.39+1.00
Pro 31.31+0.44 31.19+0.91 31.19+0.91 31.79 +1.00
Ile 26.89 +0.414 33.61 + 0.96° 33.61 £ 0.96° 30.92 +0.92°
Ser 25.09 +0.344 30.91 +0.918 30.91 +0.91 29.07 +0.91
Tyr 23.81+0.32% 30.18+0.89" 30.18 +0.89° 26.88 +0.83°
Lys 24,73 +0.34% 32.11+0.948 32.11+0.94 32.56 +1.04
Leu 24.22+0.354 29.47 +0.85° 29.47 +0.85° 27.27 +0.83°
Glu 23.59 +0.34% 28.55+0.83° 28.55 +0.83" 26.27 +0.80°
Val 23.43+0.36" 29.03 +0.83" 29.03+0.83° 27.05+0.81°
Arg 23.53+0.32% 27.04+0.80° 27.04+0.80 24.73+0.77°
Phe 21.70 +0.314 26.52+0.77° 26.52+0.77° 24.39+0.75°
His 20.52+0.274 24.51 +0.738 24.51+0.73 24.34+0.78

'R: reference diet; P8 and C (the same treatment): PBM replaced 80% of the fish meal in diet R; C10: PBM replaced 80% of the fish meal in diet R with
10000 mg/kg curcumin supplementation. Data are presented as mean + SD (n = 3). The superscripts present the results of independent t-test between R and P8
(capital letters) or between C and C10 (small letters). The data in the same column with different superscripts are significantly different (P <0.05).

TaBLE 5: Morphological indexes and body composition of largemouth bass.

. . o Crude 2 P 5 Gross

Diet  CF (g/em®) HSI' (%) VSI' (%) Ni"}im)re Cr“d(e /If(r‘;tem lipid? (Afl? ) C(ar/lf(‘”)‘ Ph"(sf;£°)r U energy’

glkg glkg (gkg) B8 glkg glkg (MJ/kg)
Initial 2.10+0.13 1.52+0.38 6.60+094 730+8 167+6 60+3 41+2  120+3 72407  62+01
R? 203+0.08 1.74+0.50 7.08+0.76 713+1 168+ 1 82+1% 4140  134+6 78402  65+0.1
P16> 2104010 1.69+033 6514070 718+2 169+ 1 72428 4141 13547 79402 65401
P8 204+010 1.84+029 659+072 713+4 170+3 73438 4242 137+6 76404  6.6+02
c 2044010 1.84+029 659+0.72 713+4 170+ 3 7343 42+2 13746 76404  6.6+02
C5° 2094010 1.52+0.15 615+0.35 717+1 17142 73+4  41+1 13745 80+02  6.6+0.1
C10°  213+0.07 1574030 657+0.78 714+3 170 +1 75+5 4140  140+3 79402  6.6+0.3

'CF, condition factor; HSI, hepatosomatic index; VSI, viscerosomatic index. “crude protein, crude lipid, ash, carbon, phosphorus, and gross energy are
expressed on a wet weight basis. *R: reference diet; P16: poultry by-product meal (PBM) replaced 60% of the fish meal in diet R; P8 and C (the same
treatment): PBM replaced 80% of the fish meal in diet R; C5 and C10: PBM replaced 80% of the fish meal in diet R with 5000 and 10000 mg/kg curcumin
supplementation, respectively. Data are presented as mean + SD (n = 3). The superscripts present the results of Duncan’s test between R, P16, and P8 (capital
letters) or between C, C5, and C10 (small letters). The data in the same column with different superscripts are significantly different (P < 0.05).

activities of GSH-PX and CAT as well as MDA content in
plasma were higher in fish fed diet C10 than in fish fed
diet C (P <0.05).

II). In trial I, the activities of GSH-PX and CAT as well as
MDA content in plasma were higher in fish fed diet R
than in fish fed diet P8 (P <0.05, Figure 1). In trial II, the
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TaBLE 6: Fish meal reliance and waste outputs of largemouth bass.
Waste
RCP! ,
Diet Carbon Nitrogen Phosphorus
fish . . .
meal /(gg fish gain) g C/(kg fish gain) g N/(kg fish gain) g P/(kg fish gain)
R? 1.38 £0.07% 337.58 +18.30% 60.46 +2.79 13.94 +0.35%
P16 0.52£0.04° 344.75 +28.73% 58.50 £ 6.80 11.38 +1.10°
pPg’ 0.26 +0.00° 288.46 + 21.68" 53.40 + 1.62 11.68 +0.74"
c? 0.26 +0.00" 288.46 +21.68% 53.40+1.62 11.68 +0.74
Cs5? 0.29+0.01° 345.35 +35.04° 59.39 +5.66 11.78 £1.58
C10? 0.28 +0.00*" 340.61 +5.54° 55.66 + 1.26 11.21+0.57

'RCP, ratio of fish meal consumption to fish production. 'R: reference diet; P16: poultry by-product meal (PBM) replaced 60% of the fish meal in diet R; P8
and C (the same treatment): PBM replaced 80% of the fish meal in diet R; C5 and C10: PBM replaced 80% of the fish meal in diet R with 5000 and 10000 mg/kg
curcumin supplementation, respectively. Data are presented as mean + SD (1 = 3). The superscripts present the results of Duncan’s test between R, P16, and P8
(capital letters) or between C, C5, and C10 (small letters). The data in the same column with different superscripts are significantly different (P <0.05).

4. Discussion

Indeed, dietary fish meal replacement level depends on fish
species, alternative ingredients, and basal diet formulation
[9, 24]. To our knowledge, the dietary fish meal level for
largemouth bass varied from 240 to 80 g/kg [6, 8, 9, 24], and
80 g/kg is the minimum fish meal content for largemouth
bass when PBM is used alone as a fish meal alternate [24]. In
the present study, no significant difference was found in
weight gain between fish fed diets R, P16, and P8. This result
is consistent with the conclusion that dietary fish meal
content in largemouth bass diet could be reduced to 80 g/kg.
The weight gain of fish fed diet C was lower than that of fish
fed diet C10 but did not significantly differ from that of fish
fed diet C5. These results suggest that the influence of CU
supplementation on growth of largemouth bass was positive
and dose-dependent, and 10000 mg/kg CU supplementation
could improve growth of fish fed the diet containing 80 g/kg
fish meal. Therefore, CU could be a functional constituent to
improve growth of largemouth bass fed low fish meal diets.

Several studies reported that CU supplementation could
promote fish growth, however, the dietary CU level that can
accelerate fish growth varied in these studies [16, 20]. For
instance, the dietary CU levels that are sufficient to promote
growth of Nile tilapia were 50 mg/kg [16] and 200 mg/kg
[28]. The dietary CU levels that could improve growth of
rainbow trout were 200 mg/kg [29], 400 mg/kg [30], and
10000 mg/kg [20]. Weight gain of tilapia Oreochromis
mossambicus increased with increasing dietary CU level
from 0 to 5000 mg/kg, and then declined with further in-
crease of dietary CU level to 10000 mg/kg [31]. Weight gain
of large yellow croaker Larimichthys crocea increased with
increasing dietary CU level from 0 to 400 mg/kg, and then
declined with increasing dietary CU level to 600 mg/kg [17].
Li et al. [32] reported that CU supplementation from 120 to
600 mg/kg could increase feed intake, weight gain, and feed
efficiency of grass carp Ctenopharyngodon idella, and the
suitable dietary CU level was 310 mg/kg. In the present
study, the weight gain of largemouth bass increased with
increasing dietary CU level from 0 to 10000 mg/kg, sug-
gesting that 10000 mg/kg CU supplementation benefited
growth of fish fed diet containing 80 g/kg fish meal. This

result is inconsistent with the conclusion that growth
O. mossambicus declined with increasing dietary CU level
from 5000 to 10000 mg/kg [31]. Considering CU is an ex-
pensive constituent and the efficacious CU supplementation
level (from 50 to 10000 mg/kg) varies greatly among fish
species, more studies warrant to determine the minimum
dietary CU supplementation level for fishes to identify if CU
could be used as an economic dietary functional constituent
in the commercial manufacture of fish feed.

The mechanisms by which CU promotes growth of fishes
remains unclear. The bioavailability of CU is limited by its
low solubility in water, low absorption, chemical instability,
and rapid metabolism [33]; therefore, the biological activity
of CU might be dependent on its content and retention time
in blood and tissues. Mahmoud et al. [14] indicated that CU
might increase feed intake by improving diet palatability due
to its attractive flavor. Ahmed et al. [34] reported that CU
supplementation could enhance antibacterial capacity of
gilthead seabream. In the present study, fish fed diet C10
exhibited higher feed intake, but nonsignificantly altered
FCR, CRE, NRE, PRE, and ERE, relative to fish fed diet
C. These results illustrate that increasing feed intake, rather
than improving feed utilization efficiency, should be the
mechanism that CU supplementation improved growth of
largemouth bass. No significant differences were found in
condition factors, HSI, VSI, and body composition between
fish fed diets C, C5, and C10, suggesting that CU supple-
mentation could not obviously alter morphological indexes
and body composition of largemouth bass. On the other
hand, it is noted that retention efficiency of Met and Gly was
high relative to that of the other dispensable and in-
dispensable amino acids in fish fed diets R, P8, C, and C10.
The retention efficiency, of amino acids (ARE) varied from
20 to 46%, while NRE varied from 31% to 34%. The average
ARE (30%) was close to average of NRE (33%). These results
are consistent with the conclusion that Gly retention effi-
ciency was high in AREs and average ARE was close to NRE,
in Japanese seabass fed the diets with fish meal replaced by
PBM [35]. According to the present and previous studies, the
retention efficiency of single amino acid could reflect the
suitability of the dietary amino acid profile, and Met and Gly
might be the important amino acids that play a crucial role in
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FIGURE 1: Antioxidant enzyme activities and malondialdehyde content in plasma and liver of largemouth bass. (a) Superoxide dismutase
(SOD); (b) glutathione peroxidase (GSH-PX); (c) catalase (CAT); (d) malondialdehyde (MDA). R: reference diet; P8 and C (the same
treatment): poultry by-product meal (PBM) replaced 80% of the fish meal in diet R; C10: PBM replaced 80% of the fish meal in diet R with
10000 mg/kg curcumin supplementation. Data are presented as mean + SD (n = 3). The superscripts present the results of independent ¢-test
between R and P8 (capital letters) or between C and C10 (small letters). The data with different superscripts are significantly different

(P<0.05).

modulating growth of largemouth bass. Rossi et al. [12]
reported that glycine supplementation could improve
growth of largemouth bass fed a diet in which fish meal is
almost completely replaced by soybean meal.

As polyphenols, CU is recognized as an antioxidant and
may be involved in reactive oxygen species (ROS) generation
and scavenging. Some ROS generated in the process of cellular
metabolisms, such as hydrogen peroxide (H,O,), are signal
molecules responsible for growth regulation [36]. Excessive
ROS can induce oxidative stress that results in growth retard
and diseases, and the situation of oxidative stress is generally
evaluated with MDA accumulation [37]. Several enzymatic

antioxidants, including SOD, GSH-PX and CAT, and non-
enzymatic antioxidants, including vitamin E, vitamin C, and
polyphenols, are responsible for ROS scavenging [38]. Previous
studies reported that CU supplementation could protect
a freshwater teleost Anabas testudineus from oxidative damage
[39], inhibit lipid peroxidation, and reduce MDA accumulation
in liver of crucian carp and Nile tilapia [15, 16, 40], suppress
inflammatory response of crucian carp [41], and enhance ac-
tivity of antioxidant enzymes (GSH-PX and CAT in plasma and
SOD in liver) of large yellow croaker [17]. In the present study,
activities of GSH-PX and CAT in plasma as well as MDA
content in plasma and liver were higher in fish fed diet diet C10



than in fish fed diet C. These results suggest that 10000 mg/kg
CU supplementation might increase metabolism intensity of
largemouth bass and generate more H,0O,, and the H,0, in
return stimulated feeding and growth as a signal molecule. In
fish fed diets C10 and C, the higher activities of GSH-PX and
CAT in plasma and MDA content in plasma and liver are
consistent with the higher feed intake and weight gain.
Therefore, it is assumed that modulating ROS generation and
scavenging might be a mechanism by which dietary CU
influenced feeding and growth of largemouth bass. This hy-
pothesis remains to be tested in the future studies.

Deficiency in dietary protein source (such as fish meal)
and environmental pollution are two obstacles limiting the
sustainability of fish aquaculture [8, 35, 42]. In the present
study, the RCP of fish fed diets diet P8 was 0.26, which was
obviously lower than that (1.38) of fish fed diet R but did not
significantly differ from that of fish fed diets C (0.26), C5
(0.29), and C10 (0.28). These results indicate that CU sup-
plementation could not further improve the situation of fish
meal reliance in largemouth bass farming despite reducing
dietary fish meal level from 400 to 80 g/kg considerably saving
fish meal in feed manufacture. There was no significant
difference in nitrogen waste either between fish fed diets R,
P16, and P8 or between fish fed diets C, C5, and C10 and
wastes of carbon and phosphorus were lower in fish fed diet
P8 than in fish fed diet R. These results are consistent with the
report that replacing fish meal with PBM did not increase
waste outputs of carbon, nitrogen, and phosphorus in
largemouth bass farming [24]. Carbon waste of fish fed diet C
was lower than that of fish fed diets C5 and C10, suggesting
that CU supplementation at 5000 and 10000 mg/kg could not
benefit to reduce waste outputs. In comparison with previous
studies, the RCP (0.28), nitrogen waste [56 g-N/(kg fish gain)],
and phosphorus waste [11 g-P/(kg fish gain)] of fish fed diet
C10 was similar to those [RCP was 0.29, nitrogen waste was
56 g N/(kg fish gain), and phosphorus waste was 17 g P/(kg
fish gain)] of Japanese seabass fed a diet with fish meal
replaced by PBM [35] and those (RCP was 0.25, nitrogen
waste was 49 g-N/(kg fish gain), and phosphorus waste was 10
g-P/(kg fish gain)) of largemouth bass fed a diet with fish meal
replaced by PBM [24], but was obivously lower than those
(RCP was 0.72, nitrogen waste was 102 g N/(kg fish gain), and
phosphorus waste was 28 g-P/(kg fish gain)) of golden
pompano fed a diet with fish meal replaced by PBM [9].
Therefore, fish meal reliance and waste outputs of largemouth
bass farming are similar are to those of Japanese seabass
farming, but lower than those of golden pompano farming.

In summary, the minimum fish meal content could be
declined to 80g/kg in largemouth bass diet, and CU
supplementation at 10000 mg/kg could enhance feed
intake and growth of fish fed the diet containing 80 g/kg
fish meal. Dietary CU might increase feed intake of
largemouth bass by modulating the generation and
scavenging of ROS.

Data Availability

The data that support the findings of this study appear in the
submitted article.

Aquaculture Research

Ethical Approval

All the fish were treated following the guideline of Ad-
ministration of Laboratory Animals published by the State
Science and Technology Commission of China.

Conflicts of Interest

The authors declare that they have no conflicts of interest
with respect to research, authorship, and/or publication of
this article.

Authors’ Contributions

Li Wang conducted the feeding trials, chemical analysis, and
data statistics and wrote the preliminary draft. Anlan Yu,
Cong Yu, and Jianming Chen were assistants in conducting
the feeding trials and sample collection. Umar Bashir
Ibrahim participated in preparing preliminary draft. Yan
Wang conceived this research, designed the feeding trials,
and modified the paper.

Acknowledgments

This work was supported by the National Key R & D
Program of China (Grant no. 2019YFD0900303) and Science
Technology Department of Zhejiang Province (Grant no.
2018C02033).

References

[1] D. C. Little, R. W. Newton, and M. C. M. Beveridge,
“Aquaculture: a rapidly growing and significant source of
sustainable food? Status, transitions and potential,” Pro-
ceedings of the Nutrition Society, vol. 75, no. 3, pp. 274-286,
2016.

S. R. Bush, B. Belton, D. C. Little, and M. S. Islam, “Emerging

trends in aquaculture value chain research,” Aquaculture,

vol. 498, pp. 428-434, 2019.

[3] FAO, “The State of World Fisheries and Aquaculture: To-
wards Blue Transformation. Food and Agriculture Organi-
zation,” 236 pages, 2022, https://www.fao.org/publications/
sofia/2022/en.

[4] R.L.Naylor, R. W. Hardy, A. H. Buschmann et al., “A 20-year
retrospective review of global aquaculture,” Nature, vol. 591,
no. 7851, pp. 551-563, 2021.

[5] T. G. Gaylord, A. M. Teague, and F. T. Barrows, “Taurine
supplementation of all-plant protein diets for rainbow trout
(Oncorhynchus mykiss),” Journal of the World Aquaculture
Society, vol. 37, no. 4, pp. 509-517, 2006.

[6] J. Guo, Y. Wang, and D. P. Bureau, “Inclusion of rendered

animal ingredients as fishmeal substitutes in practical diets for

cuneate drum, Nibea miichthioides (Chu, Lo et Wu),”

Aquaculture Nutrition, vol. 13, no. 2, pp. 81-87, 2007.

Y. Wang, L. J. Kong, C. Li, and D. P. Bureau, “The potential of

land animal protein ingredients to replace fish meal in diets

for cuneate drum, Nibea miichthioid, is affected by dietary

protein level,” Aquaculture Nutrition, vol. 16, no. 1, pp. 37-43,

2010.

[8] Y. Q. Zhang, Y. B. Wu, D. L. Jiang, J. G. Qin, and Y. Wang,
“Gamma-irradiated soybean meal replaced more fish meal in

[2

[7


https://www.fao.org/publications/sofia/2022/en
https://www.fao.org/publications/sofia/2022/en

Aquaculture Research

(10]

(11]

(12]

(13]

(14]

(15]

(17]

(18]

(19]

[20]

[21]

the diets of Japanese seabass (Lateolabrax japonicus),” Animal
Feed Science and Technology, vol. 197, pp. 155-163, 2014.

Y. Wang, X. Z. Ma, F. Wang, Y. B. Wu, J. G. Qin, and P. Li,
“Supplementations of poultry by-product meal and selenium
yeast increase fish meal replacement by soybean meal in
golden pompano (Trachinotus ovatus) diet,” Aquaculture
Research, vol. 48, no. 4, pp. 1904-1914, 2017.

X. Ren, D. Huang, Y. B. Wu et al., “Gamma ray irradiation
improves feather meal as a fish meal alternate in largemouth
bass Micropterus salmoides diet,” Animal Feed Science and
Technology, vol. 269, Article ID 114647, 2020.

Y. B. Wu, H. J. Ma, X. J. Wang, and X. Ren, “Taurine sup-
plementation increases the potential of fishmeal replacement
by soybean meal in diets for largemouth bass Micropterus
salmoides,” Aquaculture Nutrition, vol. 27, no. 3, pp. 691-699,
2021a.

W. Rossi, K. M. Allen, H. M. Habte-Tsion, and K. M. Meesala,
“Supplementation of glycine, prebiotic, and nucleotides in
soybean meal-based diets for largemouth bass (Micropterus
salmoides): effects on production performance, whole-body
nutrient composition and retention, and intestinal histopa-
thology,” Aquaculture, vol. 532, Article ID 736031, 2021.
C.R. De Cruz, F. Y. Yamamoto, S. Castillo, and D. M. Gatlin,
“Establishing the optimal adenosine 5'-monophosphate level
for hybrid striped bass Morone chrysops x Morone saxatilis:
effects on growth performance, nutrient digestibility, and
immune modulation during acute and chronic stress,”
Aquaculture, vol. 520, pp. 734668-735517, 2020.
A.Mahmoud, R. F. Mayada, A. A. Sameh, A. O. D. Mahmoud,
S. E. Shaaban, and D. Kuldeep, “Curcumin and its different
forms: a review on fish nutrition,” Aquaculture, vol. 532,
Article ID 736030, 2020.

J. Jiang, X. Y. Wu, X. Q. Zhou et al,, “Effects of dietary
curcumin supplementation on growth performance, intestinal
digestive enzyme activities and antioxidant capacity of crucian
carp Carassius auratus,” Aquaculture, vol. 463, pp. 174-180,
2016.

H. K. Mahmoud, A. A. Al-Sagheer, F. M. Reda,
S. A. Mahgoub, and M. S. Ayyat, “Dietary curcumin sup-
plement influence on growth, immunity, antioxidant status,
and resistance to Aeromonas hydrophila in Oreochromis
niloticus,” Aquaculture, vol. 475, pp. 16-23, 2017.

R.L.Ji, X.J. Xiang, X. S. Li, K. S. Mai, and Q. H. Ai, “Effects of
dietary curcumin on growth, antioxidant capacity, fatty acid
composition and expression of lipid metabolism-related genes
of large yellow croaker fed high-fat diet,” British Journal of
Nutrition, vol. 126, no. 3, pp. 1-10, 2021.

M. 1. El-Barbary, “Impact of garlic and curcumin on the
hepatic histology and cytochrome P450 gene expression of
aflatoxicosis Oreochromis niloticus using RT- PCR,” Turkish
Journal of Fisheries & Aquatic, vol. 18, pp. 405-415, 2018.
M. E. Yonar, “Chlorpyrifos-induced biochemical changes in
Cyprinus carpio: ameliorative effect of curcumin,” Ecotox-
icology and Environmental Safety, vol. 151, pp. 49-54, 2018.
M. E. Yonar, S. Mise Yonar, U. Ispir, and M. S. Ural, “Effects
of curcumin on haematological values, immunity, antioxidant
status and resistance of rainbow trout (Oncorhiynchus mykiss)
against Aeromonas salmonicida subsp. achromogenes,” Fish ¢
Shellfish Immunology, vol. 89, pp. 83-90, 2019.

X. Ren, Y. Wang, J. M. Chen et al,, “Replacement of fishmeal
with a blend of poultry by-product meal and soybean meal in
diets for largemouth bass, Micropterus salmoides,” Journal of
the World Aquaculture Society, vol. 49, no. 1, pp. 155-164,
2018.

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30

(31]

(32

[33

(34]

(35]

Y. B. Wu, Y. Wang, X. Ren, D. Huang, G. Si, and J. M. Chen,
“Replacement of fish meal with gamma-ray irradiated soybean
meal in the diets of largemouth bass Micropterus salmoides,”
Aquaculture Nutrition, vol. 27, no. 4, pp. 977-985, 2021.

Z. H. Cui, J. Y. Zhang, X. Ren, and Y. Wang, “Replacing
dietary fish meal improves ecosystem services of largemouth
bass (Micropterus salmoides) farming,” Aquaculture, vol. 550,
Article ID 737830, 2022.

L. Wang, Z. H. Cui, X. Ren, P. Li, and Y. Wang, “Growth
performance, feed cost and environmental impact of large-
mouth bass Micropterus salmoides fed low fish meal diets,”
Aquaculture Reports, vol. 20, Article ID 100757, 2021.
D.Huang, Y. B. Wu, Y. Y. Lin et al., “Dietary protein and lipid
requirements for juvenile largemouth bass, Micropterus sal-
moides,” Journal of the World Aquaculture Society, vol. 48,
no. 5, pp. 782-790, 2017.

M. M. Bradford, “A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding,” Analytical Biochemistry,
vol. 72, no. 1-2, pp. 248-254, 1976.

AOAC, Official Methods of Analysis, Association of Official
Analytical Chemists, Arlington, VA, USA, 16th edition, 1995.
Y. M. Abd El-Hakim, W. El-Houseiny, A. E. El-Murr,
L. L. M. Ebraheim, A. A. Moustafa, and A. A. Rahman
Mohamed, “Melamine and curcumin enriched diets modulate
the haemato-immune response, growth performance, oxi-
dative stress, disease resistance, and cytokine production in
Oreochromis niloticus,” Aquatic Toxicology, vol. 220, Article
ID 105406, 2020.

F. Akdemir, C. Orhan, M. Tuzcu, N. Sahin, V. Juturu, and
K. Sahin, “The efficacy of dietary curcumin on growth per-
formance, lipid peroxidation and hepatic transcription factors
in rainbow trout Oncorhynchus Mykiss (Walbaum) reared
under different stocking densities,” Aquaculture Research,
vol. 48, no. 8, pp. 4012-4021, 2017.

A. J. Kohshahi, I. Sourinejad, M. Sarkheil, and S. A. Johari,
“Dietary cosupplementation with curcumin and different
selenium sources (nanoparticulate, organic, and inorganic
selenium): influence on growth performance, body compo-
sition, immune responses, and glutathione peroxidase activity
of rainbow trout (Oncorhynchus mykiss),” Fish Physiology and
Biochemistry, vol. 45, no. 2, pp. 793-804, 2018.

M. V. Sruthi, A. B. Nair, D. Arun et al., “Dietary curcumin
influences leptin, growth hormone and hepatic growth factors
in tilapia (Oreochromis mossambicus),” Aquaculture, vol. 496,
pp. 105-111, 2018.

G. Z. Li, X. Q. Zhou, W. D. Jiang et al., “Dietary curcumin
supplementation enhanced growth performance, intestinal
digestion, and absorption and amino acid transportation
abilities in on-growing grass carp (Ctenopharyngodon idella),”
Aquaculture Research, vol. 51, no. 12, pp. 4863-4873, 2020.
S. J. Hewlings and D. S. Kalman, “Curcumin: a review of its
effects on human health,” Foods, vol. 6, no. 10, p. 92, 2017.
M. A. Ahmed, A. M. Hassan, M. M. Habiba et al., “The impact
of dietary curcumin on the growth performance, intestinal
antibacterial capacity, and haemato-biochemical parameters
of Gilthead seabream (Sparus aurata),” Animals, vol. 11, no. 6,
p. 1779, 2021.

Y. Wang, F. Wang, W. X. Ji, H. Han, and P. Li, “Optimizing
dietary protein sources for Japanese sea bass (Lateolabrax
japonicus) with an emphasis on using poultry by-product
meal to substitute fish meal,” Aquaculture Research, vol. 46,
no. 4, pp. 874-883, 2015.



10

[36] B. C. Dickinson and C. J. Chang, “Chemistry and biology of
reactive oxygen species in signaling or stress responses,”
Nature Chemical Biology, vol. 7, no. 8, pp. 504-511, 2011.

[37] A. Ayala, M. F. Mufioz, and S. Argiielles, “Lipid peroxidation:

production, metabolism, and signaling mechanisms of

malondialdehyde and 4-hydroxy-2-nonenal,” Oxidative

Medicine and Cellular Longevity, vol. 2014, Article ID 360438,

31 pages, 2014.

A. Bhattacharyya, R. Chattopadhyay, S. Mitra, and

S. E. Crowe, “Oxidative stress: an essential factor in the

pathogenesis of gastrointestinal mucosal diseases,” Physio-

logical Reviews, vol. 94, no. 2, pp. 329-354, 2014.

[39] M. Manju, M. A. Akbarsha, and O. V. Oommen, “In vivo

protective effect of dietary curcumin in fish Anabas testudi-

neus (Bloch),” Fish Physiology and Biochemistry, vol. 38, no. 2,

pp. 309-318, 2012.

N. Abdelkhalek, M. El-Adl, A. El-Ashram et al., “Immuno-

logical and antioxidant role of curcumin in ameliorating

fipronil toxicity in Nile tilapia (Oreochromis niloticus),”

Aquaculture Research, vol. 52, no. 6, pp. 2791-2801, 2021.

G. Yang, R. H. Yu, H. M. Qiu et al,, “Beneficial effects of

emodin and curcumin supplementation on antioxidant de-

fence response, inflammatory response and intestinal barrier
of Pengze crucian carp (Carassius auratus var. Pengze),”

Aquaculture Nutrition, vol. 26, no. 6, pp. 1958-1969, 2020.

M. Ballester-Molt6, G. Follana-Bernd, P. Sanchez-Jerez, and

F. Aguado-Giménez, “Total nitrogen, carbon and phosphorus

digestibility in gilthead seabream (Sparus aurata) and Eu-

ropean seabass (Dicentrarchus labrax) fed with conventional
and organic commercial feeds: implications for particulate

waste production,” Aquaculture Research, vol. 48, no. 7,

pp. 3450-3463, 2017.

(38

[40

(41

(42

Aquaculture Research





