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Effects of dietary essential amino acid deficiencies on the
growth performance and humoral immune response in
silvery-black porgy (Sparidentex hasta) juveniles
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Abstract
A 6-week feeding trial was conducted for determining the effects of dietary essen-

o tial amino acids (EAA) deficiencies on growth performance and non-specific immune
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responses in silvery-black porgy juveniles (4.7 £ 0.1 g initial weight). Eleven isopro-
teic (ca. 47%) diets were formulated including a control diet containing the optimum
quantity of EAA, and ten EAA-deficient diets. All diets contained 36% fish meal and
18.5% crystalline EAA and non-essential amino acids (NEAA) as the main source of

dietary proteins. All the EAA and NEAA incorporated in the crystalline amino acids
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mixture of the control diet simulated the amino acids profile of the fish meal. The
other 10 EAA-deficient diets were formulated by the deletion of each of the 10
EAA (crystalline form) from the control diet and replaced by a mixture of NEAA for
the adjustment of dietary nitrogen contents. At the end of the experiment, fish fed

with threonine-deficient diet showed the lowest survival rate (p < .05), whereas
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growth performance decreased in fish fed all EAA-deficient diets, although the
reduction in body growth varied depending on the EAA considered. Plasma total
protein decreased in all experimental groups except for fish fed the phenylalanine-
deficient diet. Fish fed with arginine- and lysine-deficient diets had the lowest
plasma C3, C4, lysozyme, total immunoglobulin and total superoxide dismutase
activity (p < .05). Present results indicated that lysine, methionine and threonine
were the most limiting EAA in terms of growth performance; however, arginine,
threonine and lysine were the most limiting EAA for innate immunity responses in

silvery-black porgy juveniles.
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1 | INTRODUCTION

crystalline amino acids (CAA) in aqua feeds is required for sustain-
ability of aquaculture industry (Gatlin et al., 2007). Thus, determin-

The reduction in dietary protein content, as the most expensive ing the dietary essential amino acid (EAA) requirements in a given

ingredient of the diet, will improve fish production by lowering
feed costs, optimizing protein utilization and reducing nitrogen
excretion. Moreover, the replacement of dietary fish meal (FM)

with alternative protein sources such as plant proteins and

species is a prerequisite factor for avoiding feed EAA deficiencies
and/or imbalances that may affect fish performance and condition
(Mambrini & Kaushik, 1994). Moreover, protein and EAA deficien-

cies have long been recognized to impair immune function and
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increase the susceptibility of animals to infectious diseases, as pro-
tein malnutrition reduces the concentration of most plasma AA,
and these have an important role in the immune response (Li, Yin,
Li, Kim & Wu, 2007). However, available data on the effects of
protein and EAA deficiencies in health and immune nutrition are
relatively scarce in fish (Kiron, 2012; Oliva-Teles, 2012; Trichet,
2010). Essential amino acids are important regulators of key meta-
bolism pathways that are necessary for maintenance, growth,
reproduction and immunity in all organisms (Wu, 2009). Several
studies in mammals have shown that dietary protein in general or
AA in particular has important roles in immune responses by regu-
lating different cellular and molecular mechanisms of the immune
system (Li et al, 2007; Wu, 2009). For instance, branched-chain
amino acids including valine, leucine and isoleucine are essential for
the function of immune cells through their roles in protein synthe-
sis (e.g., antibodies, immunoglobulins and acute phase proteins)
(Calder, 2006). Moreover, it has been shown that sulphur AA,
including methionine and its derivatives can affect immune
responses through the metabolism of glutathione, homocysteine
and taurine by changing the redox state of immune cells and ame-
liorating inflammatory reactions (Grimble, 2006). Aromatic AA
(phenylalanine and tyrosine) and tryptophan can also modulate
immune responses by regulating the synthesis of tetrahydro-
biopterin (a cofactor for nitric oxide synthesis), hormones (cate-
thyroid

(dopamine, serotonin, N-acetylserotonin and melatonin) (Li et al.,

cholamines  and hormones) and  neurotransmitters
2007; Wu, 2009). Furthermore, arginine and lysine have essential
role in production and regulation of nitric oxide synthesis, which is
an important antimicrobial as well as signalling molecule in the
immune system (Bogdan, 2001; Li et al.,, 2007). On the other hand,
threonine is the most abundant AA in mucins, which are required
for normal intestinal immune function. Mucins produced by goblet
cells also provide a physiological and immunological barrier to a
wide range of micro-organisms and foreign substances (Lalles,
2010). In addition, threonine is also a major component of plasma
y-globulins in different animal species (Li et al., 2007). Furthermore,
histidine has an important role on the immune function through
histidine-rich-glycoproteins and histamine (Poon, Patel, Davis, Parish
& Hulett, 2011). In addition, dietary EAA can modulate immune
system responses by non-specific cellular (i.e., phagocytosis and
respiratory burst activity) and humoral (i.e., lysozyme and alterna-
tive complement activity) responses (Li, Mai, Trushenski & Wou,
2009; Cheng, Buentello & Gatlin, 2011; Costas et al., 2011; Poh-
lenz, Buentello, Mwangi & Gatlin, 2012; Rahimnejad & Lee, 2013,
2014a,b), cytokines production (Feng et al., 2015; Luo et al., 2014;
Zhao et al, 2013), intestinal immune activities (Luo et al., 2014;
Feng et al., 2015; Ren et al., 2015) and regulation of immune gene
expression (Costas et al.,, 2011; Feng et al., 2015; Giri et al., 2015;
Habte-Tsion, Ge, et al., 2015; Luo et al., 2014; Ren et al.,, 2015;
Wen et al., 2014; Zhao et al., 2013) in different fish species. These
data clearly indicate that EAA have an important role in the
immune system; thus, evaluating the impact of dietary EAA imbal-
ances is worthy of investigation.

Silvery-black porgy (Sparidentex hasta) is recognized as a poten-
tial species for aquaculture diversification in Persian Gulf and the
Oman Sea regions, because of its good adaptation to captivity, rapid
growth and high market price (Basurco, Lovatelli & Garcia, 2011). In
this context, efforts have been focused on establishing the nutri-
tional requirements for this warm-water species and optimizing diet
formulation (Hossain, Al-Abdul-Elah & El-Dakour, 2014; Mozan-
zadeh, Yavari, Marammazi, Agh & Gisbert, 2015; Mozanzadeh,
Marammazi, Yavari et al, 2015; Mozanzadeh, Agh, et al, 2016;
Mozanzadeh, Yavari, Marammazi, Agh & Gisbert, 2016; Yaghoubi,
Mozanzadeh, Marammazi, Safari & Gisbert, 2016). Moreover,
Marammazi, Yaghoubi, Safari, Peres and Mozanzadeh (2017) have
recently established the optimum dietary EAA pattern for this spe-
cies by means of the deletion method. According to the above-men-
tioned research, the optimal dietary EAA profile for silvery-black
porgy juveniles was estimated to be (g/16 g N): arginine 5.3, lysine
6.0, threonine 5.2, histidine 2.5, isoleucine 4.6, leucine 5.4, methion-
ine + cysteine 4.0 (in a diet containing 0.6 cysteine), phenylala-
nine + tyrosine 5.6 (in a diet containing 1.9 tyrosine), tryptophan 1.0
and valine 4.6. However, to our knowledge there is no available
information about the effects of dietary EAA deficiency on physio-
logical responses in this species. Thus, this study aimed to evaluate
how EAA deficiencies may affect the growth performance and some
humoral immune parameters and to clarify which EAA have the most
relevant role in modulating different immune responses in silvery-

black porgy.

2 | MATERIALS AND METHODS

2.1 | Experimental diets

Eleven isoproteic (ca. 47%) and isoenergetic (ca. 20.5 MJ/kg) diets
were formulated to evaluate the effects of EAA deficiency on
growth performance and non-specific humoral immune responses
in silvery-black porgy juveniles. Sixty per cent of the dietary pro-
tein was provided by intact protein sources (FM and gelatin),
whereas the rest was provided by CAA. The CAA mixture was
prepared by blends of EAA and NEAA, which were coated with
1% agar in order to delay their absorption and to optimize their
use for protein accretion (Mambrini & Kaushik, 1994). All the EAA
and NEAA incorporated in the CAA mixture of the control diet
simulated the AA profile of FM from Clupeonella sp and matched
the EAA nutritional requirements for this species as described by
Marammazi et al., 2017;. The other 10 experimental diets were
formulated by the deletion of each one of the 10 EAA (crystalline
form) from the control diet and replaced by a mixture of NEAA
to adjust their dietary N content (Peres & Oliva-Teles, 2009;
Rollin, Mambrini, Abboudi, Larondelle & Kaushik, 2003). Thus, we
were able to get a 40% reduction for each of the tested EAA in
each EAA-deficient diet, while all other EAA were in the same
proportions in comparison with the control diet (Tables 1 and 2).
Feed used in this study was prepared by mixing all dry ingredients

for 30 min. Then, fish oil and sufficient distilled water, as well as
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TABLE 1 Ingredient composition and proximate analysis of the experimental diets

Diets

Dietary ingredients (g/100 g dry diet) Control ARG LYS THR HIS ILE LEU MET PHE TRP VAL
Fish meal® 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0 36.0
Gelatin® 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Wheat meal® 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Corn starch? 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5 20.5
Fish oil® 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0
Agar’ 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Vitamin premix® 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Mineral premix" 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
L-arginine 0.85 0 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85
L-lysine-HCI 1.15 1.15 0.0 1.15 1.15 1.15 1.15 1.15 1.15 1.15 1.15
L-threonine 0.8 0.8 0.8 0.0 0.8 0.8 0.8 0.8 0.8 0.8 0.8
L-histidine 0.5 0.5 0.5 0.5 0.0 0.5 0.5 0.5 0.5 0.5 0.5
L-isoleucine 0.85 0.85 0.85 0.85 0.85 0.0 0.85 0.85 0.85 0.85 0.85
L-leucine 1.4 1.4 14 1.4 1.4 14 0.0 14 14 14 1.4
L-methionine 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.0 0.6 0.6 0.6
L-phenylalanine 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.0 0.75 0.75
L-tryptophan 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.0 0.2
L-valine 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.0
NEAA mixture’ 10.45 11.3 11.85 11.25 10.95 11.3 11.85 11.05 11.2 10.65 11.4

Proximate composition (%)
Dry matter 9291 9298 9202 9204 9203 921 9195 925 9214 9198 9197
Protein 46.67 47.75 47.92 46.29 47.53 47.37 47.44 46.87 46.71 48.44 48.17
Crude lipid 20.14 19.51 18.91 20.07 18.66 19.47 19.26 19.23 19.29 19.82 20.16
Crude fibre 1.08 0.76 0.41 0.18 0.12 0.68 0.46 0.43 0.28 0.46 0.36
Ash 6.75 6.07 5.84 5.65 6.01 6.32 6.18 6.24 6.24 6.03 6.31
Gross energy (MJ/kg) 20.92 20.79 2046 2061 2025 2038 2042 2035 2033 20.51 20.56
NFE* 19.14 19.64 19.34 1959 1983 1893 19.06 20.16 19.89 1768 17.12

Diets were named according to their deficiency in each EAA.

2Fish meal (Clupeonella sp.); Parskilka Mazandaran, Iran (63.5% crude protein, 17.7% crude lipid).

bGelatin; Beyza feed mill, Shiraz, Iran. (85% crude protein, crude lipid, 4.2).

“Wheat meal; Beyza feed mill, Shiraz, Iran.12% crude protein, 3% crude lipid).

dCorn starch, Beyza feed mill, Shiraz, Iran. (3.7% crude lipid);

®Parskilka Mazandaran, Iran (Clupeonella sp.).

Merck, Germany.

8Vitamin premix U/kg of premix: vitamin A, 5,000,000 |U; vitamin D3, 500,000 IU; vitamin E, 3,000 mg; vitamin K3, 1,500 mg; vitamin B1, 6,000 mg;
vitamin B2, 24,000 mg; vitamin B5, 52,000 mg; vitamin Bé, 18,000 mg; vitamin B12, 60,000 mg; Folic acid, 3000 mg; nicotinamide 180,000 mg; antiox-
idant, 500 mg, career up tol kg, Damloran pharmaceutical company, Broujerd, Iran.

PMineral premix U/kg of premix: copper: 3,000 mg; zinc: 15,000 mg; manganese: 20,000 mg; iron: 10,000 mg; potassium iodate: 300 mg, career up to
1 kg, Microvit®, Razak Laboratories, Tehran, Iran.

Crystalline amino acids: Merck, Germany, except isoleucine (Sigma-Aldrich, USA).

Non-essential amino acids mixture (% mixture): L-alanine: 13; L-aspartic acid: 20; sodium glutamate: 32; L-glycine: 15; L-serine: 10; and L-proline: 10,
Merck, Germany.

iCalculated on gross energy values of 23.6 kJ/g proteins, 39.5 kJ/g fat and 17.2 kJ/g carbohydrates (NRC 2011).

“Nitrogen-free extract = 100 — (protein + lipid + ash + fibre).

the CAA mixture, were added to form a soft dough that was . . . .
i ) T 2.2 | Fish maintenance and experimental design

mechanically extruded to obtain pellets of ca. 2 mm in size. Pel-

lets were dried in a convection oven at 25°C and stored in This study was conducted at the Mariculture Research Station of the

resealable plastic bags at —20°C until their use as described in South Iranian Aquaculture Research Center (SIARC) (Sarbandar, Iran).

Marammazi et al. (2017). Four hundred ninety-five silvery-black porgy juveniles (initial body
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TABLE 2 Amino acids profile of the experimental diets (n = 1), g/100 g diet

Diets

Control ARG LYS THR HIS ILE LEU MET PHE TRP VAL
Arginine 2.56 1.73 25 2.58 248 245 2.62 2.54 2.55 246 2.68
Lysine 2.15 217 1.29 2.15 2.14 2.18 2.18 2.14 2.2 2.15 2.15
Threonine 1.90 1.95 1.92 1.12 1.86 1.8 1.78 18 1.72 1.98 2
Histidine 1.15 12 11 1.24 0.66 1.08 1.02 1.3 1.24 1.2 12
Isoleucine 2.07 21 212 212 2.24 1.24 2.02 2.08 2.16 2.22 23
Leucine 2.43 2.38 2.32 2.36 2.39 242 1.48 2.45 2.3 2.40 2.34
Methionine 1.38 1.40 1.44 1.32 1.38 1.34 1.46 0.79 1.36 1.38 141
Cysteine® 0.27 0.25 0.32 0.31 0.29 0.28 0.28 0.25 0.22 0.26 0.27
Phenylalanine 1.84 1.86 1.80 1.85 1.89 1.92 1.88 1.81 1.11 1.9 1.9
Tyrosine 0.88 0.87 0.85 0.92 0.87 0.82 0.81 0.83 0.85 0.85 0.87
Tryptophan® 0.45 0.48 0.46 0.43 0.45 0.44 0.47 0.42 0.44 0.26 0.42
Valine 2.13 2.15 2.16 2.19 2.08 2.13 2.18 2.14 2.13 212 1.28
Alanine 3.62 3.75 3.72 3.68 3.69 371 3.76 3.78 3.75 3.79 3.8
Aspartic acid 5.5 5.62 5.66 5.65 5.61 5.68 5.58 5.6 5.59 5.67 5.61
Glutamic acid 7.8 7.9 7.88 7.85 7.83 7.80 7.85 7.84 7.84 7.84 7.92
Glycine 5.00 5.16 5.33 5.15 5.10 5.16 5.26 5.11 5.14 5.04 5.18
Proline 2.34 2.26 2.25 2.28 2.32 2.38 2.36 2.36 2.34 2.37 2.33
Serine 2.04 2.12 221 2.12 2.09 212 2.18 2.10 211 2.06 2.13

Diets were named according to their deficiency in each EAA.

®These amounts were calculated based on the ingredient cysteine and tryptophan composition.

weight, BW; =4.7 £ 0.1 g; mean & SD) produced at the same
hatchery were used in this trial. Fish were randomly distributed into
33 cylindrical polyethylene tanks (250 L of volume) at the density of
15 tank~* and acclimated for 2 weeks before the onset of the nutri-
tional trial, period during which a commercial diet (Biomar, France;
size 2 mm; 54% crude protein, 18% crude lipid, 10% ash, 1% fibre;
25.4 MJ/kg digestible energy) was progressively replaced by the
control diet. Tanks were supplied with filtered running seawater
(1 L/min; salinity = 48.0 + 0.5 9%_,) and maintained at a temperature
of 28.9 + 1.5°C under natural photo-thermal conditions (30°32'N,
49°20'E). Average for dissolved oxygen and pH was 6.8 4+ 0.4 mg/L
and 7.6 + 0.2 respectively. Triplicate groups of fish were handfed
one of the above-mentioned experimental diets to visual satiation
three times per day (0800, 1300 and 1800 hours) for 42 days. Unea-
ten feed was siphoned out 1 hr after feeding and weighed after
being dried in convection oven (45°C for 24-36 hr) to determine

feed intake values.

2.3 | Sampling and growth performance and feed
efficiency calculations

At the end of the trial, fish were fasted for 24 hr before being
anaesthetized (2-phenoxyethanol at 0.5 ml/L; Merck, Schuchardt,
Germany) and individually weighed (BWj). In addition, six specimens
from each replicate were anaesthetized with 2-phenoxyethanol and

blood was collected from the caudal vein with heparinized syringes

(500-700 pl per specimen) and pooled together (each pool contained
the blood from three fish). A 1 ml aliquot of blood was used for the
analysis of haematological parameters, and two additional 1 ml ali-
quots were centrifuged (4,000 g, 10 min, 4°C) and plasma separated.
The vials containing plasma samples were then transferred into liquid
nitrogen and stored at —80°C until further analysis.

The following formulae were used to evaluate body growth per-
formance and feed utilization parameters:

body weight gain (WG, %) = [(BW; — BW;)/BW;] x 100;
specific growth rate (SGR, %) = [(In BWs — In BW;)/t] x 100,

where t is experimental period (42 days); survival (S, %) = (number
of fish in each group remaining on day 42/initial number of
fish) x 100; feed intake (Fl) = total feed intake (g)/number of fish
and feed conversion ratio (FCR, %) = (feed intake (g)/weight gain

().

2.4 | Chemical analyses

Proximate analyses of ingredients and diets were determined using
standard methods (AOAC 2005). Dry matter was determined using a
moisture analyzer (AMB50, ADAM, UK). Protein was determined by
measuring nitrogen using the Kjeldahl method (BUCHI, Auto-Kjeldahl
K-370, Switzerland). To convert total nitrogen to total protein con-
tent, as a percentage of dry weight, the factor 6.25 (100/16) was
used. Total body lipid was extracted by petroleumbenzene using the
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Soxhlet method (Barnstead/Electrothermal, UK). Fibre content was
analysed with a fibre analyzer (VELP® Scientifica, Italy), while the
ash content was determined for each dried sample in a porcelain
crucible using a muffle furnace (Finetech, Shin Saeng Scientific,
South Korea) at 600°C for 8 hr. The gross energy values calculated
based on the proximate composition of samples using 23.6, 39.5 and
17.2 kJ/g for proteins, fat and carbohydrates respectively (NRC
2011). The amino acid composition of experimental diets and fish
was determined after acid hydrolysis (6 N, 110°C, 24 hr) of freeze-
dried samples (Freeze dryer, Operon, OPRFDU 7012, Korea). The
o-phthaldialdehyde (OPA) was used as a pre-column derivatization
reagent according to Lindroth and Mopper (1979). Total AA levels
were determined by HPLC (Knauer, Germany) using C18 column
(Knauer, Germany) at the flow rate of 1 ml/min with a fluorescence
detector (RF-530, Knauer, Germany). Peak identification and integra-
tion was performed by the software Waters Empower 2 (Milford,
MA) using an AA standard H (Pierce, USA) as an external standard.
Levels of tryptophan and cysteine could not be measured because
of the susceptibility of these two AA.

2.5 | Haematological and plasma biochemical
analyses

Haematocrit (%; Hct), haemoglobin concentration (Hb; g/dl) and the
number of red blood cells (RBC) and white blood cells (WBC) were
assessed according to methods described by Blaxhall and Daisley
(1973). In this regards, Hct was measured by microcentrifugation
method and determination of the percentage of packed cell volume
after centrifuging in standard heparinized microhaematocrit capillary
tubes (3,500 g, 10 min). Haemoglobin concentration was spec-
trophotometrically assayed by cyanmethemoglobin method. Red
blood cell and WBC were counted manually using an improved Neu-
bauer haemocytometer after diluting blood samples by adding modi-
fied Dacie’s fluid for RBC and Turk solution for WBC. The mean cell
volume (MCV) was calculated according to Lewis, Bain and Bates
(2001): MCV (fl) = Hct (%)/RBC (x10°) x 10. Plasma alanine amino-
transferase (ALT), aspartate aminotransferase (AST) and total protein
were analysed by means of an autoanalyzer (Technicon RA-1000,
Technicon Instruments, NewYork, NY, USA) using commercial clinical

investigation kits (Pars Azmoon Kit, Tehran, Iran).

2.6 | Plasma non-specific immunological parameters

Lysozyme activity was measured using the turbidimetric method
described by Ellis (1990) that measures the lytic activity of plasma
against lyophilized Micrococcus lysodeikticus (Sigma, St Louis, MO,
USA). The optical density was measured after 15 and 180 s at
670 nm, and results are given as lysozyme pg/ml. Levels of comple-
ment components 3 (C3) and 4 (C4) were measured according to the
method described by Tang, Wu, Zhao and Pan (2008) using the kit
from Pars Azmon (Tehran, Iran). In brief, plasma samples were
automatically mixed with an antibody provided by the test kit and
then, an antigen-antibody complex was formed. The change in

I ey

absorbance was read at 340 nm over a fixed-time interval (15 min),
which is directly proportional to the complement C3 and C4 concen-
trations in the sample. Plasma total immunoglobulin (Ig) was mea-
sured using the method described by Siwicki et al. (Siwicki,
Anderson & Rumsey, 1994). Primary separation of immunoglobulins
from the plasma was achieved by precipitation with polyethylene
glycol (PEG) and the resulting supernatant analysed. To perform the
assay, 100 pl of plasma was combined with 100 ul 12% PEG and
incubated at room temperature for 2 hr in continuous agitation. Fol-
lowing the incubation time, the mixture was centrifuged (400 g,
10 min at room temperature) and total protein concentration in the
supernatant determined using the biuret method (Kingsley, 1942).
Total immunoglobulin value for individuals was calculated from the
total protein value less the quantity of protein in the supernatant.
Total superoxide dismutase (t-SOD) activity in plasma was measured
by its ability to inhibit superoxide anion reduction in nitrobluetetra-
zolium (NBT) generated by xanthine-xanthineoxidase reaction using
a commercial kit (Sigma-Aldrich, Switzerland) according to the manu-
facturer’s instructions. One unit of SOD activity was defined as the
amount of enzyme necessary to produce a 50% inhibition of the
NBT reduction rate measured at 550 nm. All immunological parame-
ters were measured in triplicate (methodological replicates) using a
microplate scanning spectrophotometer (PowerWave HT, BioTek®,
USA).

2.7 | Statistical analysis

Data were analysed using spss version 15.0 (Chicago, IL, USA). All
data are presented as means + SEM. Equality of variances was
tested with Levene's test and normality with Shapiro-Wilk's test.
Arcsine transformations were conducted on all percentage data to
achieve homogeneity of variance before statistical analysis. One-way
ANOVA analysis of variance was performed at a significance level of
.05 following the confirmation of normality and homogeneity of vari-

ance. Tukey's procedure was used for multiple comparisons.

3 | RESULTS

Survival, growth performance and feed utilization were significantly
affected by dietary EAA deficiencies (Table 3; p < .05). Survival rates
in fish fed the control and threonine (1.12% DM)-deficient diets
were the highest (100%) and the lowest (81.1 & 1.1%) ones, respec-
tively, whereas the other groups showed intermediate values
(p < .05). Growth performance parameters such as BW;, WG and
SGR significantly decreased in all groups fed EAA-deficient diets, but
the extent of growth reduction depended on the EAA considered
(p < .05). In particular, fish fed lysine-, threonine- and methionine-
deficient diets (1.29%, 1.12% and 0.79% DM respectively) showed
the largest reduction in growth performance (p < .05); however, diet-
ary deficiencies in arginine, isoleucine and phenylalanine (1.73%,
2.02% and 1.11% DM respectively) resulted in the lowest growth
reduction in comparison with the control diet (p < .05). Regarding
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feed utilization parameters, lysine- and threonine-deficient (1.29%
and 1.12% DM respectively) diets had the most negative effects on

FI and FCR values (p < .05). No major differences were found in the
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Haematological parameters were significantly affected by dietary
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porgy fed with the control diet and arginine-, histidine-, methionine-,
tryptophan- and valine-deficient diets showed the highest Hb levels
(p < .05), while the other groups had intermediated values. Mean cell

volume values were highest and lowest in fish fed with lysine- and

9.9 + 0.1bcde
1.9 + 0.0°«

47 £ 0.1
9.9 + 0.2¢
112.9 + 3.1
1.8 + 0.0%
95.6 + 2.9

isoleucine-deficient diets respectively, whereas the other groups
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showed intermediate values (p < .05). There were not significant dif-
ferences in WBC and Hct values among fish fed different dietary
treatments (p > .05).

Silvery-black porgy juveniles fed with a well-balanced EAA profile
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diet (control group) showed the highest levels of the non-specific
immunological plasmatic parameters; however, all immune parame-
ters significantly were reduced in fish fed EAA-deficient diets
(Table 5; p < .05). Except for fish fed with the phenylalanine-defi-
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cient (1.11% DM) diet, total plasmatic proteins decreased in fish fed
with the other EAA-deficient diets (p < .05). Silvery-black porgy fed
with arginine- and lysine-deficient (1.73% and 1.29% DM respec-
tively) diets had the lowest plasma C3, C4 and total Ig concentra-
tions with values that were 62, 63 and 80% lower than in fish fed
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the control diet (p <.05) respectively. Furthermore, the lowest

plasma lysozyme and SOD activities were also observed in silvery-
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black porgy fed with arginine- and lysine-deficient diets and their
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activities were 77% and 88.6% lower than those recorded in fish fed
the control diet (p < .05). In addition, plasma ALT and AST were

highest in fish fed arginine-deficient diet and lowest in fish fed with
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In the present study, silvery-black porgy juveniles fed the threonine-
deficient diet (1.12% DM) had the lowest survival rates, which may
be attributed to some physiological and metabolic dysfunctions in
this experimental group. In this context, it has been reported that

(number of fish in each group remaining on day 60/initial number of fish) x 100.

threonine is involved in many physiological and biochemical pro-
cesses, including somatic growth, feed efficiency, digestive and
absorptive, gene expression regulation, antioxidant and immune

SGR (% body weight/day)?

S (%)
Fi(g/fish)f

WG (%)°
FCR®

BW; ()
BW (g)°
Diets were named according to their deficiency in each EAA. A different superscript in the same row denotes statistically significant differences (p < .05).

aBW,, initial body weight.

TABLE 3 Growth, survival and feed utilization of S. hasta juvenile fed different experimental diets at the end of growth trial (mean + SE, n
PBW, final body weight.

94SGR: specific growth rate = [(In BW; — In BW,)/t] x 100, where t is experimental period

€S: survival
BFCR: feed conversion ratio = weight gain (g)/feed intake (g).

fFI: feed intake = total feed intake (g)/number of fish.

‘WG: weight gain = [(BW; — BW;)/BW;] x 100.

functions in different fish species (Gao Feng etal, 2013;
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Habte-Tsion, Ge, et al, 2015, Habte-Tsion, Liu, etal., 2015,
Habte-Tsion, Ren, et al, 2015, Habte-Tsion, Ren, Liu, Xie, et al.,
2015, Habte-Tsion et al., 2016). Moreover, along with arginine-
(1.73% DM) and lysine (1.29% DM)-deficient diets, all immunological
parameters were lower in fish fed the threonine-deficient diet than
in the other groups, which indicated its significant role in fish health.
It has been reported that threonine has the main role in maintaining
intestinal integrity and immune function, cellular and humoral non-
specific immune responses (lysozyme, complement components and
respiratory burst activities) and the regulation of immune genes such
as tumour necrosis factor-a, copper-zinc SOD and mammalian target
of rapamycin (Gao et al., 2014; Habte-Tsion, Ge, et al., 2015; Li,
Mai, Trushenski & Wu, 2009; Ren et al., 2015). Protein synthesis
and protein accretion are a key component of the processes
involved in growth response (Anthony, Reiter, Anthony, Kimball &
Jefferson, 2001). In this study, the dietary deficiency of the tested
EAA resulted in lower growth performance in comparison with the
control group as a consequence of a reduction in the Fl and protein
synthesis. Generally, deficiency of most EAA in fish leads to failure
or loss of appetite which result in a reduced Fl and weight gain, as
well as lower disease resistance (Cowey, 1979; Wilson, 2002). On
the other hand, it has been reported that dietary deficiency in one
or more EAA results in the deamination of other AA in the liver,
which leads to an increased excretion of nitrogenous compounds
and inefficient protein synthesis and growth performance in fish
(Von der Decken & Lied, 1993). In fact, imbalances in the dietary AA
profile tend to lead to an increase in the oxidation of other EAA and
NEAA present at normal levels in the feed, which result in reduced
protein utilization (Rgnnestad, Conceicao, Aragao & Dinis, 2000).
Moreover, the reduction in each EAA from the diet may trigger
antagonism effects among different EAA such as arginine/lysine, leu-
cine/isoleucine or methionine/cysteine, which in turn may result in a
limitation in the intestinal AA uptake and consequently, restrict pro-
tein synthesis and growth performance. In the present study, fish
fed lysine-, threonine- and methionine (1.29%, 1.12% and 0.79% DM
respectively)-deficient diets showed the poorest growth performance
results with BWs values that were 39.0%, 38.3% and 31.3% lower in
comparison with the control diet, which indicated that these EAA
were the most limiting EAA in terms of somatic growth performance
in silvery-black porgy juveniles. These EAA are also the most
common limiting EAA in plant protein sources (Gatlin et al., 2007),
which should be considered when formulating well-balanced
environmental-friendly and cost-effective diets for this carnivorous
and warm-water species. However, EAA deficiency did not affect
the AA profile of the whole body indicating that the magnitude
effects of the single reduction in an EAA from the control diet are
more dependent of the EAA profile of the diet. Overall, the results
of this section indicated that dietary EEA deficiencies can depress
growth performance and feed utilization by affecting Fl, protein syn-
thesis, increasing EAA oxidation and inducing antagonism effects
among different EAA.

Haematological parameters may be used as valuable biological
indicators of nutrition, stress and the overall health condition in fish

(Grant, 2015). On the other hand, proliferation, differentiation and
maturation of haematopoietic cells in fish are regulated by EAA-
dependent cytokines that are mainly produced by WBC (Secombes,
Hardie & Daniels, 1996). According to Mozanzadeh, Yaghoubi,
Yavari, Agh and Marammazi (2015), the normal haematological val-
ues in healthy silvery-black porgy range from 1.7 to 2.2 (x10° pl),
126 to 192 (fl), 8.8 to 14.5 (x10° pl), 2.8 to 6 (g/dl) and 25 to 34
(%) for RBC, MCV, WBC, Hb and Hct respectively. In the present
study, except for RBC and MCV, all values reported for WBC, Hb
and Hct were within the normal range reported for healthy silvery-
black porgy. However, RBC numbers and MCV were significantly
affected by different EAA-deficient diets, indicating that erythro-
poiesis in silvery-black porgy juveniles was sensitive to changes in
the dietary EAA profile. Moreover, fish fed lysine-, threonine-,
methionine- and phenylalanine (1.29%, 1.12%, 0.79% and 1.11% DM
respectively)-deficient diets had the higher and lower MCV and RBC
counts values, respectively, than normal values reported in healthy
silvery-black porgy juveniles (Mozanzadeh, Yaghoubi, et al., 2015).
These results indicate macrocytic anaemia in the above-mentioned
groups, which maybe occurred as the consequence of disorders in
hemopoietic tissues function (kidney and spleen) in these groups.
The activity of certain transaminases like AST and ALT is known
to play a key role in mobilizing L-amino acids for gluconeogenesis
and function as a link between carbohydrate and protein metabolism
under altered physiological conditions (Chen et al, 2015). Both
enzymes are extensively investigated in fish stress and health studies
and are commonly recognized as a valuable tool for tissue damage
detection (Olsen, Sundell, Mayhew, Myklebust & Ringg, 2005;
Welker & Congleton, 2003). Increments in AST and ALT plasmatic
levels generally indicate hepatic and myocardial cells damage and/or
their abnormal function (Yamamoto, 1981), whereas a reduction in
plasma aminotransferases may indicate a renal malfunction (Ray,
Nanda, Chatterjee, Sarangi & Ganguly, 2015). In the present study,
fish fed the arginine-deficient diet (1.7% DM) had the highest plasma
ALT and AST levels, which might be attributed to hepatic damage, as
well as metabolic disorders in this experimental group. In this con-
text, moderate dietary arginine levels (2.2 to 3.2% DM) led to a
decrease in serum ALT and AST levels in comparison with lower
(1.8%) or higher (3.4%) dietary arginine levels in black sea bream
(Sparus macrocephalus) (Zhou et al., 2010) and red sea bream (Pagrus
major) (Rahimnejad & Lee, 2014a) respectively. Other studies have
also demonstrated that an increase in serum ALT or AST as a result
of liver malfunction in different fish species fed EAA-deficient diets
(Gao et al., 2014; Habte-Tsion, Ge, et al., 2015; Li, Lai, Li, Gong &
Wang, 2016; Rahimnejad & Lee, 2014b). Fish fed tryptophan (0.26%
DM)- and valine (1.28% DM)-deficient diets had lower plasma ALT
and AST levels than the control group, which might be as a conse-
quence of kidney malfunction (Ray et al., 2015). Total plasma or
serum protein concentrations have been used as broad clinical indi-
cators of health, stress and nutritional condition in fish (Riche, 2007).
The liver parenchymal cells are the major source of most the plasma
proteins including albumin, fibrinogen, coagulating factors and most
of a- and B-globulins (Riche, 2007). In the present study, except for
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fish fed the phenylalanine-deficient diet (1.11% DM), all groups fed
with EAA-deficient diets had lower plasma protein levels than the
control group, suggesting malnutrition as a consequence of a failure
in plasma protein synthesis in the liver in the above-mentioned
groups (Bernet, Schmidt, Wahli & Burkhardt-Holm, 2001). These
results were in line with the results of plasma total Ig that also
decreased in fish fed with EAA-deficient diets, which is indicate a
humoral immunodeficiency in these groups (Li et al., 2007; Wu,
2009).

In fish, the humoral immune components such as lysozyme, com-
plement and immunoglobulins play an important role in the non-spe-
cific and specific immunity and in the defence against microbial
pathogens (Magnadéttir, Lange, Gudmundsdottir, Bagwald & Dalmo,
2005). It is well known that complement system has a primary role
in the innate immunity of fish, as it can recognize and opsonize for-
eign organisms as well as facilitate chemotaxis by phagocytes, and
C3 and C4 complements are essential for activating all complement
pathways (Boshra, Li & Sunyer, 2006; Kiron, 2012). In the present
study, plasma C3 and C4 significantly decreased in fish fed
EAA-deficient diets. However, the magnitude of the decrease in
complement activity differed depending on the EAA considered. In
particular, these components C3 and C4 levels were lowest in fish
fed arginine- and lysine-deficient diets (1.73% and 1.29% DM
respectively), which might be attributed to the impaired liver func-
tion observed in these groups, as levels of ALT and AST indicated.
This hypothesis was supported by the fact that the liver is the main
source of complement proteins; thus, hepatic damage, as indicated
by ALT and AST levels, might therefore affect negatively on the
complement system (Holland & Lambris, 2002). Comparable results
were reported for various fish species as a consequence of deficien-
cies in dietary arginine, threonine, methionine, tryptophan, leucine,
isoleucine, valine and phenylalanine (Feng et al., 2015; Habte-Tsion,
Ge, et al., 2015; Jiang et al., 2015; Kuang et al., 2012; Luo et al.,
2014; Wen et al., 2014; Zhao et al., 2013).

Immunoglobulins are the primary humoral component of the
acquired immune system in fish, which are produced by B-cell lym-
phocytes after being stimulated by antigens (Magnadottir et al.,
2005). In this nutritional trial, fish fed EAA-deficient diets had lower
plasma total Ig levels than the control group, as EAA are involved in
the Ig synthesis (Kiron, 2012). This result indicated that a dietary
EAA deficiency may result in lymphocytes malfunction through dis-
ordering antibody synthesis, because EAA have main role in protein
synthesis in immune cells as it has been postulated by Calder (2006)
and Li et al. (2007). Furthermore, fish fed arginine- and lysine-defi-
cient diets (1.73% and 1.29% DM respectively) had the lowest
plasma Ig levels, which might be linked to a decrease in inducible
nitric oxide (NO;) synthase activity. Arginine is the sole precursor for
NO; (Buentello & Gatlin, 1999), and lysine can modulate the entry of
arginine into leucocytes for NO; synthesis by sharing the same trans-
port systems with arginine (Wu, 2009; Wu & Meininger, 2002). In
this context, Batra et al. (2007) reported an association between
NO; synthase and serum total Ig. Nitric oxide, which is mainly pro-
duced by macrophages, as a signalling molecule has the essential role

I ey

in differentiation, proliferation and apoptosis of immune cells as well
as the production of cytokines and antibodies (Bogdan, 2001; Li
et al., 2007).

Lysozyme is one of the non-specific defence mechanisms that is
widely distributed throughout the body and mainly synthesized in
the liver, kidney, skin, macrophages and gill (Kiron, 2012). Under cur-
rent experimental conditions, fish fed EAA-deficient diets had lower
lysozyme activity than the control group, which was in accordance
with results reported in other fish species fed diets with different
EAA deficiencies (Feng et al., 2015; Jiang et al., 2015; Kuang et al.,
2012; Luo et al., 2014; Rahimnejad & Lee, 2014a,b; Tang et al.,
2009; Wen et al.,, 2014; Zhao et al., 2013). This result suggested
that EAA-deficient diets may result in a decrease in plasma lysozyme
as a consequence of disorder in distribution of EAA toward its main
producers, namely hepatocytes and neutrophils. Furthermore, the
reduction in each EAA from diet may cause or trigger antagonism
effects especially among BCAA and also arginine and lysine, which
may result in intestinal AA uptake limitation and consequently,
restrict protein synthesis in immune cells. The antagonism effects
among BCAA, as well as lysine and arginine, are well studied in ter-
restrial animals, but poorly described in fish (NRC 2011).

Superoxide dismutase, which plays an important role in the self-
defence and immune systems, belongs to the main antioxidant
defence pathways in response to oxidative stress (Fridovich, 1995;
Lin, Pan, Luo & Luo, 2011). In several studies in different fish spe-
cies, the activity of SOD for detoxifying superoxide anion is associ-
ated with the respiratory burst activity of macrophages, which
represents an indirect indicator for the non-specific cellular immune
responses (Buentello, Reyes-Becerril, de Jesis Romero-Geraldo & de
Jests, 2007; Lin et al., 2011; Sun, Yang, Ma & Lin, 2010; Yeh,
Chang, Chang, Liu & Cheng, 2008). The results of the present study
showed that SOD activity was lower in silvery-black porgy juveniles
fed with EAA-deficient diets than the control group, which might be
because of the down-regulation of SOD gene expression and/or
non-specific cellular immune response suppression. In this context, Li
et al. (2015) reported that increasing dietary phenylalanine levels up
to 9.1 g/kg led to an increase in SOD activity in the intestine of
grass carp (Ctenopharhyngodon idella). Phenylalanine directly can per-
form as hydroxyl radical scavenger and as precursor for tyrosine,
which in turn is the precursor for dopamine and thyroxine, and can
increase the cell surface-SOD activity and extracellular SOD protein
expression, indirectly (Li et al., 2015; Takano, Tanaka, Kawabe, Mor-
iyama & Nakamura, 2013). Moreover, Habte-Tsion, Ge, et al. (2015)
reported that deficient or excess levels of dietary threonine upregu-
lated Cu/Zn-SOD mRNA levels in the intestine of blunt snout bream
(Megalobrama amblycephala); however, intestinal SOD activity did
not changed by dietary threonine levels. Other studies in different
fish species also showed that dietary methionine, isoleucine and
tryptophan increased the activity of antioxidant enzymes by increas-
ing the gene expression of antioxidant enzymes and related signal
molecules (Kuang et al., 2012; Wen et al., 2014; Zhao et al., 2013).
In summary, results of haematological and plasma immunological

parameters assessed in this study illustrated the critical role of EAA
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on hemopoietic tissues, as well as in the liver and kidney function. In
addition, these results indicated that dietary EAA deficiencies or
imbalances can disturb humoral immune responses by affecting pro-
tein synthesis in immune cells or may disorder the production of cel-
lular signalling molecules like NO;.

In conclusion, the results of the current study demonstrated
that dietary EAA deficiencies resulted in a significant reduction in
growth performance and humoral immune suppression. The results
of the plasma non-specific enzymes suggested that liver health
and function were drastically affected by dietary deficiencies of
EAA, especially arginine and lysine. Furthermore, WG decreased
62.2%, 61.4% and 50.5% in fish fed lysine-, methionine- and thre-
onine-deficient diets, respectively, which indicate these EAA are
the most limited EAA for somatic growth in silvery-black porgy
juveniles (Table 6). However, all humoral immune parameters were
assessed in this study significantly decreased in fish fed with argi-
nine-, threonine- and lysine-deficient diets in comparison with
other groups, suggesting these EAA are the most limited EAA for
humoral immunity in silvery-black porgy juvenile (Table 6). On the
other hand due to the lysine-arginine antagonism, the deficiency
in each of them in diet may have some antagonism provoking
effect on immune responses.

ACKNOWLEDGMENT

This article is extracted from the project recorded under code num-
ber of 92011610 and financially supported by Iran National Science
Foundation.

REFERENCES

Anthony, T. G, Reiter, A. K., Anthony, J. C., Kimball, S. R., & Jefferson, L.
S. (2001). Deficiency of dietary EAA preferentially inhibits mRNA
translation of ribosomal proteins in liver of meal-fed rats. American
Journal of Physiology-Endocrinology and Metabolism, 281, E430-E439.

AOAC (2005). Official methods of analysis of AOAC INTERNATIONAL.
AOAC International, Washington, DC.

Basurco, B., Lovatelli, A., & Garcia, B. (2011). Current status of Sparidae
aquaculture. In M. Pavlidis, & C. Mylonas (Eds.), Sparidae: Biology and
aquaculture of gilthead sea bream and other species (pp. 1-50). Oxford,
UK: Wiley-Blackwell Scientific Publications.

Batra, J., Singh, T. P., Mabalirajan, U., Sinha, A., Prasad, R., & Ghosh, B.
(2007). Association of inducible nitric oxide synthase with asthma
severity, total serum immunoglobulin E and blood eosinophil levels.
Thorax, 62, 16-22.

Bernet, D., Schmidt, H., Wahli, T., & Burkhardt-Holm, P. (2001). Effluent
from a sewage treatment works causes changes in serum chemistry
of brown trout (Salmo trutta L.). Ecotoxicology and Environmental
Safety, 48, 140-147.

Blaxhall, P., & Daisley, K. (1973). Routine haematological methods for use
with fish blood. Journal of Fish Biology, 5, 771-781.

Bogdan, C. (2001). Nitric oxide and the immune response. Nature
Immunology, 2, 907-916.

Boshra, H., Li, J., & Sunyer, J. (2006). Recent advances on the comple-
ment system of teleost fish. Fish & Shellfish Immunology, 20, 239-
262.

Buentello, J. A, & Gatlin, D. M. (1999). Nitric oxide production in acti-
vated macrophages from channel catfish (Ictalurus punctatus):

I ey

Influence of dietary arginine and culture media. Aquaculture, 179,
513-521.

Buentello, J. A., Reyes-Becerril, M., de Jesis Romero-Geraldo, M., & de
Jesus, Ascencio-Valle F. (2007). Effects of dietary arginine on hema-
tological parameters and innate immune function of channel catfish.
Journal of Aquatic Animal Health, 19, 195-203.

Calder, P. C. (2006). Branched-chain amino acids and immunity. The Jour-
nal of Nutrition, 136, 2885-293S.

Chen, G, Liu, Y., Jiang, J., Jiang, W., Kuang, S., Tang, L., ... Feng, L.
(2015). Effect of dietary arginine on the immune response and gene
expression in head kidney and spleen following infection of Jian carp
with Aeromonas hydrophila. Fish & Shellfish Inmunology, 44, 195-202.

Cheng, Z., Buentello, A., & Gatlin, D. M. (2011). Effects of dietary argi-
nine and glutamine on growth performance, immune responses and
intestinal structure of red drum, Sciaenops ocellatus. Aquaculture, 319,
247-252.

Costas, B., Conceicao, L. E., Dias, J., Novoa, B., Figueras, A., & Afonso, A.
(2011). Dietary arginine and repeated handling increase disease resis-
tance and modulate innate immune mechanisms of Senegalese sole
(Solea senegalensis Kaup, 1858). Fish & Shellfish Immunology, 31, 838—
847.

Cowey, C. (1979). Protein and amino acid requirements of finfish. In J.
Halver, & K. Tiews (Eds.), Finfish nutrition and fish feed technology (pp.
3-16). Hamburg: Heenemann.

Ellis, A. E. (1990). Lysozyme assays. Techniques in Fish Immunology, 1,
101-103.

Feng, L., Li, W,, Liu, Y., Jiang, W.-D., Kuang, S.-Y., Jiang, J., ... Zhang, Y.-A.
(2015). Dietary phenylalanine-improved intestinal barrier health in
young grass carp (Ctenopharyngodon idella) is associated with
increased immune status and regulated gene expression of cytokines,
tight junction proteins, antioxidant enzymes and related signalling
molecules. Fish & Shellfish Immunology, 45, 495-509.

Feng, L., Peng, Y., Wu, P., Hu, K,, Jiang, W.-D., Liu, Y., ... Zhou, X.-Q.
(2013). Threonine affects intestinal function, protein synthesis and
gene expression of TOR in Jian carp (Cyprinus carpio var. Jian). PLoS
ONE, 8, e69974.

Fridovich, 1. (1995). Superoxide radical and superoxide dismutases. Annual
Review of Biochemistry, 64, 97-112.

Gao, Y. J, Yang, H. J,, Liu, Y. J, Chen, S. J,, Guo, D. Q,, Yu, Y. Y., & Tian,
L. X. (2014). Effects of graded levels of threonine on growth perfor-
mance, biochemical parameters and intestine morphology of juvenile
grass carp Ctenopharyngodon idella. Aquaculture, 424, 113-119.

Gatlin, D. M., Barrows, F. T., Brown, P., Dabrowski, K., Gaylord, T. G,
Hardy, R. W,, ... Nelson, R. (2007). Expanding the utilization of sus-
tainable plant products in aquafeeds: A review. Aquaculture Research,
38, 551-579.

Giri, S. S., Sen, S. S, Chi, C., Kim, H. J,, Yun, S,, Park, S. C., & Sukumaran,
V. (2015). Effect of dietary leucine on the growth parameters and
expression of antioxidant, immune, and inflammatory genes in the
head kidney of Labeo rohita fingerlings. Veterinary Immunology and
Immunopathology, 167, 36-43.

Grant, K. R. (2015). Fish hematology and associated disorders. Veterinary
Clinics of North America: Exotic Animal Practice, 18, 83-103.

Grimble, R. F. (2006). The effects of sulfur amino acid intake on immune
function in humans. The Journal of Nutrition, 136, 16605-1665S.

Habte-Tsion, H.-M,, Ge, X,, Liu, B., Xie, J., Ren, M,, Zhou, Q,, ... Chen, R.
(2015). A deficiency or an excess of dietary threonine level affects
weight gain, enzyme activity, immune response and immune-related
gene expression in juvenile blunt snout bream (Megalobrama ambly-
cephala). Fish & Shellfish Immunology, 42, 439-446.

Habte-Tsion, H.-M,, Liu, B., Ren, M., Ge, X, Xie, J., Zhou, Q,, ... Chen, R.
(2015). Dietary threonine requirement of juvenile blunt snout bream
(Megalobrama amblycephala). Aquaculture, 437, 304-311.

Habte-Tsion, H.-M., Ren, M,, Liu, B., Ge, X., Xie, J., & Chen, R. (2016).
Threonine modulates immune response, antioxidant status and gene



YAGHOUBI ET AL.

expressions of antioxidant enzymes and antioxidant-immune-cyto-
kine-related signaling molecules in juvenile blunt snout bream (Mega-
lobrama amblycephala). Fish & Shellfish Immunology, 51, 189-199.

Habte-Tsion, H.-M., Ren, M., Liu, B., Ge, X., Xie, J., Chen, R., ... Pan, L.
(2015). Threonine influences the absorption capacity and brush-bor-
der enzyme gene expression in the intestine of juvenile blunt snout
bream (Megalobrama amblycephala). Aquaculture, 448, 436-444.

Habte-Tsion, H.-M., Ren, M., Liu, B., Xie, J.,, Ge, X,, Chen, R., ... Pan, L.
(2015). Threonine affects digestion capacity and hepatopancreatic
gene expression of juvenile blunt snout bream (Megalobrama ambly-
cephala). British Journal of Nutrition, 114, 533-543.

Holland, M. C. H., & Lambris, J. D. (2002). The complement system in tel-
eosts. Fish & Shellfish Immunology, 12, 399-420.

Hossain, M., Al-Abdul-Elah, K., & El-Dakour, S. (2014). Evaluation of dif-
ferent commercial feeds for culture of juvenile sobaity (Sparidentex
Hasta Valenciennes) in Kuwait. APCBEE Procedia, 8, 310-316.

Jiang, W.-D., Deng, Y.-P., Liu, Y., Qu, B., Jiang, J., Kuang, S.-Y., ... Zhang,
Y.-A. (2015). Dietary leucine regulates the intestinal immune status,
immune-related signalling molecules and tight junction transcript
abundance in grass carp (Ctenopharyngodon idella). Aquaculture, 444,
134-142.

Kingsley, G. R. (1942). The direct biuret method for the determination of
serum proteins as applied to photoelectric and visual colorimetry.
Journal of Laboratory and Clinical Medicine, 27, 840-845.

Kiron, V. (2012). Fish immune system and its nutritional modulation for
preventive health care. Animal Feed Science and Technology, 173,
111-133.

Kuang, S.-Y., Xiao, W.-W., Feng, L., Liu, Y., Jiang, J., Jiang, W.-D., ...
Zhou, X.-Q. (2012). Effects of graded levels of dietary methionine
hydroxy analogue on immune response and antioxidant status of
immune organs in juvenile Jian carp (Cyprinus carpio var. Jian). Fish &
Shellfish Immunology, 32, 629-636.

Lalles, J.-P. (2010). Intestinal alkaline phosphatase: Multiple biological
roles in maintenance of intestinal homeostasis and modulation by
diet. Nutrition Reviews, 68, 323-332.

Lewis, S., Bain, B., & Bates, I. D. (2001). Lewis practical haematology. New
York: Churchill Livingstone.

Li, W., Feng, L., Liu, Y., Jiang, W. D., Kuang, S. Y., Jiang, J., ... Zhou, X.
Q. (2015). Effects of dietary phenylalanine on growth, digestive and
brush border enzyme activities and antioxidant capacity in the hep-
atopancreas and intestine of young grass carp (Ctenopharyngodon
idella). Aquaculture Nutrition, 21, 913-925.

Li, M., Lai, H,, Li, Q., Gong, S., & Wang, R. (2016). Effects of dietary tau-
rine on growth, immunity and hyperammonemia in juvenile yellow
catfish Pelteobagrus fulvidraco fed all-plant protein diets. Aquaculture,
450, 349-355.

Li, P., Mai, K., Trushenski, J., & Wu, G. (2009). New developments in fish
amino acid nutrition: Towards functional and environmentally ori-
ented aquafeeds. Amino Acids, 37, 43-53.

Li, P, Yin, Y.-L, Li, D., Kim, S. W., & Wu, G. (2007). Amino acids and
immune function. British Journal of Nutrition, 98, 237-252.

Lin, S., Pan, Y., Luo, L., & Luo, L. (2011). Effects of dietary p-1, 3-glucan,
chitosan or raffinose on the growth, innate immunity and resistance
of koi (Cyprinus carpio koi). Fish & Shellfish Inmunology, 31, 788-794.

Lindroth, P., & Mopper, K. (1979). High performance liquid chromato-
graphic determination of subpicomole amounts of amino acids by
precolumn fluorescence derivatization with o-phthaldialdehyde. Ana-
lytical Chemistry, 51, 1667-1674.

Luo, J.-B., Feng, L., Jiang, W.-D., Liu, Y., Wu, P., Jiang, J,, ... Zhou, X.-Q.
(2014). The impaired intestinal mucosal immune system by valine
deficiency for young grass carp (Ctenopharyngodon idella) is associ-
ated with decreasing immune status and regulating tight junction pro-
teins transcript abundance in the intestine. Fish & Shellfish
Immunology, 40, 197-207.

Magnadéttir, B., Lange, S., Gudmundsdottir, S., Bggwald, J., & Dalmo, R.
(2005). Ontogeny of humoral immune parameters in fish. Fish & Shell-
fish Immunology, 19, 429-439.

Mambrini, M., & Kaushik, S. (1994). Partial replacement of dietary protein
nitrogen with dispensable amino acids in diets of Nile tilapia, Ore-
ochromis niloticus. Comparative Biochemistry and Physiology Part A:
Physiology, 109, 469-477.

Marammazi, J. G., Yaghoubi, M., Safari, O., Peres, H., & Mozanzadeh, M.
T. (2017). Establishing the optimum dietary essential amino acids pat-
tern for silvery-black porgy (Sparidentex hasta) juveniles by deletion
method. Aquaculture Nutrition. doi:10.1111/anu.12524

Mozanzadeh, M. T., Agh, N., Yavari, V., Marammazi, J. G., Mohammadian,
T., & Gisbert, E. (2016). Partial or total replacement of dietary fish oil
with alternative lipid sources in silvery-black porgy (Sparidentex
hasta). Aquaculture, 451, 232-240.

Mozanzadeh, M., Marammazi, J., Yaghoubi, M., Yavari, V., Agh, N., & Gis-
bert, E. (2015). Somatic and physiological responses to cyclic fasting
and re-feeding periods in sobaity sea bream (Sparidentex hasta, Valen-
ciennes 1830). Aquaculture Nutrition, 23, 181-191.

Mozanzadeh, M. T., Marammazi, J. G., Yavari, V., Agh, N., Mohammadian,
T., & Gisbert, E. (2015). Dietary n-3 LC-PUFA requirements in sil-
very-black porgy juveniles (Sparidentex hasta). Aquaculture, 448, 151—
161.

Mozanzadeh, M. T., Yaghoubi, M., Yavari, V., Agh, N., & Marammazi, J. G.
(2015). Reference intervals for haematological and plasma biochemi-
cal parameters in sobaity sea bream juveniles (Sparidentex hasta,
Valenciennes 1830). Comparative Clinical Pathology, 24, 1501-1507.

Mozanzadeh, M., Yavari, V., Marammazi, J., Agh, N., & Gisbert, E. (2016).
Optimal dietary carbohydrate-to-lipid ratios for silvery-black porgy
(Sparidentex hasta) juveniles. Aquaculture Nutrition. doi:10.1111/anu.
12415

NRC (2011). Nutrient requirements of fish and shrimp. Washington, DC:
The National Academies Press.

Oliva-Teles, A. (2012). Nutrition and health of aquaculture fish. Journal of
Fish Diseases, 35, 83-108.

Olsen, R. E., Sundell, K, Mayhew, T. M., Myklebust, R., & Ringg, E.
(2005). Acute stress alters intestinal function of rainbow trout, Oncor-
hynchus mykiss (Walbaum). Aquaculture, 250, 480-495.

Peres, H., & Oliva-Teles, A. (2009). The optimum dietary essential amino
acid profile for gilthead seabream (Sparus aurata) juveniles. Aquacul-
ture, 296, 81-86.

Pohlenz, C., Buentello, A., Mwangi, W., & Gatlin, D. M. (2012). Arginine
and glutamine supplementation to culture media improves the perfor-
mance of various channel catfish immune cells. Fish & Shellfish
Immunology, 32, 762-768.

Poon, I. K., Patel, K. K., Davis, D. S., Parish, C. R., & Hulett, M. D. (2011).
Histidine-rich glycoprotein: The Swiss Army knife of mammalian
plasma. Blood, 117, 2093-2101.

Rahimnejad, S., & Lee, K. J. (2013). Dietary valine requirement of juvenile
red sea bream Pagrus major. Aquaculture, 416, 212-218.

Rahimnejad, S., & Lee, K.-J. (2014a). Dietary arginine requirement of
juvenile red sea bream Pagrus major. Aquaculture, 434, 418-424.

Rahimnejad, S., & Lee, K.-J. (2014b). Dietary isoleucine influences non-
specific immune response in juvenile olive flounder (Paralichthys oli-
vaceus). Turkish Journal of Fisheries and Aquatic Sciences, 14, 853-
862.

Ray, L., Nanda, S. K., Chatterjee, A., Sarangi, R., & Ganguly, S. (2015). A
comparative study of serum aminotransferases in chronic kidney dis-
ease with and without end-stage renal disease: Need for new refer-
ence ranges. International Journal of Applied and Basic Medical
Research, 5, 31.

Ren, M., Habte-Tsion, H. M,, Liu, B., Miao, L., Ge, X,, Xie, J., & Zhou, Q.
(2015). Dietary isoleucine requirement of juvenile blunt snout bream,
Megalobrama amblycephala. Aquaculture Nutrition, 23, 322-330.


https://doi.org/10.1111/anu.12524
https://doi.org/10.1111/anu.12415
https://doi.org/10.1111/anu.12415

YAGHOUBI ET AL.

Riche, M. (2007). Analysis of refractometry for determining total plasma
protein in hybrid striped bass (Morone chrysops x M. saxatilis) at vari-
ous salinities. Aquaculture, 264, 279-284.

Rollin, X., Mambrini, M., Abboudi, T., Larondelle, Y., & Kaushik, S. J.
(2003). The optimum dietary indispensable amino acid pattern for
growing Atlantic salmon (Salmo salar L.) fry. British Journal of Nutri-
tion, 90, 865-876.

Rennestad, I., Conceicao, L. E., Aragao, C., & Dinis, M. T. (2000). Free
amino acids are absorbed faster and assimilated more efficiently than
protein in postlarval Senegal sole (Solea senegalensis). The Journal of
Nutrition, 130, 2809-2812.

Secombes, C., Hardie, L., & Daniels, G. (1996). Cytokines in fish: An
update. Fish & Shellfish Immunology, 6, 291-304.

Siwicki, A. K., Anderson, D. P., & Rumsey, G. L. (1994). Dietary intake of
immunostimulants by rainbow trout affects non-specific immunity
and protection against furunculosis. Veterinary Immunology and
Immunopathology, 41, 125-139.

Sun, Y.-Z,, Yang, H.-L., Ma, R.-L., & Lin, W.-Y. (2010). Probiotic applica-
tions of two dominant gut Bacillus strains with antagonistic activity
improved the growth performance and immune responses of grouper
Epinephelus coioides. Fish & Shellfish Immunology, 29, 803-809.

Takano, K. Tanaka, N., Kawabe, K. Moriyama, M., & Nakamura, V.
(2013). Extracellular superoxide dismutase induced by dopamine in
cultured astrocytes. Neurochemical Research, 38, 32-41.

Tang, L., Wang, G. X,, Jiang, J,, Feng, L., Yang, L., Li, S. H., ... Zhou, X. Q.
(2009). Effect of methionine on intestinal enzymes activities, micro-
flora and humoral immune of juvenile Jian carp (Cyprinus carpio var.
Jian). Aquaculture Nutrition, 15, 477-483.

Tang, H. G, Wu, T. X,, Zhao, Z. Y., & Pan, X. D. (2008). Effects of fish
protein hydrolysate on growth performance and humoral immune
response in large yellow croaker (Pseudosciaena crocea R.). Journal of
Zhejiang University Science B, 9, 684-690.

Trichet, V. V. (2010). Nutrition and immunity: An update. Aquaculture
Research, 41, 356-372.

Von der Decken, A., & Lied, E. (1993). Metabolic effects on growth and
muscle of soya-bean protein feeding in cod (Gadus morhua). British
Journal of Nutrition, 69, 689-697.

Welker, T. L., & Congleton, J. L. (2003). Relationship between dietary
lipid source, oxidative stress, and the physiological response to stress
in sub-yearling chinook salmon (Oncorhynchus tshawytscha). Fish Phys-
iology and Biochemistry, 29, 225-235.

I ey

Wen, H., Feng, L., Jiang, W., Liu, Y., Jiang, J, Li, S., ... Zhou, X. (2014).
Dietary tryptophan modulates intestinal immune response, barrier
function, antioxidant status and gene expression of TOR and Nrf2 in
young grass carp (Ctenopharyngodon idella). Fish & Shellfish Immunol-
ogy, 40, 275-287.

Wilson, R. P. (2002). Amino Acids and Proteins. In J. E. H. W. Hardy
(Ed.), Fish nutrition, 3rd ed. (pp. 143-179). Diego: Academic Press,
San.

Wu, G. (2009). Amino acids: Metabolism, functions, and nutrition. Amino
Acids, 37, 1-17.

Wu, G., & Meininger, C. J. (2002). Regulation of nitric oxide synthesis by
dietary factors. Annual Review of Nutrition, 22, 61-86.

Yaghoubi, M., Mozanzadeh, M. T., Marammazi, J. G., Safari, O., & Gisbert,
E. (2016). Dietary replacement of fish meal by soy products (soybean
meal and isolated soy protein) in silvery-black porgy juveniles (Spari-
dentex hasta). Aquaculture, 468, 50-59.

Yamamoto, Y. (1981). Determination of toxicity by biochemical method.
Fishes as Laboratory, 568-574.

Yeh, S.-P., Chang, C.-A.,, Chang, C.-Y., Liu, C.-H., & Cheng, W. (2008).
Dietary sodium alginate administration affects fingerling growth and
resistance to Streptococcus sp. and iridovirus, and juvenile non-speci-
fic immune responses of the orange-spotted grouper, Epinephelus
coioides. Fish & Shellfish Immunology, 25, 19-27.

Zhao, J., Liu, Y., Jiang, J., Wu, P., Jiang, W,, Li, S., ... Zhou, X. (2013).
Effects of dietary isoleucine on the immune response, antioxidant
status and gene expression in the head kidney of juvenile Jian carp
(Cyprinus carpio var. Jian). Fish & Shellfish Immunology, 35, 572-580.

Zhou, F., Xiong, W., Xiao, J. X,, Shao, Q. J., Bergo, O. N., Hua, Y., & Chai,
X. (2010). Optimum arginine requirement of juvenile black sea bream,
Sparus macrocephalus. Aquiculture Research, 41, 418-430.

How to cite this article: Yaghoubi M, Torfi Mozanzadeh M,
Marammazi JG, Safari O, Gisbert E. Effects of dietary
essential amino acid deficiencies on the growth performance
and humoral immune response in silvery-black porgy
(Sparidentex hasta) juveniles. Aquac Res.2017;48:5311-5323.
https://doi.org/10.1111/are. 13344


https://doi.org/10.1111/are.13344

