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Abstract
 Sustainable aquaculture, from both ecological and economic perspectives, de-
mands a substantial reduction of the amount of fishmeal used in aqua feed. Instead, 
plant-derived protein feed stuff, which provide a nutritious diet offer a promising alter-
native for inclusion in aqua feed. In this study, the effects of organic selenium supple-
mentation in low and high soybean meal-based practical diets for yellowtail kingfish 
(Seriola lalandi) were evaluated over a 60-day feeding experiment. The juvenile yel-
lowtail kingfish (initial weight 5.02 ± 0.04 g fish−1) were fed five iso-nitrogenous and 
iso-caloric diets containing 49% crude protein and 22 MJ kg−1 gross energy. The control 
diet(C) includes 46% fishmeal, whereas the other diets used soybean meal to replace 
25% and 75% of the fishmeal protein, both without and with organic selenium supple-
mentation (SBM25, SBM25+Se, SBM75, and SBM75+Se). Fish were fed ad libitum two times 
a day at 09:00 and 15:00 hours. No differences were observed in feed intake among di-
etary treatment groups (P > 0.05). Organic selenium-supplemented diets improved final 
weight; however, final weight was significantly reduced when fish were fed high soy-
bean meal diets (P < 0.05). Organic selenium supplementation had a significant effect 
on specific growth rate at low soybean meal diets, but did not affect specific growth rate 
when fish were fed high soybean meal diets. Selenium accumulation in fish fillet was 
strongly correlated with selenium concentration in the diets. While fish fed the SBM25+Se 
diets had significantly higher glutathione peroxidase activity than those fed other diets, 
the lowest glutathione peroxidase activity was found in fish fed SBM75 diets. Histologi-
cally, selenium-deficient diets induced myopathy and alterations in tissue structure were 
most prevalent in fish fed the SBM75 diet. The findings of this study indicate that, with 
Se supplementation, soybean meal could supply 25% of the protein in yellowtail king-
fish diets.
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Introduction

 One of the major challenges facing the aquaculture sector worldwide is the limited utility of formulated feed containing 
fishmeal (FM) from wild sources. Soybean meal (SBM) is among the most attractive plant protein (PP) substitutes for FM[1] due 
to its satisfactory protein and amino acid content, wide availability, and reasonable price[2]. The partial or full substitution of SBM 
for FM in finfish diets has been studied over the past two decades[3-12]. These studies have revealed that various levels of SBM are 
acceptable for inclusion in place of FM in terms of both the nutrient composition of SBM diets and performances of the fish studied. 
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However, one major drawback to the utilisation of PP ingredients in this context is the presence of certain antinutritional factors 
(ANFs):innate substances that can impair utilisation and digestion of nutrients[13]. Phytic acid is one of the most common ANFs in 
PP feed stuffs, since  around 56 - 81% of total phosphorus (P) in SBM is stored asphyxiate[14]. This phytic acid-bound P cannot be 
hydrolysed by monogastric animals, including fish[15]. Moreover, phytate chelates divalent mineral cations such as Iron (Fe), Zinc 
(Zn), Magnesium (Mg), Manganese (Mn), Copper (Cu), Calcium (Ca) and Selenium (Se), thus limiting availability of P and other 
minerals in SBM-based diets[13,16]. Phytate may also form insoluble complexes with protein and amino acid (AA) cations in PP feed 
stuffs, diminishing their digestibility for fish[17]. Consequently, supplementation of trace minerals has been applied to the diets of 
several fish species to improve mineral bioavailability[18-20].
 Se supplementationhas been reported to beneficially affect the performance of various fish species. Although the element 
is only required in trace amounts, Se is an essential nutrient for aquatic organisms due to being an integral component of seleno-
cysteine (SeCys)-containing proteins, which are involved in most aspects of cell biochemistry and functioning[21]. Moreover, Se is 
employed in the antioxidant enzyme glutathione peroxidase (GPx)[22-24], which, in fish, may provide protection against oxidative 
stress following exposure to physical and environmental stressors[25]. Se is also associated with protein in the muscle tissues of ma-
rine animals[26]. Fish may absorb minerals directly from the surrounding water, but diet is their major source of Se[27]. The varying 
Se requirements and toxicity levels for fish on a FM-based diet have been documented[28-33] these differences may depend on the 
concentration and type of compound absorbed, the duration and mode of exposure, and fish species in question.
 However, research is still required into the nutritional implications of Se-deficient, PP-based diet on fish growth and phys-
iology, as this could be used to inform further dietary modifications for cultured fish. This work is of particular interest in relation 
to emerging aquaculture species, such as yellowtail kingfish (YTK, Serio lalalandi). Although several studies have investigated 
YTK nutrition[34-38], no previous work has examined the relationship between Se-enriched SBM diets and the growth and health of 
the species. YTK may, due to the presence of certain ANFs, have a relatively high requirement for the antioxidant properties of Se. 
Therefore, the present study was designed to determine the growth and physiological performance of YTK when fed Se-supple-
mented, SBM-based diets. The study achieved this goal by exposing juvenile YTK to low and high levels of dietary SBM inclusion, 
with and without Se supplementation, for 60 days and then evaluating survival and growth performance, GPx activity and muscle 
histopathology.

Material and Methods

Experimental diets
 The formulation and proximate content of the diets are shown in (Table 1). All ingredients were ground to pass through 
a 1-mm mesh screen, pelleted in a mixer, crumbled to the desired size, air-dried, and stored at 40C until feeding. Five diets were 
formulated: 0% SBM (SBM0, control), low SBM(25%) without and with organic Se (OS) supplements (SBM25; SBM25+Se), and high 
SBM(75%) without and with OS supplements (SBM75; SBM75+Se). All experimental diets were prepared to be iso-nitrogenous (49% 
crude protein) and isoenergetic(22 MJ kg−1 gross energy) basis. Chromic oxide (Cr2O3) was included in all diets at 0.5% as an inert, 
indigestible marker. The Se dosage for dietary supplementation was based on our preliminary study and similar to the recommenda-
tion of Le and Fotedar[37] for the optimal growth of YTK. The Se concentrations in C, SBM25, SBM25+Se, SBM75 and SBM75+Se diets 
were 5.53, 2.59, 5.54, 1.56, and 5.53 mg kg–1 respectively. Amino acid (AA) profiles of the experimental diets are shown in Table 2.

Table 1: Formulation and composition of the experimental diets
Ingredientsa

(g kg–1 dry weight) C SBM25 SBM25+Se SBM75 SBM75+Se

FM 460 340 340 180 180
Soybean mealb - 150 150 430 430
Wheat gluten 100 100 100 100 100
Wheat flour 80 30 30 10 10
Casein 120 120 120 120 120
Fish oil 100 110 110 110 110
Wheat starch 65 50 50 25 21
Cellulose 48 75 72 - -
Se-free premixc 20 20 20 20 20
Sel-Plex 2 - 3 - 4
Chromic oxide 5 5 5 5 5
Proximate content (%)
Dry matter 85.17 88.65 89.21 90.38 89.72
Ash 8.25 7.86 7.73 7.43 7.22
Protein 49.28 49.08 49.15 49.30 49.16
Lipid 15.06 14.85 14.86 14.90 14.66
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Gross energy (MJ/kg) 21.33 22.16 22.10 22.13 22.07
Se (mg kg–1) 5.53 2.59 5.54 1.56 5.53

aSupplied by Specialty Feeds, Perth, WA, Australia, except for Sel-Plex and chromic oxide, obtained from AllTech, Lexington, Kentucky, USA and 
Thermo Fisher Scientific, Scoresby, Vic, Australia, respectively.
bSolvent-extracted; Malaysian origin
cContains the following (as g kg–1 of premix): iron, 10; copper, 1.5; iodine, 0.15; manganese, 9.5; zinc, 25; vitamin A retinol, 100 IU; vitamin D3, 
100 IU; vitamin E, 6.25; vitamin K, 1.6; vitamin B1, 1; vitamin B2, 2.5; niacin, 20; vitamin B6, 1.5; calcium, 5.5; biotin, 0.1; folic acid, 0.4; ino-
sitol, 60; vitamin B12, 0.002; choline, 150; ethoxyquin, 0.125.

Table 2: Hydrolysed amino acid composition of FM, SBM, wheat gluten and casein (g 100 g–1 protein)
Amino acid FM SBM Wheat gluten Casein
Essential
Arginine 4.35 3.69 1.50 3.32
Histidine 2.09 1.23 0.96 2.73
Isoleucine 3.04 2.25 2.35 4.70
Leucine 5.17 3.88 9.75 8.70
Lysine 4.77 2.83 0.80 7.46
Methionine 1.86 0.58 1.05 2.19
Phenylalanine 2.87 2.61 3.47 4.67

Threonine 3.19 1.89 1.76 3.71
Valine 3.26 2.14 2.58 5.75
Non-essential
Alanine 4.42 2.04 NA 2.56
Aspartic acid 6.20 5.48 NA 6.24
Glutamic acid 8.25 8.96 NA 18.60
Glycine 4.73 1.94 NA 2.38
Proline 3.81 3.01 NA 8.80
Serine 3.05 2.64 NA 5.36

NA: not analysed

Fish and experimental design
 Juvenile YTK (mean weight 4.85 g) were obtained from the Australian Centre for Applied Aquaculture Research, Freman-
tle, Western Australia (WA), Australia. Fish were fed with a commercial diet (Gemma Diamond 1.5, Skretting, France) for one week 
until fully acclimated to the rearing conditions. Fish were then randomly sorted into 15 experimental tanks, with three tanks of 15 
fish each for each diet. Fish handling procedures, care standards, and facilities all complied with the guidelines of the Animal Ethics 
Committee of Curtin University and followed the Australian Code of Practice for the care and use of animals for scientific purposes.
 The experimental system consisted of 15 circular, 300-L fibreglass tanks installed at the Curtin Aquatic Research Laborato-
ry (CARL), Curtin University, Australia. Each tank received re-circulated water from an external biofilter (Fluval 406, Hagen, Italy) 
at 10 L min–1. 50% of the water was exchanged twice weekly. All experimental tanks were supplied with constant aeration and pure 
oxygen (compressed oxygen, BOC, Perth, WA, Australia). 
 Throughout the experiment, the water quality parameters were monitored daily. Dissolved oxygen (DO) was monitored 
using a DO meter (CyberScan DO 300, Eutech Instruments, Singapore). Ammonia and pH were measured every two days using 
chemical test kits (Aquarium Pharmaceuticals Ltd, UK) and a pH meter (CyberScan pH 300, Eutech Instruments, Singapore) re-
spectively. Water salinity was measured using a portable refractometer (RHS-10ATC). The photoperiod consisted of 12 hours of 
fluorescent light per day.

Digestibility measurement
 Fish were hand-fed to satiation twice a day, at 09:00 and 15:00 hours. To investigate the effect of dietary treatment on di-
gestibility, one week before the end of the feeding experiment faecal matter was collected immediately prior to the morning feeding 
using stripping techniques[39]. Faecal collections from individuals were pooled by tank and quickly stored at -20ºC. Prior to analysis, 
the faecal samples were dried to constant weight at 105ºC. Apparent digestibility coefficients (ADCs) were measured using the 
indirect method (Cr2O3) as suggested by Choet al[40].

Sampling and analysis
 Fish weight sampling was conducted at the beginning of the feeding trial and at 15-day intervals thereafter. At the end of 
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the feeding trial, all fish were starved for 24 hours prior to final sampling to achieve a basic metabolite state. The fish were then 
anaesthetised with tricaine methanesulfonate (MS-222, Sigma-Aldrich, Castle Hill, NSW, Australia) at 100 mg L–1 before sampling. 
 Fish blood samples were drawn by caudal vein puncture with a 1-mL plastic syringe. The extracted blood was then trans-
ferred to K2EDTA-containing tubes (BD Vacutainer® Plus Plastic) for haematology. An Hb kit (Randox Laboratories, Antrim, Unit-
ed Kingdom) was used to measure the haemoglobin (Hb) content. Erythrocyte (red blood cell) glutathione peroxidase (GPx) activity 
was quantitatively assayed using the Randox Laboratories combined test (Ransel, Antrim, United Kingdom). Enzyme activity is 
expressed in U g Hb−1. 
 The proximal compositions of the diet and faecal samples were determined based on Association of Official Analytical 
Chemists[41] procedures. Dry matter was determined by oven drying to constant weight at 105ºC crude ash by combustion at 550ºC 
crude protein content (N × 6.25) by the Kjeldahl digestion method crude lipid content by the Soxhlet technique; and gross energy 
content by an IKA oxygen bomb calorimeter (Heitersheim, Germany).

Selenium assay
 Se in the muscle tissue and experimental diets was analysed at the Intertek Genalysis Laboratory (Perth, Australia) using 
inductively coupled plasma-mass spectrometry instrument (ICP-MS, 7500 series, Agilent Technologies, Australia).

Histopathology assay
 At the end of the trial, tissue samples from five fish from each tank were collected, fixed in 4% saline and formalin, then 
dehydrated in ethanol before equilibration in xylene and embedded in paraffin wax. Sections of approximately five µm were cut and 
stained with haematoxylin and eosin for histological examination under an Olympus BX40F4 light microscope. Light microscopy 
samples were prepared according to standard histological techniques[42].

Calculations
 Growth and feeding performances were measured using the calculated parameters below:
SGR (% day–1)  = 100 ×  [(ln FW - ln IW )/ ndays ] 
WG (%) = 100 ×  [FW-IW /IW ] 
FI(g fish–1 days–1)  = [(diet given  - diet remaining ) / number of fish ] / days”  
FCR = FI / WG  
S (%) = 100 × [final number of fish  / initial number of fish ] 
ADCNutrient (%) = 100 × [(1 - % Cr2O3 in diet / % Cr2O3 in faeces  ×  % nutrient in faeces /% nutrient in diet) ] 
ADCDry matter (%) = 100 × (1 - % Cr2O3 in diet ⁄ % Cr2O3 in faeces) 
 
Where: SGR (specific growth rate), FW (final weight), IW (initial weight), WG (weight gain), FI (feed intake), FCR (feed conver-
sion ratio), S (survival), ADC (apparent digestibility coefficient).

Statistical Analysis
 The results were analysed using one-way analysis of variance (IBM SPSS Statistics, Australia). When appropriate, a post-
hoc test (utilising the Duncan method) was applied to examine differences among the treatment groups, with a probability value 
of P < 0.05 indicating significant differences. The relationship between Se concentration and fillet Se content was evaluated using 
regression analysis. All data are expressed as means of three replicates ± standard error (SE). Data expressed as percentages were 
arcsine transformed prior to statistical analysis.

Results

Growth and feed utilisation
 Although the FI values of fish fed high SBM diets were lower, they did not differ significantly from those fed on the control 
or low SBM diets, ranging from 1.36 to 1.52 g fish–1 day–1. All experimental diets were accepted by the fish throughout the course 
of the feeding trial. Figures for fish growth performance, survival, FI and FCR are presented in (Table 3). The FW of fish fed low 
SBM diets did not differ significantly from that of fish fed the control diet (P > 0.05), though FW was significantly reduced when 
fish were fed high SBM diets (P < 0.05). However, OS supplementation improved FW for both low and high concentrations of SBM 
protein in diets. Although OS supplementation had no effect on SGR for low SBM diets, it did when fish were fed high SBM diets 
and the SGR of fish fed the SBM75+Se diet was significantly higher than that of fish fed the SBM25 diet. In addition, an improved FCR 
was observed in fish fed with OS-supplemented diets, although no difference in SGR was found between the SBM75 and SBM75+Se 
dietary groups. The changes in the mean body weight of juvenile YTK during the experimental period are presented in (Figure 1). 
All groups of fish had similar body weights during the first two weeks of the trial, after which growth deterioration began in fish fed 
high SBM diets. High survival rates, exceeding 95%, were found for all dietary treatments during the experiment.
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Table 3: Growth performance, survival, FI, and FCR in juvenile YTK fed the test diets for 60 days
Indicators Diet

C SBM25 SBM25+Se SBM75 SBM75+Se

IW 4.93 ± 0.07 5.03 ± 0.11 5.01 ± 0.06 5.02 ± 0.08 5.12 ± 0.06
FW 81.08 ±1.10ab 79.64 ± 1.55bc 85.20 ± 1.52a 67.89 ± 1.31d 75.64 ± 1.27c

SGR 4.67 ± 0.03a 4.60 ± 0.03ab 4.73 ± 0.04a 3.37 ± 0.06c 4.49 ± 0.05b

S 98.33 ± 1.67 96.7 ± 3.30 96.7 ± 3.30 95.0 ± 2.88 98.3 ± 1.67
FI 1.42 ± 0.09 1.52 ± 0.02 1.47 ± 0.03 1.36 ± 0.02 1.38 ± 0.06
FCR 1.20 ± 0.02b 1.22 ± 0.01b 1.10 ± 0.01a 1.24 ± 0.03b 1.17 ± 0.07ab

IW: initial weight (g); FW: final weight (g); SGR: specific growth rate (% body weight day–1); S: survival (%); FI: feed intake (g fish–1 day–1); 
FCR: feed conversion ratio (g fed g gained–1)
Data are expressed as means ± S.E. Means in the same row with different superscript letters are significantly different (P < 0.05).

Figure 1: Changes in the mean body weight of juvenile YTK fed different diets during the experimental period

Nutrient composition
 The proximate composition, gross energy and Se concentration of fillets from YTK fed experimental diets are displayed 
in (Table 4). At the end of the feeding trial, crude lipid, ash, moisture and gross energy content did not differ significantly between 
dietary treatments (P > 0.05). However, crude protein in fillet was significantly reduced with the increase of SBM as a proportion of 
the diets (P < 0.05), while fish fed diets supplemented with OS accumulated more Se in their fillets than those fed on other diets  
 (P < 0.05). A linear relationship was observed between fillet Se content and dietary Se supplementation (Figure 2).

Table 4: Proximate composition, gross energy, and Se concentration of fillets from YTK fed experimental diets
Proximate composition Diet

C SBM25 SBM25+Se SBM75 SBM75+Se

Protein (%) 21.2 ± 0.40a 21.4 ± 0.61a 21.3 ± 0.64a 19.4 ± 0.48b 19.5 ± 0.34b

Lipid (%) 2.23 ± 0.11 2.16 ± 0.21 2.18 ± 0.89 2.19 ± 0.73 2.24 ± 0.16
Ash (%) 1.28 ± 0.3 1.41 ± 0.5 1.38 ± 0.6 1.29 ± 0.2 1.33 ± 0.3
Moisture (%) 73.6 ± 1.32 72.7 ± 1.47 72.8 ± 1.81 73.3 ± 0.72 72.4 ± 1.43
Gross energy (MJ kg–1) 5.17 ± 0.31 5.08 ± 0.16 5.11 ± 0.10 4.93 ± 0.34 5.05 ± 0.17
Se (mg kg–1) 0.50 ± 0.06b 0.38 ± 0.09b 0.71 ± 0.04a 0.32 ± 0.04c 0.65 ± 0.06a

Data are expressed as means ± S.E. Means in the same row with different superscript letters are significantly different (P < 0.05).
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Figure 2: Relationship between fillet Se content and dietary Se concentration of juvenile YTK after 60 days

Apparent digestibility coefficient (ADC)
 (Table 5) presents the data for apparent digestibility coefficients (ADCs) of protein, lipid and dry matter. ADC of protein 
and dry matter was not affected by OS supplementation, but was influenced by SBM levels. Furthermore, while dietary replacement 
of FM protein with SBM at moderate (25%) or substantial (75%) levels resulted in insignificant ADC scores for lipids, the ADC of 
proteins and dry matter was significantly reduced as the proportion of SBM in the diets increased.

Table 5: Apparent digestibility coefficients (ADC, %) of the nutrients in the five experimental diets

ADC
Diet 

C SBM25 SBM25+Se SBM75 SBM75+Se

Protein (%) 94.87 ± 1.24a 90.42 ± 1.41b 90.75 ± 0.92b 85.62 ± 1.63c 85.87 ± 1.57c

Lipid (%) 96.75 ± 0.97 95.79 ± 1.50 95.51 ± 1.26 96.63 ± 0.94 96.25 ± 1.13
Dry matter (%) 90.25 ± 1.63a 88.85 ± 0.83a 88.56 ± 1.14a 82.73 ± 1.66b 82.13 ± 1.35b

Data are expressed as means ± S.E. Means in the same row with different superscript letters are significantly different (P < 0.05).

Glutathione peroxidase (GPx) activity
 The GPx activity in the red blood cells (RBC) of YTK for each dietary treatment is summarised in (Figure 3). GPx activity 
tended to decrease with decreasing levels of Se in the diets. The fish fed SBM25+Se had a higher GPx activity (P < 0.05) than with 
those fed other diets. The lowest GPx activity was observed in fish fed the SBM75 diets.

Figure 3: Glutathione peroxidase (GPx) activity in the red blood cells of juvenile YTK fed experimental diets
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Histopathological observation
 The histological profiles of the fish tissue samples from the control, SBM25, SBM25+Se, SBM75, and SBM75+Se groups are 
shown in (Figure 4). Tissue samples from fish fed the different dietary treatments were compared to those from fish fed the control 
diet, with several histopathological alterations evident in those fed diets without OS supplementation. These pathological findings 
included the deterioration of muscle bundles, with the aggregation of inflammatory cells between bundles and necrotic changes. The 
alterations were most prevalent in fish fed the SBM75 diet, with four of five samples exhibiting such changes.

Figure 4: Histological examination of YTK. The tissues of fish fed the control and OS-supplemented diets exhibit a normal shape [a], while Se-in-
duced myopathy (marked with the arrow) is observed in the tissues of fish fed with SBM diets without OS supplement [b] (scale bar = 100 µm)

Discussion

 Following the recognition of Se as an essential element in aquaculture feeds, numerous formulations have been supple-
mented with this chemical to enhance diet quality[43]. However, no published information was available regarding Se supplemen-
tation in carnivorous marine finfish fed on SBM-based diets. In the present study, OS supplementation was found to contribute to 
fish performance, as OS-supplemented diets significantly enhanced the FW, SGR and FCR of fish compared to those fed the same 
diets without OS supplementation. This finding agrees with the results of previous FM-based studies employing both similar[37,44] 
and different species[28,30-32,45-48]. The present study suggests that Se supplementation is necessary to ensure growth performance of 
YTK when FM protein in their diets was moderately or substantially replaced with PP ingredients. The effects on fish performance 
of increased OS supplementation in high SBM diets should be further investigated.
 However, the biological availability of Se from FM appeared to be low, possibly due to the binding of Se to mercury and 
other heavy metals[49]. Therefore, Se supplementation in FM-based diets is required to encourage optimal growth, avoid deficiency 
syndromes and enhance the functional immune system in YTK. Additionally, YTK aquaculture is intended to produce fish fillets 
for human consumption; thus, it is of considerable interest whether raw feed ingredients can be satisfactorily converted into edible, 
nutritionally complete fish fillets.
 Muscle, kidney and liver tissues are known to store Se in the form of selenomethionine (SeMet)[23] and a linear relationship 
has been observed between tissue Se and supplemental Se dosage in hybrid striped bass[50]. However, Se storage capacity is higher 
in liver and kidney tissues than in muscle tissue[29,51]. In addition, different forms of Se are accumulated in tissues at different levels, 
with SeMet (organic) retained more than selenite (inorganic)[44,48,52,53]. In this study, Se from a commercial product (Sel-Plex®) con-
taining organically bound Se in the form of SeMet was utilised as the feed supplement. The findings showed that fish fed on diets 
with supplemental Se retained Se in their muscles nearly twice as effectively as those that did not receive the Se supplement. This is 
consistent with the results of previous studies using similar species[38,54], although slightly higher Se accumulation was observed in 
the present study, which reflects the high absorption rate of SBM diets containing SeMet. Moreover, as SeMet is incorporated into 
proteins in the muscle tissue of marine animals[26], increased accumulation of Se in fish muscles is to be expected.
 The major biological form of Se is selenocysteine (SeCys)[55]. SeCys is synthesised and specifically incorporated into 
proteins[56] through a complex process[22]. Through the Se labelling of mammals in vivo or cells in culture,  approximately 30 – 40 
selenoproteins have been detected[57], of which 15 have been purified to enable characterisation of their biological functions[58]. GPx 
enzymes, a major group of functionally important SeCys proteins[22], play an antioxidant role, protecting cells and membranes from 
the harmful oxidative damage from hydrogen or lipid peroxides[59]. Rotruck et al.[60], moreover, found Se to be an integral structural 
element of the active core of GPx enzymes in RBCs; these proteins have since been extensively used to measure Se nutritional sta-
tus. In the present study, the change of GPx values in response to Se supplementation shows that the Se requirements of YTK were 
not met by the control diet. Se-dependant GPx activity was significantly higher in the RBCs of fish whose diet was supplemented 
with Se than in the RBCs of fish fed Se-deficient diets. This result clearly indicates that SBM without Se supplementation provided 
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inadequate Se for maximal GPx activity and thus did not meet YTK Se requirements during the juvenile raising period. The dietary 
Se requirement of YTK is estimated to be around 5.56 mg kg–1[38], which supportsthe results of the present study. Similarly, in other 
species, GPx activity is significantly increased with increased dietary Se intake[32,61] and significantly decreased with diets deficient 
in Se[31,62-64]. Additionally, the GPx levels revealed that Se requirements may increase as a result of handling and confinement stress, 
such that Se-deficient diets may not meet the increased Se requirements[25]. The effect of Se on the growth performance of YTK in 
the present study may be due to the antioxidant role of GPx. 
 However, feeding a high-SBM diet supplemented with Se to juvenile YTK did not increase GPx activity to the maximum 
level, although GPx activity was significantly higher in the SBM75+Se group than in the SBM75 group. This result may be due to an-
ti-nutritional phytate interfering with the normal absorption of Se. Commonly used plant-derived fish feed ingredients such as SBM 
contain 10 – 15 g kg–1 phytate[13]. Phytate chelates with di- and trivalent mineral cations, such as Cu, Zn, Co, Mn, Fe, Se, Mg and 
Ca[65], consequently forming insoluble complexes in the upper gastrointestinal tract, where maximum mineral absorption typically 
occurs[17]. Several authors have reported reduced levels of minerals such as Ca and Zn in the plasma of common carp due to high 
phytate (≥ 1%) diets[66,67]. Phytate content was not measured in the present study, so the extent to which phytate impacted the absorp-
tion of Se and its antioxidant activity in YTK cannot be stated precisely.
 The structure and function of cell membranes is strongly correlated with GPx activity[68,69]. Presumably, therefore, marine 
animals with lowered antioxidant activity are more prone to cell damage and decreased oxidation resistance due to reduced Se may 
profoundly alter the cell membrane structure of fish. For example, previous work with Atlantic salmon(Salmo salar)[70] has shown 
that histological Se deficiency lesions result from inadequate protection against the peroxidation of organelle membrane lipids. In 
addition, Wang et al.[71] report that low dietary Se content aggravates tissue peroxidation and causes acute cell damage in common 
carp (Cyprinus carpio), as shown histopathologically by degeneration and necrosis in the organelles, cells and tissues (including 
muscle tissue). Similarly, evidence establishing an association between Se and muscle abnormality was obtained in the present 
study, as nutritional myopathies and necrosis were observed in the muscle tissue of juvenile YTK fed Se-deficient SBM diets. Most 
importantly, the findings in the present study suggest that the reduced GPx activity of SBM diets lacking Se supplements, indicative 
of low cellular Se status, was connected to muscular dystrophy. However, this result must be validated either by using other plant-de-
rived ingredients or by investigating other carnivorous marine finfish species.
 Furthermore, a recent study by Bowyer et al.[35] reported that solvent-extracted SBM could replace 10% of FM protein in 
YTK feed. With similar species, Bowyer et al.[72] also found that soy protein concentrate (SPC), a highly refined soybean product, 
was a suitable replacement for FM at a 20% inclusion level. However, it should be noted that no Se supplementation was conducted 
in those studies. When feed supplementation is discounted from diet evaluation, the appropriate inclusion level of SBM varies wide-
ly. For instance, while Silva-Carrillo et al.[9] reported significant growth deterioration when replacing 20% of FM with SBM in the 
diet of juvenile spotted rose snapper (Lutjanus guttatus), studies have demonstrated that SBM protein can replace from 20% to 30% 
of FM in the diets of other finfish species, including Mediterranean yellowtail (Seriola dumerili)[73], gilthead sea bream(Sparus au-
rata)[74], cobia (Rachycentron canadum)[75] and European sea bass (Dicentrarchus labrax)[76,77]. Moreover, in combination with corn 
gluten meal and meat meal or corn gluten meal and poultry by product meal, the level of SBM in feed can be increased to 50 - 60% 
and 70 - 90% in juvenile and yearling red sea bream respectively[78,79]. The discrepancies among findings regarding the incorporation 
of SBM as an alternative protein source for fish may be due to differences in the quality and treatment of SBM, diet formulation, fish 
size and culture system, or species-specific responses.
 In the present study, it is likely that ANFs restricted the absorption of essential AA substances in SBM-containing diets, 
resulting in suppressed growth when YTK were fed high SBM diets. Reduced ADC of protein was observed in diets containing 
75% SBM compared with all other experimental diets. A negative linear relationship between increasing SBM levels and ADC of 
nutrients has been reported for similar species[35]; however, the protein ADC values obtained in the present study were higher than 
those previously reported, which, as mentioned previously, may be related to the presence of ANFs, as mentioned previously. In 
contrast, several studies have observed similar protein contents for fish fed various proportions of SBM[80,81]. Also, with respect to 
fillet composition, fish fed with diets containing high SBM levels had significantly lower protein content, probably due to the poor 
growth performance associated with these diets.

Conclusion
 
 In summary, the present study demonstrates that Se supplementation promotes improved growth, feed utilisation, anti-
oxidant activity and histological performance in juvenile YTK when SBM proteinsare included in the diets. These findings may 
assist the formulation of cost-effective, ecologically-friendly practical diets for YTK. Further work is required to determine whether 
increased Se supplementation and/or inclusion of more refined plant-derived proteins can improve the substitution level of PP ingre-
dients in fish diets. 
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