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Abstract

:

The aim of this study was to evaluate the potential effects of γ-irradiated date palm fruit (Phoenix dactylifera), which is rich in phenolic acids and has important and varied biological bioactivities, on growth performance, mucosal immunity and liver antioxidant status in goldfish (Carassius auratus). The antioxidant activity, alongside the phenolic and flavonoid contents, were also determined in irradiated palm fruit extracts (IPFE). The results showed that IPFE5 had a higher antioxidant activity as well as heightened phenolic and flavonoid contents compared to IPFE10 and IPFE0. Meanwhile, goldfish specimens were randomly divided into three groups with three replicates in each. Subsequently, skin immunity and antioxidant activity in the livers of the goldfish were studied. The growth rates of fish fed with IPFE5 and IPFE10 were significantly higher (p < 0.05) compared to the CTR group. In addition, fish fed with the IPFE5 diet demonstrated increased mucosal immunity compared to the CTR group (p < 0.05). Lipid peroxidation levels as well as antioxidant enzyme activities were also higher in all the IPFE-fed groups compared to the CTR group (p < 0.05). These data showed that 40-day dietary administration of γ-irradiated date extract, especially IPFE5, improved growth performance, mucosal immunity, and liver antioxidant capacity in goldfish. The suitability of administrating this additive in the diet of farmed fish is discussed.
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Key Contribution: The current study showed that γ-irradiated palm fruit extracts (IPFE) could enhance the growth performance, skin mucosal immunity, and liver antioxidant capacity of goldfish.










1. Introduction


Globally, ornamental pet fish represent an important component of the pet market, and the United States, Europe and Japan are among the pioneers of this industry [1]. Transport and handling of fish, poor water quality, high stocking density and contaminated feed can cause stress, resulting in infectious diseases in these fish [2]. Among these bacterial diseases, one Gram-negative species which is frequently observed in ornamental fish is Aeromonas hydrophilla [2]. Typical clinical signs of the infection caused by this bacterium include anorexia, dark coloration, septicemia and skin lesions ranging from superficial to deep [3]. Although effective administration and prophylaxis are the prime factors in safeguarding ornamental fish against bacterial diseases [4], a recent approach to mitigate the response caused by typical stressors is the use of dietary additives [5], which are important for improving fish growth, health and welfare [6,7,8]. Among the different feed additives, natural feed additives, including plants, are preferable as they are biocompatible, biodegradable, inexpensive, available and environmentally safe [9].



Date palm (Phoenix dactylifera) is a key commodity worldwide, and it plays an important economic role in the producing regions. Fresh dates are a rich source of polyphenols, including flavonoids (luteolin, quercetin, anthocyanidins) and phenolic acids (e.g., ferulic acid, vannillic acid, syringic acid, gallic acid, caffeic acid, coumaric acid, sinapic acid) in both free and bound forms [10]. Despite the importance of this plant to humans, date palms have only recently begun attracting attention in both human and animal studies, with the understanding that they can be used as functional foods and nutraceuticals [11,12]. To date, some studies have demonstrated the beneficial effects of dates on growth, immunity and antioxidant parameters in fish species [13,14,15,16]. Meanwhile, the biological responses of γ-ray irradiated plants have been widely discussed. The available studies show that γ-ray irradiation can enhance the physiological and biochemical effects of the bioactive products present in plants [17,18]. More specifically, γ-ray irradiation of dates has also been found to be a good substitute for fumigation and chemical use, preventing aflatoxin formation and improving sensory quality [10,19]. Interestingly, despite all these available data, as far as we are aware, there are insufficient data on the effects of γ-irradiated dates on aquatic organisms. Therefore, this study was conducted to evaluate the effect of γ-irradiated date fruits on the growth rate, skin mucosal immunity and antioxidant levels in the livers of goldfish.




2. Materials and Methods


2.1. P. dactylifera Extract and Diet Preparation


For the preparation of the aqueous extract, palm fruits of the Barhi variety were used according to the previous study [13]. The seedless nuts were rinsed with distilled water and chopped into small pieces. Distilled water (500 mL) was then added to the pieces, which were then incubated for 2 h at 55 °C. The final mixture was ground using Moulinex machine (Moulinex AR11083, Paris, France) and centrifuged (3500× g) for 15 min. A 0.5% yield was achieved. The final collected supernatant, referred to as the irradiated palm fruit extract (IPFE), was divided into three parts. One part was not irradiated (positive control, IPFE0), the second part was irradiated at 5 kGy (IPFE5) and the third part was irradiated at 10 kGy (IPFE10) using a cobalt-60 γ irradiator (a Gamma cell-220 irradiator, Nordion, Canada) at a dose of 1.02 Gy s−1.The extracts were stored at 4 °C in solar darkness. A negative control group (CTR) without any palm extract was also used.



Four different diets were prepared by mixing the feed ingredients described in a previous study [20], to which 200 mL kg−1 of the corresponding extract (CTR without any extract, IPFE0, IPFE5 and IPFE10) was added [20]. Then, all of the ingredients were mixed with a mixer (Isfahan Jahan Kar, Isfahan, Iran) before being pelleted using a meat grinder equipped with a 2-mm perforated disc. Each dose of IPFE was replaced by an equivalent amount of cellulose (Table 1). The experimental diets were air-dried and stored in plastic bags at 4 °C until use.




2.2. Characterization of IPFE


The in vitro antioxidant capacities of the extracts (IPFE0, IPFE5 and IPFE10) were determined spectrophotometrically using the ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) method [22]. The radical scavenging activities of these extracts were also determined against stable 2,2- diphenyl-2-picrylhydrazyl hydrate (DPPH) [23]. The total concentrations of phenolic compounds present in IPFE were determined spectrophotometrically in accordance with the Folin-Ciocalteu method [24], with gallic acid (GAE) being used as a calibration standard. The concentrations of the flavonoid content of IPFE were also determined spectrophotometrically according to the aluminum chloride colorimetric method [25], with quercetin serving as the calibration standard.




2.3. Fish Rearing and Experimental Design


This research was implemented in the fish farm of Shiraz University (Shiraz, Iran). A total of 180 goldfish (5.60 ± 0.11 g) purchased from a private fish farm in Sepidan (Fars, Iran) were randomly distributed into 12 glass tanks of 40 L (n = 15). Three tanks (triplicates) were assigned to each experimental group. Throughout the study, the temperature and pH values were stabilized between 24.5 and 25 °C and between 7 and 7.5 mg L−1, respectively. The fish were adapted to the experimental setting for 10 days and fed the control diet three times per day (10:00, 13:00, 17:00) until satiation. Then, the fish belonging to the various groups were fed their respective diets (CTR, IPFE0, IPFE5 or IPFE10) three times a day (10:00, 13:00 and 17:00 h) until satiety for 40 days.




2.4. Fish Growth and Sampling


At the inception (0 day) and at the end (40 days) of the feeding trial, 24 h-starved fish were anesthetized via bathing in clove oil extract (50 μL L−1), and the length and weight of each fish were measured. The feed intake, specific growth rate (SGR) and feed conversion ratio (FCR) were also determined:


SGR = (Ln final weight − Ln initial weight)/feeding days










FCR = dry feed intake/(Final weight − initial weight)











After the biometric study, mucus specimens were collected from the euthanized fish. To this end, fish mucus was gathered by delicately scraping the fish surfaces with a plastic spatula. Skin mucus samples from five specimens were pool sampled to acquire enough samples for all the assays. The fish mucus was homogenized using tris-buffered saline (pH = 8.0) and centrifuged (4000× g, 30 min) at 4 °C. The supernatants were lyophilized and stored at −20 °C for the determination of immune parameters. The livers of five fish from each tank were homogenized with tris-buffered saline (pH = 7.4), centrifuged (8000× g, 25 min, 4 °C) and stored at 20 °C for the investigation of antioxidant activities.




2.5. Skin Mucus Immunity


Micrococcus lysodeikticus suspensions (75 mg mL−1) (Sigma-Aldrich, Burlington, VT, USA) in 0.1 M phosphate citrate buffer (75 μL) were mixed with 25 μL of mucus samples to determine their lysozyme activity. The turbidity of the mixture was calculated at 450 nm for 10 min using a microplate reader (Hiperion, Neuss, Germany). A decrease in the total absorbance at 0.001 per minute was recorded as one U of lysozyme activity per mg of fish mucus sample [26]. Aliquots of 1 mL of alkaline buffer solution (Sigma-Aldrich, Burlington, VT, USA) were mixed with 20 μL of mucus samples to determine the alkaline phosphatase activity. After incubation (37 °C, 5 min), 1 mL of 0.05 N NaOH solution was added to the mixture. The absorbance was recorded at 410 nm with a spectrophotometer (UNICO, Shanghai, China) [26].



To determine the mucus protease activity, 200 μL of mucus sample was mixed with the same volume of 100 mM ammonium bicarbonate buffer containing 0.7% azocasein, pH 7.8 for 19 h on a shaker at 30 °C. The reaction was terminated by adding 4.6% trichloroacetic acid followed by centrifugation (10,000 rpm, 10 min). The supernatant was mixed with 0.5 M NaOH, and the absorbance was recorded at 405 nm [26]. To determine the total Ig (Immunoglobulin) level, the protein content was calculated prior to and after mucus precipitation with polyethylene glycol [27]. To determine the in vitro bactericidal activity, Aeromonas hydrophila (ATCC 7966) grown in tryptic soy broth for 24 h at 25 °C was adjusted to 109 CFU mL−1. Afterwards, 25 μL of phosphate buffer saline (PBS) was added to the second to eighth wells of a plate. Then, 50 μL of skin mucus samples were added to the first wells and serially diluted from the second to eighth wells. Aliquots of 25 μL of the bacterium suspension were added to each well, and the samples were incubated overnight at room temperature. The last well with clear bacterial inhibition was recorded as the minimal inhibitory concentration (MIC) for each experimental condition or group [26].




2.6. Liver Antioxidant Parameters


The malondialdehyde (MDA) level in the fish liver samples was determined using the thiobarbituric acid test [28]. Fish liver samples (5 g) were homogenized in 15 mL of deionized water and 7.2% butylated hydroxytoluene. Afterwards, 2 mL of 15 mM 2-thiobarbituric acid and 15% trichloroacetic acid were added to 1 mL of the treated samples. After incubation for 10 min in boiling water, the mixture was centrifuged (2500× g, 15 min) and the absorbance was recorded at 532 nm [28]. Commercial kits were used to calculate the functions of some antioxidant enzymes, specifically superoxide dismutase (Ransod, Randox/SD 125) and glutathione peroxidase (Ransel, Randox/RS 505). Catalase activity was assessed using a hydrogen peroxidase assay upon the formation of its stable complex with ammonium molybdate. Briefly, 200 µL of the supernatant was incubated in a working solution consisting of 1000 µL of hydrogen peroxide and 500 µL of phosphate buffer (pH: 7.4) at 25 °C for 60 s. Then, 1000 µL of 32.4 mmol L−1 ammonium molybdate was added to the reaction solution, and the concentration of the yellow complex of molybdate and hydrogen peroxide was measured at a 405 nm wavelength using a spectrophotometer (UNICO, Shanghai, China) [29]. Glutathione S-transferase was assayed following the method proposed by Habig et al. (1974) using 1-chloro-2,4-dinitrobenzene (CDNB) as the substrate [30]. A total of 20 µL of the supernatant was incubated in a working solution (1 mL) containing 1 mM CDNB, 1 mM reduced glutathione and 0.1 M phosphate buffer, pH 6.5 at 25 °C for 3 min. Afterwards, the absorbance changes were recorded at 340 nm for 3 min using a spectrophotometer (UNICO, Shanghai, China) [30]. One unit of activity was defined as the amount of enzyme catalyzing the formation of 1 nmol of product/min under the specific assay conditions.




2.7. Statistical Analysis


The experimental results were statistically analyzed using SPSS package version 22. The homogeneity of variance and normality were checked using Levene and Shapiro–Wilk tests, respectively. All groups were compared using one-way ANOVA and Tukey posthoc tests. Differences were regarded statistically meaningful when the p value was below 0.05.





3. Results


3.1. Analysis of IPFE


The antioxidant activity determined by the DPPH method was significantly (p < 0.05) highest in IPFE5 (0.71 µ/mL), followed by IPFE10 (0.59 µ/mL) and IPFE0 (0.59 µ/mL). Furthermore, the ABTS method also indicated that the significantly (p < 0.05) highest antioxidant capacity (4.76 µ/mL) was present in IPFE5, followed by IPFE10 (3.96 µ/mL), and the lowest was in IPFE0 (3.02 µ/mL). In the present study, the significantly (p < 0.05) highest total phenolic compounds were observed in IPFE5 (7.62 mg GAE g−1 of extract), followed by IPFE10 (6.81 mg), and IPFE0 (6.13 mg) had the lowest values according to the data obtained using the Folin-Ciocalteu colorimetric method. On the other hand, according to the aluminum chloride colorimetric method, a significantly (p < 0.05) higher level of total flavonoids was recorded in IPFE5 (4.80 mg quercetin g−1 of extract) and IPFE10 (3.90 mg) extracts rather than the IPFE0 (3.61 mg) extract (Table 2).




3.2. Fish Growth


In terms of growth performance, the group fed the CTR diet had significantly (p < 0.05) enhanced growth indices, including final weight, final length, SGR and FCR compared to the other groups. In contrast, all of the aforementioned indices significantly (p < 0.05) improved in the IPFE5 group, followed by the IPFE10 group. However, in the IPFE0 group, the final weight and SGR had improved compared to the CTR group (p < 0.05) (Table 3).




3.3. Mucus Immune Parameters


In the group of fish fed the CTR diet, some immunological parameters, specifically lysozyme, alkaline phosphatase, protease and Ig showed significantly (p < 0.05) lower levels compared to the values obtained for fish belonging to other groups. However, all the fish fed IPFE (IPFE5, IPFE10 or IPFE0) had significantly (p < 0.05) higher levels than those found in fish fed with the CTR diet. In addition, the bactericidal activity present in the mucus of the fish fed with the IPFE5 diet was significantly (p < 0.05) more than that observed in the mucus of fish from the CTR group (Table 4).




3.4. Liver Antioxidant Parameters


The level of lipid peroxidation products was significantly (p < 0.05) higher in the CTR group compared to the values obtained for the rest of the fish in the present experiment. The analysis of antioxidant enzyme activities also showed that the values of superoxide dismutase, catalase and glutathione S-transferase were significantly (p < 0.05) higher in the fish fed the IPFE5 or IPFE10 diets compared to those found in the fish from the CTR or IPFE0 groups. The levels of glutathione peroxide were highest in the fish fed with the IPFE5 diet, followed by those in fish fed with the IPFE10 diet, which were significantly higher compared to the values in the CTR and IPFE0 groups (p < 0.05). Finally, the fish fed the IPFE0 diet also had significantly (p < 0.05) higher levels of all enzyme activities than those found in the fish fed the CTR diet (Table 5).





4. Discussion


Date fruit has several potential benefits owing to the presence of carotenoids, phenolic acids, flavonoids, tocopherols and phytosterols, which has led many researchers to consider this product as a convenient source of natural antioxidants and functional food ingredients [31]. In addition, some studies have demonstrated the benefits of dates when used as a feed additive for different fish species [13,14,15]. Moreover, the efficacy of γ-irradiation in improving the quality and shelf life of vegetables and fruits has been investigated [10,17,19,32]. To the best of our knowledge, there is no information on the possible use of γ-irradiated date fruits in aquatic animals. Taking all these considerations into account, in this work, we studied the effects exerted on growth, mucosal immunity and liver antioxidant systems in goldfish fed with γ-irradiated palm fruit. In this study, an analysis of IPFE was performed prior to its use as a dietary additive for the goldfish.



The antioxidant activity of the used date fruit extract was studied prior to being used as a feed additive for goldfish. The results of these assays showed that aqueous extraction, coupled with γ-irradiation at 5 kGy, could increase the antioxidant activity in date fruit compared to other samples of the same non-irradiated dates. Our results are in agreement with previous studies demonstrating that date extract preparation can increase antioxidant activity, as substantiated by various methods such as ABTS, FRAP and DPPH assays [13,33,34]. In parallel with increased antioxidant activity in the date extract following the γ-irradiation, some authors also reported elevated antioxidant activities in irradiated dates and other fruits [19,35]. It has been assumed that the increased antioxidant activity of fruits after being irradiated might be due to the degradation of polymeric phenolic compounds into smaller units during the course of γ-irradiation [36]. Phenolic compounds are the chief elements in advancing the antioxidant activities of date fruits, which contain flavonoids, ferulic and sinapic acid, p-coumaric and procyanidins [37]. In the present study, similar to what was observed for antioxidant activity, phenolic compounds and total flavonoid levels were highest in the IPFE5 samples. These results indicate that the use of optimal γ-irradiation is of great importance for the correct preparation of food additives for any species, including fish species.



The present study demonstrated that growth performance was improved in fish fed with γ-irradiated date extracts. These results align with previous findings on the improvement of irradiated dietary ingredients in fish species. For example, γ-irradiation of feed with 20% soybean meal improved protein digestibility and increased growth in fighting fish (Betta splendens) [38]. Rainbow trout (Oncorhynchus mykiss) also showed a higher uptake of γ-irradiated Ergosan in the intestine compared to crude Ergosan, which resulted in improved growth performance [39]. More recently, it was revealed that the use of γ-irradiated propolis extract at 10 and 30 kGy in the diet of common carp (Cyprinus carpio) boosted growth rates [40]. In the current study, the use of γ-irradiated dates as a natural feed additive could act as an attractant, improving feed intake and eventually increasing the fish weight and growth performance. Interestingly, no studies have been carried out to investigate the impacts of γ-irradiated food additives on fish gut flora, but a former study showed that γ-irradiated rice bran could induce positive changes in the gut microflora of broiler chicken [41]. It was also found that the effects of γ-processing on the inhibition of microbes in dates [19] could indirectly affect the gut bacterial community of goldfish. Although the mechanism underlying the enhancement of fish growth after IPFE administration is unclear, γ-irradiation may change the structure of date polyphenols into smaller units, as discussed above. It has also been demonstrated that humans receiving high levels of glucose, fructose and sucrose in the form of date fruits exhibited a higher relative abundance of Bifidobacteria, as well as a reduction in Bacteroides [42]. It is now a well-established fact that a balanced gut microbiota plays a vital role in metabolism, pathogen resistance and immune enhancement [43]. Therefore, increasing polyphenol content after date irradiation might enhance gut microbiota, leading to improved growth performance in goldfish. However, further studies are needed to corroborate this hypothesis.



The mucosal surfaces of fish, including the skin, gills and gut, are in constant contact with various unfavorable abiotic and biotic agents [44]. The outcomes of the current study demonstrated that feeding with γ-irradiated date extract elevated the immune parameters, specifically lysozyme, alkaline phosphatase, protease, total Ig as well as antibacterial activity in goldfish skin. There have been few works carried out to study the effects of irradiated feed additives in fish mucosal immunity. For example, γ-irradiated alginic acid boosted skin mucosal immunity and resistance to crowding stress in rainbow trout [39,45]. Feeding with date fruit extract also increased mucosal immune parameters (lysozyme, protease and alkaline phosphatase activity) in common carp fry skin [16]. The effects of polyphenols on the fish immune system have been reviewed previously [46]; however, the mechanism of different polyphenols’ actions has not been described completely. It is widely acknowledged that polyphenols predominantly exert their activity in the gut, where they modulate the microbiome and confer immunoprotective effects on host immunologic and metabolic markers [47,48]. The current study also showed that polyphenol sources from irradiated dates magnified bactericidal activity against Aeromonas hydrophilla in goldfish skin mucus. It has been previously demonstrated that polyphenols have defensive properties against pathogens, not only by regulating the host immune system, but also by counteracting the pathogen itself [49]. In this study, fish fed with IPFE5 had higher skin mucosal immunity than those fed with IPFE10. It was previously assumed that the modulatory effects of polyphenols on cellular and humoral components of the immune system were dependent on their individual structures, doses and duration of use of these compounds [49].



Previous studies also demonstrated that date extracts have potent antioxidant activities [13,15,50]. Moreover, γ-irradiation could increase the antioxidant activity of date extracts. The present study demonstrated that the aqueous extract of γ-irradiated dates enhanced antioxidant enzyme activities such as superoxide dismutase, catalase, glutathione S-transferase and glutathione peroxidase activities in goldfish livers. In fact, γ-irradiation can degrade antioxidant ingredients or break down some components into antioxidant components. Hence, the total composition and antioxidant content could be affected, thus changing the antioxidant properties [51]. In addition, it was previously proposed that γ-irradiation is able to disintegrate the chemical bonds of polyphenols, thus releasing soluble, low-molecular-weight phenols and reinforcing the antioxidant activity of these compounds [52]. The mechanism of action of various polyphenols in antioxidant activity is regarded as the direct scavenging of free radicals by hydrogen atom transfer or single electron transfer mechanisms and the transition metal chelation mechanism [53,54].



In the present study, γ-irradiation at 5 kGy enhanced the antioxidant activity, phenolic compounds and total flavonoids of the date extracts. The best responses were achieved in goldfish fed with date extract irradiated at 5 kGy, whereas γ-irradiation at 10 kGy did not show the same potential for inducing antioxidant activity in the date extract or physiological responses in goldfish. It was previously demonstrated that food exposed to high doses of γ-irradiation could induce some adverse biological effects such as DNA damage, oxidative stress, apoptosis and genetic and epigenetic changes in different animals [55]. Meanwhile, because of the altered structure, vitamins and other nutrients from irradiated food are not absorbed properly, leading to their deficiencies [55]. Therefore, utilizing an optimum dose of γ-irradiation in the feed additives is of great significance.




5. Conclusions


The current results demonstrate that γ-irradiated date fruit, especially at 5 kGy, is a key factor in enhancing the growth performance, skin mucosal immunity, and liver antioxidant capacity of goldfish. These results suggest that this feed additive has the potential to be considered in farmed fish due to its beneficial effects on growth, immune system and antioxidant status.
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Table 1. Feed composition used for the control (CTR) group.






Table 1. Feed composition used for the control (CTR) group.









	Components
	(%)





	Kilkafish meal a
	18



	Soybean meal b
	35



	Wheat flour
	26



	Cottonseed meal
	15



	Cellulose
	1



	Vitamin mixture c
	2.5



	Mineral mixture d
	2.5



	Chemical composition (% dry matter)
	



	Dry matter
	87.80



	Crude protein
	33.14



	Crude lipid
	6.18



	Ash
	5.57



	Gross energy (kcal kg−1)
	3948.91







a Crude protein: 60.6%. b Crude protein: 44.2%. c, d Mixture described previously [21].
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Table 2. Analysis of IPFE.
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	Extract
	DPPH

(µ/mL)
	ABTS

(µ/mL)
	Total Phenol

(mg GAE/g Extract)
	Total Flavonoid

(mg Quercetin/g Extract)





	IPFE0
	0.53 ± 0.01 c
	3.02 ± 0.15 c
	6.13 ± 0.32 c
	3.61 ± 0.22 b



	IPFE5
	0.71 ± 0.01 a
	4.76 ± 0.29 a
	7.62 ± 0.19 a
	4.80 ± 0.34 a



	IPFE10
	0.59 ± 0.01 b
	3.96 ± 0.34 b
	6.81 ± 0.08 b
	3.90 ± 0.42 a







Data in each column superscripted by different letters are significantly different (p < 0.05) following the Tukey posthoc test. Data are shown as means ± SE. n = 3 for each group. IPFE: irradiated palm fruit extract; DPPH: 2,2-diphenyl-2-picrylhydrazyl hydrate; ABTS: 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid); GAE: gallic acid.
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Table 3. Growth parameters in goldfish fed with IPFE for 40 days.






Table 3. Growth parameters in goldfish fed with IPFE for 40 days.





	
Treatment Groups

	

	

	

	

	

	
Growth Indices

	




	

	
Initial Weight (g)

	
Initial Length (cm)

	
Final Weight (g)

	
Final Length (cm)

	
Dry Feed Intake (g)

	
SGR

	
FCR






	
CTR

	
5.53 ± 0.12

	
4.83 ± 0.10

	
9.21 ± 0.38 c

	
6.69 ± 0.36 c

	
10.12 ± 0.05 c

	
1.25 ± 0.02 c

	
2.77 ± 0.09 c




	
IPFE0

	
5.50 ± 0.11

	
4.77 ± 0.12

	
10.18 ± 0.25 b

	
7.06 ± 0.11 c

	
12.08 ± 0.08 b

	
1.53 ± 0.07 b

	
2.58 ± 0.15 bc




	
IPFE5

	
5.58 ± 0.11

	
4.85 ± 0.09

	
11.45 ± 0.51 a

	
7.93 ± 0.20 a

	
13.35 ± 0.08 a

	
1.79 ± 0.22 a

	
2.29 ± 0.06 a




	
IPFE10

	
5.52 ± 0.10

	
4.80 ± 0.13

	
11.08 ± 0.09 a

	
7.51 ± 0.09 b

	
13.67 ± 0.09 a

	
1.71 ± 0.06 b

	
2.46 ± 0.09 b








Data in each column superscripted by different letters are significantly different (p < 0.05) following the Tukey posthoc test. Data are shown as means ± SE. For feed intake, SGR and FCR, n = 3 for each group. For final weight and length, n = 45 for each group. IPFE: irradiated palm fruit extract; CTR: control group; SGR: specific growth rate; FCR: feed conversion ratio.
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Table 4. Skin immunological parameters in goldfish fed with IPFE for 40 days.
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Treatment Groups

	

	

	
Mucus Immunological Parameters

	

	




	

	
Lysozyme Activity (U mg−1)

	
Alkaline Phosphatase (U mg−1)

	
Protease (U mg−1)

	
Ig Level (mg ml−1)

	
MIC






	
CTR

	
36.13 ± 0.46 d

	
23.19 ± 0.16 c

	
35.08 ± 2.11 d

	
8.01 ± 1.62 b

	
0.67 ± 0.12 b




	
IPFE0

	
60.27 ± 1.01 c

	
88.27 ± 1.21 b

	
58.11 ± 3.07 c

	
12.86 ± 2.98 a

	
2.33 ± 0.48 ab




	
IPFE5

	
78.97 ± 1.89 a

	
96.27 ± 1.55 a

	
69.42 ± 1.88 a

	
13.98 ± 1.31 a

	
6.67 ± 0.33 a




	
IPFE10

	
70.15 ± 1.58 b

	
87.29 ± 0.98 b

	
63.61 ± 2.09 b

	
12.65 ± 1.02 a

	
5.33 ± 0.33 ab








Data in each column superscripted by different letters are significantly different (p < 0.05) following the Tukey posthoc test. Data are shown as means ± SE. n = 3 for each group. IPFE: irradiated palm fruit extract; CTR: control group; MIC: minimal inhibitory concentration.
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Table 5. Liver antioxidant indices in goldfish fed with IPFE for 40 days.
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Treatment Groups

	

	

	
Liver Antioxidant Parameters

	

	




	

	
Lipid Peroxidation Product (µmol mg−1)

	
Superoxide Dismutase (U mg−1)

	
Catalase (U mg−1)

	
Glutathione S-Transferase (U mg−1)

	
Glutathione Peroxidase






	

	

	

	

	

	
(U mg−1)




	
CTR

	
30.36 ± 1.28 b

	
6.25 ± 0.15 c

	
9.25 ± 0.93 c

	
9.02 ± 0.21 c

	
10.09 ± 0.26 d




	
IPFE0

	
15.75 ± 0.33 a

	
7.18 ± 0.26 b

	
10.55 ± 1.02 b

	
9.83 ± 0.15 b

	
14.88 ± 0.48 c




	
IPFE5

	
16.11 ± 1.07 a

	
9.04 ± 0.82 a

	
12.81 ± 1.03 a

	
11.63 ± 0.19 a

	
20.06 ± 0.31 a




	
IPFE10

	
15.87 ± 1.08 a

	
8.93 ± 1.03 a

	
12.51 ± 1.19 a

	
11.41 ± 0.32 a

	
17.43 ± 0.38 b








Data in each column superscripted by different letters are significantly different (p < 0.05) following the Tukey posthoc test. Data are shown as means ± SE. n = 15 for each group. IPFE: irradiated palm fruit extract; CTR: control group.
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