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Abstract

Phytase is crucial in enhancing the bioavailability and release of phosphorus and

other nutrients bound to phytic acid, making them more bioavailable for animal

absorption. This study was carried out to inspect the effect of supplementing low

phosphorus (P) diet with di‐calcium phosphate (DCP) and liquid phytase enzyme (LP),

which contains 1500 FTU/kg, on growth performance, intestinal morphometry,

proximate body chemical composition, blood profile, immunity status, liver

mitochondrial enzyme activities, the expression response and economic returns of

Nile tilapia (Oreochromis niloticus). Three triplicate groups of fish (initial weight

5.405 ± 0.045 g, N = 90) were fed on three different diets for 90 days. The first was a

control diet with zero DCP; the second was a control diet supplemented with 0.71%

DCP; the third was a control diet supplemented with 0.03% LP. The groups were

designated as CG, DCP and LP, respectively. Results showed that LP induced

considerable improvements (p < 0.05) in FBW, body weight gain, weight gain rate,

specific growth rate, HIS, viscero‐somatic index, spleen‐somatic index, feed
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conversion ratio, blood parameters and the histomorphometry assessment of

intestinal villi absorptive capacity, compared with the other groups. Also, whole‐

body protein and lipid contents pointedly (p < 0.05) increased by LP, compared with

the DCP group. A positive response (p < 0.05) to the phytase enzyme was noted in

complexes I, III and IV of the mitochondrial liver complex enzyme activity. Likewise,

the relative gene expression levels of (GHr‐1, IGF‐1, FAS and LPL) were notably

(p < 0.05) upregulated by phytase enzyme, associated with DCP and control groups.

Further, phytase recorded the highest total return and profit percentage. It can be

concluded that Nile tilapia benefits from using phytase enzyme 1500 FTU/kg at

0.03% without adding DCP in terms of good performance and profits.

K E YWORD S

di‐calcium phosphate, gene expression, immune response, intestinal morphometry,
liquid phytase enzyme, mitochondrial activity, Nile tilapia

1 | INTRODUCTION

Aquatic organisms have distinct physiological mechanisms that allow

mineral absorption from their water and diets (Goff, 2018). While

skeletal abnormalities, anorexia and decreased bone mineralization

are indicators of a mineral deficit in fish (Lall & Kaushik, 2021),

toxicity results from consuming too much mineral from the food or by

gill uptake (Lall, 2022); therefore, aquatic species must balance

toxicity and mineral shortage to preserve their homoeostasis. It has

been established that fish require macro‐minerals such as phospho-

rus, calcium, magnesium, potassium, sodium and chloride (Council,

1993; Jobling, 2012). In skeletal tissue, calcium and phosphorus are

first deposited as tricalcium phosphate. Subsequently, it undergoes

further crystallographic changes to transform into hydroxyapatite,

accumulating in the organic matrix throughout mineralization

(Trinkūnaitė‐Felsen, 2014).

Phosphorus is essential for developing bone structure and

several other physiological processes, such as preserving acid‐base

balance (Tzadik et al., 2017). Additionally, freshwater fish can absorb

phosphorus from their surrounding aquatic environment through

their gills or diets (Lall, 2022). According to Komoroske et al. (2016),

freshwater fish can survive in habitats with less than 0.5 ppt salinities.

However, plant ingredients' anti‐nutritional components, for

instance, phytate, can assume phosphorus bioavailability (Debnath,

Sahu, et al., 2005; Zentek & Goodarzi Boroojeni, 2020), consequently

affecting fish performance and health (van Krimpen et al., 2016).

As a result, a particular enzyme is required to breakdown the

phytate and reduce the difficulties with fish digestion. Myoinositol

(1,2,3,4,5,6)‐hexaphosphate phosphohydrolase, also known as phytase,

catalysers phytate hydrolysis to release P for absorption (Godoy et al.,

2018). Although phytase activity is thought to be confined to the small

intestinal brush border membrane, Nile tilapia can only digest around

half of the phytate‐phosphorus consumed in their diet (Pragya et al.,

2021). Subsequently, the phytase enzyme can be added to fish diets to

enhance nutrient uptake and growth rate, lowering production costs

and improving husbandry outcomes (Kumar et al., 2012).

There has been a lot of recent focus on how adding phytase

to the diets of popular aquaculture species, including rainbow trout,

affects their growth and nutrient consumption (Wang et al., 2009),

channel catfish (I. punctatus) (Yan et al., 2002), common carp

(C. carpio) (Nwanna & Schwarz, 2007), African catfish (C. gariepinus)

(Kemigabo et al., 2018), Stripped bass (M. saxatilis) (Papatryphon &

Soares, 2001), Atlantic salmon (S. salar) (Carter & Sajjadi, 2011) and

Nile tilapia (Oreochromis niloticus) (Maas et al., 2018). Nevertheless,

until now, no previous research has examined how phytase

supplementation affects Nile tilapia's liver mitochondrial enzyme

activities and some blood parameters.

Consequently, our research intended to compare the results of

phytase supplementation with and without food and di‐calcium

phosphate (DCP) supplementations on Nile tilapia growth perform-

ance, intestinal morphometry, haemato‐biochemical profile, body

composition, mitochondrial activity, lipogenesis and growth‐related‐

gene expressions, and returns.

2 | MATERIALS AND METHODS

2.1 | Ethical validation

The Institutional Aquatic Animal Care and Use Committee of Egypt's

Kafrelsheikh University's Faculty of Aquatic and Fisheries Sciences

approved the KFS‐IACUC/95/2020 study.

2.2 | Phytase enzyme

A microbial enzyme called ‘OptiPhos®PLUS 5000L’, produced by the

Huvepharma Company in Bulgaria, was purchased. The density of the
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product ranges from 1.10 to 1.20 g per mL. It contains various

components, including 6‐phytase (4.33% volume/volume), hydro-

chloric acid (0.02% volume/volume), glycerine (45% volume/volume),

sodium benzoate (0.25% weight/volume) and filtered water (up to 100%

volume). The active ingredient, 6‐phytase (Enzyme Commission Number

3.1.3.26), is obtained from E. coli using a genetically modified strain of

K. phaffii (DSM 32854), formerly Pichia. The commercial E. coli phytase

was stored in a controlled environment with a constant temperature of

25±2°C and humidity of 60 ±5% (Additives & Feed, 2015)

2.3 | Experiment design

A group of 90 Nile tilapia fries (O. niloticus) with an average weight of

5.405 ± 0.045 g (initial weight ± SE) was obtained from a private fish

hatchery in Kafrelsheikh. These healthy fish were then transported to

the laboratory of the aquaculture department at Kafrelsheikh

University. They were given the basal diet for two weeks while

acclimating to temperatures of (28.60 ± 0.45°C), as stated in Table 1.

2.4 | Diet preparation

The fish were assigned randomly to three equal groups, with each

group comprising 30 fish (three replicates/group), they were placed in

nine glass aquariums (80 cm × 40 cm × 95 cm) with 10 fish per

aquarium. The tap water used to fill these aquariums was devoid of

chlorine, and an electric pump kept the aquariums regularly aerated.

Every day, half the water was replaced.

Three distinct experimental diets were used to supply the essential

nutrients for Nile tilapia. These diets were controlled for digestible

calorie and protein content (Jobling, 2012); Group 1 (Control group ‘CG’)

was a non‐supplemented diet (low P diet) with no addition of DCP and

phytase enzyme. Group 2 was a controlled diet with 0.71% ‘DCP’ (high

P diet) following Norag et al. (2018). Group 3 was a control diet (low

P diet) + 0.03% of liquid phytase enzyme (LP) (OptiPhos® PLUS 5000L)

to give 1500 phytase units/kg diet ‘LP’ (see Table 1).

All the feed ingredients were mixed, 400mL/kg of warm water was

included to make the mixture moist, and finally, the mixture was cold

pressed to form 1mm pellets. A 45°C air convection oven was used to

dry the diets, and they were then stored in airtight pouches until needed

(Norag et al., 2018). The total experimental period was 90 days. The fish

received feedings at 9 AM and 2 PM throughout the first two weeks, each

meal constituting 3% of their total body mass. Commencing from the

third week and for the remainder of the study, the feed was reduced to

2% of the fish's body mass. These feeding portions were recalculated

biweekly with the collective fish weight in each tank. The experimental

conditions included a cycle of 12 h of light monitored by 12 h of

darkness. Water quality parameters were routinely monitored to ensure

an optimal environment for Nile tilapia, with the temperature

maintained at 28.50 ± 0.45°C, pH levels at 8.0 ± 0.02 and dissolved O2

at 6.30 ± 0.21mg/L. These measures were recorded using a multi-

parameter probe metre (HI9829‐03042‐HANNA® instruments). Total

TABLE 1 Composition and chemical analysis of the control and
experimental diets.

Experimental treatments
CG DCP LP

Feed ingredients (%)

Maize 13.76 12.95 13.76

Corn gluten 60 5.00 4.00 5.00

Wheat middlings 30.00 30.00 30.00

Rice bran CF11% 7.50 7.50 7.50

Soya bean meal 46%CP 41.12 41.23 41.12

Fishmeal 65% 1.50 2.50 1.50

DL methionine 0.22 0.22 0.22

Salt 0.50 0.50 0.50

Choline chloride 60 0.10 0.09 0.10

Fish vit & min premix 0.30 0.30 0.30

Di‐calcium phosphate 0.00 0.71 0.00

Optiphose plus 5000 L 0.00 0.00 0.03

Proximate composition

Dry matter (%) 88.79 88.89 88.79

Crude protein (%) 30.00 30.00 30.00

Ether extract (%) 4.29 4.33 4.29

Crude fibre (%) 5.74 5.71 5.74

Ash (%) 5.49 6.19 5.49

Calcium 0.25 0.47 0.25

Phosphorus 0.71 0.86 0.71

Calcium: Phosphorus 0.35 0.55 0.35

Growth energya (kcal) 4399.46 4373.27 4399.46

Nitrogen free extract (%) 54.48 53.77 54.48

Each diet contains (%)

Vit A 1.05 0.89 1.05

Mg 0.29 0.29 0.29

K 1.33 1.33 1.33

Na 0.24 0.26 0.24

Cl 0.38 0.39 0.38

Lysine 1.57 1.61 1.57

Threonine 1.10 1.10 1.10

Methionine 0.70 0.71 0.70

Cysteine 0.72 0.71 0.72

Methionine + cysteine 1.20 1.20 1.20

Tryptophan 0.37 0.38 0.37

Isoleucine 1.27 1.27 1.27

Valine 1.43 1.43 1.43

(Continues)
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ammonia nitrogen levels remained low, averaging 0.04 ± 0.002mg/L, as

assessed using a portable colorimeter (Martini MI 405), with all values

reported as mean ± standard error.

2.5 | Growth parameters

Six fish were randomly chosen from each aquarium, 18 for each

treatment group. To ascertain the final body weight, each fish was

anesthetized with tricaine methanesulfonate (MS222) at 25mg/L

concentration (sourced from Argent Laboratories) and weighed

individually. The variables for evaluating growth were derived from

the subsequent formulas:

Body weight gain (BWG): W1 − W0

Weight gain rate(WGR%/day) :

(W1 − W0)/(t × log 10(W0/W1))

Specific growth rate(SGR%/day) :

(W1 − W0)/(t × log 10(W0/W1))

Feed conversion ratio (FCR) :

Feeding rate(g/day)/BWG(g/day)

Hepato‐somatic index (HSI):HSI = (W1 × liver weight)

/(W1 × final body weight)%

Viscero‐somatic index (VSI) : VSI = (W1 × viscera weight)

/(W1 × final body weight)%

Spleen‐somatic index (SSI) :

SSI = (W1 × spleen weight)/(W1 × final body weight)%

Survival rate (SR%) : SR = (Final fish count/Initial fish count)%

Note: ‘t’ represents the experiment duration (days), ‘W0’ is the

initial weight of the fish (g) and ‘W1’ is the final weight of the fish (g)

(Diab et al., 2023).

2.6 | Analysing the intestine morphometrically

Nine fish were chosen for each treatment group to collect tissues from

their intestines. After that, the tissues were fixed for three days by

preserving them in 10% neutral‐buffered formalin. Following fixation, the

samples were extensively rinsed with 100% alcohol to eliminate any

remaining contaminants. Afterward, a Leica Rotary Microtome was used

to embed the tissues in paraffin (RM 2145; Leica Microsystems). After

that, the tissue sections were sliced into 5‐micrometre‐thick pieces and

set on glass slides. Then, according to Bancroft and Layton (2013), the

slides were subjected to the conventional staining method using

hematoxylin and eosin (H&E). Measurements were taken using ImageJ

analysis software to determine parameters such as villus height (measured

from the tip to the villus‐crypt junction), villus width (measured from the

midpoint) and inter‐villi space. These measurements were expressed in

micrometres. Counting the number of goblet cells relative to their surface

area allowed us to establish their density (mm2) (Diab et al., 2023).

2.7 | Whole‐body chemical composition

The whole body's chemical makeup was analysed following the feeding

session. From each replication, three randomly selected fish were

chosen for chemical composition measurement of whole and were kept

at −40°C in a deep freezer until required. The whole fish body

underwent proximate chemical analysis following the methods

described by Arlington (1995); the moisture content of the fish samples

was determined by subjecting them to oven drying at 105°C until a

constant dry weight was achieved using a Memmert UN110 drying

oven from Buchenbach. The crude protein (CP) content was measured

using a Micro‐Kjeldahl apparatus (Foss Kjeltec 2200). A Soxhlet

apparatus assessed the total lipid content, and the samples were

extracted with petroleum ether for 16 h. The ash content was calculated

based on the weight loss when the samples were incinerated at 550°C

for 6 h in a muffle furnace (Heraeus Instruments K1252).

2.8 | Blood sampling

Six fish from each tank had their caudal veins sampled for blood using

a sterile syringe that contained EDTA, an anticoagulant. This enabled

whole blood collection, which was drawn into plain tubes without

TABLE 1 (Continued)

Experimental treatments
CG DCP LP

Leucine 2.49 2.43 2.49

Phenylalanine 2.14 2.13 2.14

Phenylalanine+
tryptophan

2.52 2.49 2.52

Histidine 0.78 0.78 0.78

Arginine 1.97 1.99 1.97

Linoleic acid 1.12 1.10 1.12

Linolenic acid 0.36 0.35 0.36

Eicosapentaenoic acid 0.01 0.02 0.01

Docosahexaenoic acid 0.01 0.01 0.01

Lysine 1.57 1.61 1.57

Abbreviations: DCP, di‐calcium phosphate; LP, liquid phytase.
aGrowth energy was calculated by using factors of 5.65, 9.45 and 4.22Kcal
per g of protein, lipid and carbohydrate, respectively. While, nitrogen free
extract was equal to: 100−(protein + lipid + ash + fibre) (Abo‐Raya et al., 2021).
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additional anticoagulants. The blood samples were centrifuged for

15min at 1107 g at 4°C. Following centrifugation, the serum was

stored at −20°C until further use. If you require more details or have

specific inquiries about this process, please ask for additional

information (Feldman et al., 2000).

2.8.1 | Haemato‐biochemical analyses

An automatic blood cell counter was used to measure PCV, red blood cell

count, Hb, WBCs, monocytes, lymphocytes and neutrophils (Thrall et al.,

2004). Total proteins were measured following Doumas et al. (1981) at

540 nm, and serum albumins were calculated calorimetrically following

Doumas et al. (1971) at 550nm. At a wavelength of 540 nm, the activity

of the ALT and AST was measured calorimetrically (Reitman & Frankel,

1957). Heinegård and Tiderström (1973), used a calorimetric approach to

detect the serum creatinine level. The method outlined by Coulombe

and Favreau (1963) was used to estimate the amount of urea. According

to the manufacturer's guide outlined in the GPO‐PAP and CHOD‐PAP

commercial clinical kit techniques, serum triglyceride and total cholesterol

were measured (Fynn‐Aikins et al., 1992). Glucose enzymatic PAP kits

from Bio‐Merieux, were exploited to determine serum glucose levels

(Reitman & Frankel, 1957). The activity of digestive enzymes (lipase and

amylase) was determined using the techniques explained by Abdel‐

Tawwab et al. (2018). The amounts of calcium and phosphorus were

determined using commercial kits made by Bio‐Diagnostic (Diagnostic

and Research Reagents) (Norag et al., 2018).

2.8.2 | Immune and oxidative stress activities

The analysis of CAT and SOD activity at 450 nm (Hao et al., 2020)

using commercially available Biodiagnostic, Kits. Smears of whole

blood were made using the technique described by (Kawahara et al.,

1991). To assess phagocytic activity and index, the number of cells

that were phagocytosed within the phagocytic cells was tallied. The

phagocytic activity was calculated by applying the following:

Phagocytic activity = (macrophages containing yeast/total number

of macrophages) × 100. The phagocytic index was calculated using

the formula: Phagocytic index = (number of cells phagocytized/

number of phagocytic cells). According to Demers and Bayne (1997)

approach, ELISA was used in conjunction with a microplate ELISA

reader to measure the serum lysozyme activity at 450 nm.

2.9 | Mitochondrial activity

2.9.1 | Isolation of liver mitochondria

A solution called medium A, which contains 10mM potassium

hydrogen phosphate (KH2PO4), 250mM sucrose and 5mM ethyle-

nediaminetetraacetic acid (EDTA) adapted to a pH of 7.4, was used

for isolating mitochondria from the fish liver. From each tank, two

fish were chosen at random and anesthetized using 50 ppm of

tricaine methanesulfonate (MS‐222). Liver tissues were quickly

excised and placed in cold extraction medium A. To prepare the

liver tissue for further analysis, you used a portable Teflon/glass

homogenizer (Potter‐Elvejhem) to mix 3 g of liver tissue with 10 L of

medium A. The homogenate was then centrifuged at 600 times the

force of gravity (xg) for 10min at 4°C, with the upper lipid layer

removed. Finally, the remaining supernatant was centrifuged at

9000xg for 10min. Following these steps, you have effectively

separated the lipids within the liver tissue for further analysis.

Accuracy is key in any scientific procedure, so work with reliable and

accurate data. According to Suarez and Hochachka (1981), the

sediment obtained after the second centrifugation was subjected to

multiple washes using medium A. This solution consists of 10mM

KH2PO4, 250mM sucrose and 5mM EDTA, with a pH of 7.4. After

the washing, the sediment was reconstituted in a small amount of

medium A, which was further supplemented with 1mg mL−1 bovine

serum albumin (BSA).

Mitochondrial fractions from muscle and gut were isolated and

prepared in a solution called medium B. Medium B contained

120mM potassium chloride (KCl), 20mM histidine (HEPES), 2 mM

magnesium chloride (MgCl2), 1 mM EDTA and 5mg mL−1 BSA, with a

pH of 7.4.

Individual muscle and intestinal samples weighing 3−5 g were

finely minced and separately homogenized in 10 L of medium B using

a Potter‐Elvejhem grinder to obtain the mitochondrial fractions. After

homogenization, the mixture was centrifuged at 600×g for 10min to

eliminate fat and fibrous tissue. The remaining liquid was passed

through four cheesecloth layers for filtering. After centrifugation at

7000×g for 10min, the pellet formed, including the mitochondria,

was redissolved in 10 L of medium B. The remaining liquid was spun

in a centrifuge at 17,000×g for 10min after this step. We

resuspended the pellets from the prior centrifugation processes in

10 L of medium C, which was pH‐adjusted and contained 300mM

sucrose, 2 mM HEPES and 0.1 mM EDTA. The substance in

suspension was subsequently spun at 3500×g for 10min. The last

step was resuspending the mitochondrial fraction in a minimal

volume of medium C (Birch‐Machin & Turnbull, 2001; Jang & Kim,

2019). The mitochondrial suspensions were divided into portions and

frozen using liquid nitrogen. These frozen samples were then kept at

−80°C. The next step was to measure the activity of each complex

I–IV using spectrophotometry; therefore, this was done beforehand.

2.9.2 | Assessments of the enzyme activity in the
liver's mitochondria

The mitochondrial suspensions were exposed to two cycles of

freezing in liquid nitrogen and succeeding thawing in ice‐cold water

to disrupt the mitochondrial membrane. The enzyme activities were

then assessed at a temperature of 28°C using a SmartSpec

spectrophotometer. The evaluation involved measuring the reduction

in absorbance caused by the oxidation of NADH at a wavelength of

NEGM ET AL. | 5



340 nm, with 425 nm. The NADH extinction coefficient, which is

6.81mM−1 cm−1, was used in the calculations. Each measurement

was duplicated using a Spectrosil Quartz Cuvette, with a final volume

of 1mL for each reading. The enzyme activities are quantified based

on the mitochondrial protein content, expressed as milligrams per

millilitre. Either 1 μmol of product or 1 μmol of substrate absorbed

per min constituted one unit of enzyme activity (Birch‐Machin &

Turnbull, 2001; Jang & Kim, 2019).

To assess Complex II (Succinate: Ubiquinone1 Oxidoreductase, EC

1.3.5.1) activity, the reduction in absorbance of DCPIP at 600 nm was

monitored using a SmartSpec spectrophotometer at 28°C. Duplicate

measurements were achieved in a Spectrosil Quartz Cuvette (Birch‐

Machin & Turnbull, 2001; Jang & Kim, 2019). Mitochondria (10−50μg

of protein) were preincubated in assay media containing 25mM

potassium phosphate buffer, 5mM MgCl2 (pH 7.2) and 20mM sodium

succinate for 10min at 28°C. After the addition of DCPIP (50μM), KCN

(2mM), rotenone (2μg/mL) and antimycin A (2μg/mL), a baseline rate

was observed for 3min. The enzyme‐mediated reduction of DCPIP was

monitored for 4min by initiating the reaction rate at 65 μM

ubiquinone1. The specific activity of DCPIP was determined using an

extinction coefficient of ε= 19.1mM1 cm−1. To assess the activity of

Complex III (ubiquinol‐cytochrome c reductase, EC 1.10.2.2), the

monitoring of decyl‐ubiquinol at 550nm (with 580 nm as the reference

wavelength) was carried out (Jain et al., 1989). For the assessment of

Complex IV (cytochrome c oxidase, EC 1.9.3.1) activity, the reduction in

absorbance at 550 nm (with 580 nm as the reference wavelength) was

measured, indicating the oxidation of reduced cytochrome c (Birch‐

Machin & Turnbull, 2001). A mixture of potassium phosphate (20mM,

pH 7), cytochrome c subunit II (15μM) and dodecyl maltoside (0.45mM)

was prepared, and the non‐enzymatic rate. Mitochondria (5−15μg of

protein) were then intensified following the oxidation of cytochrome c

subunit II by a small amount of potassium hexacyanoferrate. The

Complex IV activity was determined as the apparent first‐order rate

constant, and the precise activity level was determined by an extinction

coefficient factor of ε= 19.1mM−1 cm−1.

2.10 | QRT‐PCR

After the end of the experiment, total RNA was extracted following

the manufacturer's guide using theTRIzol reagent. The resulting RNA

was reverse transcribed into cDNA using the MultiScribe RT enzyme

kit. The cDNA obtained was subjected to real‐time triplication PCR

analysis using the Power SYBR Green PCR Master Mix on a 7500

Real‐Time PCR System from Applied Biosystems in Foster City. To

determine the relative fold changes in mRNA expression of different

genes, the Ct values of the target genes were compared to a control

sample. The fold change was normalized to the expression of the

housekeeping gene β‐actin. The 2 C‐ΔΔ tmethod was employed, which

involved normalizing the Ct values of the target gene to those of the

β‐actin housekeeping gene (Livak & Schmittgen, 2001). Table 2

provides the primer sequences (Biovision).

2.11 | Economic efficiency measurements

Economic efficiency was determined using the equation from

Kishawy et al. (2022) and Allam et al. (2020). Feed cost (USD/kg

WG) = FCR × feed cost of 1 kg.

Net profit (USD/kg WG) = Total returns of kg WG−total costs of

kg WG.

Economic efficiency = profit per kg WG/gross cost per kg

WG (see Supporting Information S1: Table 1: The supplementary

information about the economic efficiency measurements).

2.12 | Statistical analysis

After verifying the normality and homogeneity of the data, the

statistical assessment was conducted using GraphPad Prism 6.01.

One‐way ANOVA and Tukey's post hoc test were employed

to identify significant differences among the evaluated groups.

TABLE 2 Primer used for qRT‐PCR amplification.

No Gene Primer sequence (5′‐3′) Accession number Reference

1 β‐actin For: CCACACAGTGCCCATCTACGA XM_003455949.2 Qiang et al. (2016)

Rev: CCACGCTCTGTCAGGATCTTCA

2 GHr‐1 For: CAGACTTCTACGCTCAGGTC AY973232.1 Aanyu et al. (2018)

Rev: CTGGATTCTGAGTTGCTGTC

3 IGF‐1 For: AGTTTGTCTGTGGAGAGCGAG EU272149.1 Ziková et al. (2010)

Rev: GTGTGCCGCTGTGAACG

4 FAS For: TGAAACTGAAGCCTTGTGTGCC GU433188 Tian et al. (2015)

Rev: TCCCTGTGAGCGGAGGTGATTA

5 LPL For: TGCTAATGTGATTGTGGTGGAC FJ623077 Tian et al. (2015)

Rev: GCTGATTTTGTGGTTGGTAAGG

6 | NEGM ET AL.
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A p‐value of <0.05 was considered statistically significant. The results

were expressed as the mean ± standard error.

3 | RESULTS

3.1 | Efficiency measures for feeding and growth

Nile tilapia fish that were fed a diet containing the phytase enzyme

exhibited improved growth rates (p < 0.05) and feed conversion

efficiency (p < 0.05) compared to fish‐fed diets with lower or higher

levels of phosphorus; it was noticed that the FCR was 1.411, 1357

and 1.211 for the control, DCP and LP, respectively (Table 3).

In contrast, fish fed a diet containing DCP showed decreased

growth rates and feed conversion efficiency (p < 0.05) compared to

the non‐enriched phosphorus control group. Additionally, there was

significant improvement in growth performance markers such as

weight gain rate (WGR) and specific growth rate (SGR) in diets with

reduced phosphorus levels compared to those with enhanced

phosphorus content.

3.2 | Intestinal morphometry

The intestinal morphometry of Nile tilapia, following a 90‐day

consumption of experimental diets, is outlined in Table 4 and

illustrated in Figure 1. The villi length and the number of goblet cells

in all intestinal segments demonstrated a notable (p < 0.05) increase

in fish‐fed diets with ordinary phosphate (LP) and DCP, respectively,

in comparison to those fed the control basal diet. However, the width

of the intestinal villi and the inter‐villi space did not exhibit significant

changes (p > 0.05) across the treated groups in the anterior and

terminal intestinal sections, with the most favourable outcomes

observed in Nile tilapia fed the phytase enzyme. Compared to a low

phosphorus diet, high phosphorus feeding and phytase supplemen-

tation notably (p < 0.05) decreased the inter‐villi space in the middle

intestine section.

3.3 | Proximate body chemical composition

Here are the chemical components of the fish: Table 5. Dietary

supplementation of fish with 1500 phytase units/kg considerably

(p < 0.05) augmented fish's protein, compared to the Nile tilapia‐fed

low and high phosphorus diet. Moreover, fish fed on a diet has high

phosphorus levels deprived of phytase enzyme significantly (p < 0.05)

decreased the body's fat content in comparison with Nile tilapia fed

the lower phosphorus and phytase diets, with the highest fat content

value recorded in the phytase group. Furthermore, enzyme and DCP

supplementations resulted in significantly higher body ash contents

(p < 0.05) than the non‐enriched phosphorus diet. However, taking

enzyme supplements significantly (p < 0.05) reduced the body

carbohydrate content compared to Nile tilapia fed the lower and

higher phosphorus levels.

3.4 | Biochemical parameters

The addition of 1500 FTU/kg of dietary supplementation to the low

phosphorus diet resulted in the most significant effects (p < 0.05) on

PCV associated with the group of fish fed on diets with low and high

phosphorus levels without phytase supplementation (refer to

Table 6). Furthermore, the supplementation of the enzyme notably

(p < 0.05) improved RBCs and Hb levels while showing a

TABLE 3 Growth performance, somatic parameters and survival of fish fed DCP and LP.

Experimental treatments
Parameters CG DCP LP p Value

IW (g) 5.240 ± 0.052b 5.753 ± 0.052a 5.223 ± 0.031b 0.001

FBW (g) 47.75 ± 0.224c 49.97 ± 0.079b 54.75 ± 0.252a <0.0001

BWG (g) 42.51 ± 0.188c 44.22 ± 0.008b 49.53 ± 0.270a <0.0001

WGR (%) 811.4 ± 6.640b 768.9 ± 11.56c 948.4 ± 9.868a <0.0001

SGR (%/day) 2.455 ± 0.008b 2.402 ± 0.014c 2.611 ± 0.010a <0.0001

FCR 1.411 ± 0.006a 1.357 ± 0.0002b 1.211 ± 0.006c <0.0001

HSI (%) 1.798 ± 0.026c 2.086 ± 0.026b 2.562 ± 0.007a <0.0001

VSI (%) 3.280 ± 0.039c 3.529 ± 0.048b 4.846 ± 0.049a <0.0001

SSI (%) 0.187 ± 0.009b 0.222 ± 0.011b 0.357 ± 0.003a <0.0001

SR (%) 100 100 100

Note: Means within each raw that lack common superscripts differ significantly at p < 0.05.

Abbreviations: BWG, body weight gain; DCP, di‐calcium phosphate; FCR, feed conversion ratio; FW, final body weight; HSI, hepato‐somatic index;
IW, initial weight; LP, liquid phytase; SGR, specific growth rate; SR, survival rate; SSI, spleen‐somatic index; VSI, viscero‐somatic index; WGR, weight
gain rate.
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TABLE 4 Intestinal morphometry of fish fed DCP and LP.

Intestinal portion variable
Experimental treatments
CG DCP LP p Value

Anterior part Villi length (μm) 147.200 ± 2.255c 221.900 ± 6.518b 295.900 ± 18.420a 0.0003

Villi width (μm) 96.260 ± 8.840 106.300 ± 3.657 119.700 ± 4.857 0.093

Inter villi space (μm) 92.850 ± 7.919 65.020 ± 14.500 63.200 ± 2.783 0.128

Goblet cell (no/mm2) 17.670 ± 1.202b 28.330 ± 2.404a 33.330 ± 1.453a 0.002

Middle part Villi length (μm) 263.300 ± 13.720c 386.700 ± 14.000b 509.700 ± 9.595a <0.0001

Villi width (μm) 51.400 ± 0.952 52.700 ± 10.210 68.350 ± 1.509 0.163

Inter villi space (μm) 54.480 ± 4.743a 38.410 ± 1.136b 27.390 ± 1.733b 0.002

Goblet cell (no/mm2) 21.000 ± 0.577c 34.000 ± 2.082b 45.000 ± 1.155a <0.0001

Terminal part Villi length (μm) 104.900 ± 5.302b 155.000 ± 12.400ab 176.800 ± 18.360a 0.021

Villi width (μm) 84.680 ± 6.382 77.210 ± 8.468 92.090 ± 7.744 0.433

Inter villi space (μm) 77.510 ± 6.812 51.530 ± 4.097 60.920 ± 7.498 0.068

Goblet cell (no/mm2) 9.000 ± 0.577b 13.000 ± 0.577b 18.330 ± 1.453a 0.001

Note: Means within each raw that lack common superscripts differ significantly at p < 0.05.

Abbreviations: DCP, di‐calcium phosphate; LP, liquid phytase.

F IGURE 1 Hematoxylin–eosin‐stained photomicrograph of the anterior, middle and terminal parts of the intestine of fish fed DCP and LP.
DCP, di‐calcium phosphate; LP, liquid phytase. [Color figure can be viewed at wileyonlinelibrary.com]
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nonsignificant (p > 0.05) increase in red blood cell and haemoglobin

levels linked to the phosphorus‐enriched group, in comparison to the

fish given the identical diet without phytase treatment.

The biochemical markers of Nile tilapia fed different experi-

mental diets were all within the normal range. The fish that were fed

LP had significantly higher blood serum levels of total protein,

albumin, globulin, glucose, amylase, lipase, calcium, phosphorus,

cholesterol and triglycerides compared to the fish that were fed

diets with low and high phosphorus levels (p < 0.05). Still, not a single

one differed significantly (p > 0.05) in the total protein and amylase

amounts between LP and DCP groups. Triglycerides did not change

substantially (p > 0.05) between LP and control group diets. ALT,

AST, creatinine and urea, in contrast, failed to demonstrate any

noteworthy impacts (p > 0.05) across the experimental groups.

3.5 | Functional immune assay

Table 7 displays the results of the functional immunological assays. All

immune parameters (phagocytic activity, lysozyme activity and WBCs)

substantially (p˂0.05) increased by the fish fed with phytase enzyme

regarding the control and DCP groups. Also, all immune parameters

TABLE 5 Proximate body chemical composition (%, as DM basis) of fish fed DCP and LP.

Experimental treatments
Parameters (%) CG DCP LP p Value

Dry matter 26.720 ± 3.543 26.540 ± 2.152 26.350 ± 2.751 0.667

Crude protein 60.464 ± 0.310b 61.217 ± 3.870b 67.107 ± 1.430a 0.009

Crude fat 7.393 ± 0.625a 5.330 ± 0.060b 7.480 ± 0.740a 0.005

Carbohydrate 9.623 ± 0.995a 8.483 ± 2.925a 0.033 ± 0.015b 0.001

Total ash 22.520 ± 0.700b 24.970 ± 0.950a 25.380 ± 0.595a 0.007

Note: Means within each raw that lack common superscripts differ significantly at p < 0.05.

Abbreviations: DCP, di‐calcium phosphate; LP, liquid phytase.

TABLE 6 Haemato‐biochemical profile of fish fed DCP and LP.

Experimental treatments
Parameters CG DCP LP p Value

PCV (%) 18.85 ± 0.650c 23.65 ± 1.150b 28.20 ± 1.700a 0.0003

RBCs (×10/mm3) 0.913 ± 0.084b 1.187 ± 0.087a,b 1.570 ± 0.181a 0.028

Hb (g/100mL) 4.667 ± 0.578b 6.633 ± 0.405a,b 8.667 ± 0.536a 0.004

TP (g/dL) 6.500 ± 0.500b 9.333 ± 1.528a 9.333 ± 0.577a 0.018

Albumin (g/dL) 2.933 ± 0.260c 5.333 ± 0.433b 8.167 ± 0.430a 0.0002

ALT (U/L) 48.67 ± 2.028 51.33 ± 2.333 44.67 ± 3.480 0.284

AST (U/L) 36.00 ± 2.646 39.33 ± 2.333 37.67 ± 3.400 0.725

Creatinine (mg/dL) 0.566 ± 0.290 1.100 ± 0.115 1.067 ± 0.100 0.172

Urea (mg/dL) 40.00 ± 4.041 46.67 ± 1.764 40.33 ± 3.580 0.333

Triglycerides (mg/dL) 124.3 ± 18.32a,b 104.3 ± 10.33b 168.7 ± 10.900a 0.038

Cholesterol (mg/dL) 198.5 ± 1.520b 201.5 ± 3.510b 230.0 ± 4.013a <0.0001

Glucose (mg/dL) 51.33 ± 2.728b 60.67 ± 3.283b 99.00 ± 0.577a <0.0001

Amylase (U/L) 211.3 ± 13.420b 262.3 ± 28.990a,b 342.3 ± 25.250a 0.020

Lipase (U/L) 83.33 ± 5.457b 107.3 ± 7.839b 146.0 ± 5.508a 0.001

Calcium 23.23 ± 3.901b 25.10 ± 3.156b 49.77 ± 4.444a 0.004

Phosphorus 16.10 ± 3.677b 21.97 ± 1.876b 46.37 ± 3.028a 0.0008

Note: Means within each raw that lack common superscripts differ significantly at p < 0.05.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; DCP, di‐calcium phosphate; Hb, haemoglobin; LP, liquid phytase;
PCV, packed cell volume; RBCs, red blood cells; TP, total protein; WBCs, white blood cells.
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non‐meaningfully (p>0.05) changed by the fish fed with the high P level,

associated with the lower P level without phytase inclusion, except for

the phagocytic index, which showed a meaningful raise (p˂0.05).

However, dietary supplementation of 1500 phytase units/kg to the low

P diet‐induced non‐noteworthy levels (p>0.05) of phagocytic activity,

heterophils and monocytes compared with the DCP group.

3.6 | Antioxidant enzymes activity

Assumptions drawn from experiments evaluating the antioxidant

enzymes (SOD and CAT) of Nile tilapia fish were reported in Figure 2.

Fish fed DCP and LP had significantly increased (p < 0.05) SOD and

CAT activities, compared with control fish fed the lower phosphorus

level without enzyme supplementation, with the highest activity

induced by phytase addition (p ˂ 0.05).

3.7 | Mitochondrial liver enzyme activities

The activity of complex I hepatic enzymes demonstrated in Figure 3

(ranging from 0.14 to 0.30 units/g mitochondrial protein) afforded a

meaningful response to the dietary phytase‐enriched diets (p<0.05)

associated with the non‐enriched P group. However, high P level induced

nonsignificant changes (p>0.05) linked to the low P level group deprived

of phytase enzyme and the low P level group with phytase inclusion.

Complex II (ranging from 0.18 to 0.22 units/g mitochondrial protein)

displayed non‐noteworthy changes (p>0.05) in comparison to every

experimental diet, with the highest and lowest activities reported in the

DCP and LP groups, respectively. Dietary supplementation of 1500

phytase units/kg and DCP to the low P diet notably (p<0.05) induced

complex III activities related to the control group. In contrast to the highly

enriched P group, the dietary phytase‐enriched meals increased complex

III liver enzyme activity, although this response was not statistically

considerable (p>0.05). Complex III ranged from 1.45 to 1.68 units/g

mitochondrial protein. The diet containing phytase enzyme and high P

levels significantly (p<0.05) induced complex IV liver enzyme activities

(ranged from 1.45 to 1.74 units/g mitochondrial protein), compared with

non‐enriched phosphorus diet, with the highest significant values

(p<0.05) were recorded in Nile tilapia fed phytase enzyme.

3.8 | Gene expression analysis

Comparative analysis of growth‐related gene mRNA expression

(GHr‐1 and IGF‐1) and lipogenesis‐related genes [fatty acid synthase

(FAS) and LPL] (Figures 4 and 5) presented that the enrichment of fish

fed low P level with phytase enzyme and DCP significantly (p < 0.05)

induced upregulation levels of all studied genes [GHr‐1 (2.25 and

1.33) fold increase, respectively], [IGF‐1 (3.36 and 1.4) fold increase,

respectively], [FAS (7.48 and 5.59) fold increase, respectively] and

[LPL (3.79 and 2.71) fold increase, respectively], compared to control

basal diet with the highest expression level was observed in fish

received 1500 FTU/kg to the low P diet (p < 0.05).

3.9 | Economic evaluation

The study's cost‐benefit analysis for several experimental fish is

presented in Table 8. The highest total net production value of

1485.81 g fish biomass was observed for fish fed the phytase

enzyme. However, records showed the lowest possible value of fish

fed the control diet (1275.30 g fish biomass). This was consistent for

total return and net profit as well. Following the market prices 2023,

the input and output analysis revealed profit % of 78.78, 81.14 and

108.28 for fish‐fed diets containing low phosphorus, high phospho-

rus and low phosphorus levels with phytase enzyme, respectively.

The effects of phytase supplementation were significant (p < 0.05)

factors on the feed cost, gross cost, net profit and economic efficiency

(Table 8). The feed cost was significantly (p < 0.05) lower in fish fed the

phytase enzyme than in the other groups. There were no significant

differences between fish‐fed diets containing low and high phosphorus.

Similarly, the gross cost of fish production fed on dietary high

phosphorus was higher (p < 0.05) than the other treated groups. The

TABLE 7 Immune response of fish fed DCP and LP.

Parameters
Experimental treatments
CG DCP LP p Value

Phagocytic activity (μg mL−1) 10.00 ± 0.577b 11.00 ± 0.577a,b 13.670 ± 0.881a 0.023

Phagocytic index 1.145 ± 0.155c 1.950 ± 0.050b 2.500 ± 0.200a <0.0001

Lysozyme activity (μg Ml−1) 0.526 ± 0.139b 0.303 ± 0.104b 1.073 ± 0.047a 0.005

WBCs (×103/mm3) 18.87 ± 1.146b 21.73 ± 1.884b 30.87 ± 0.895a 0.002

Heterophils (%) 6.333 ± 1.453b 9.667 ± 0.881a,b 12.67 ± 0.666a 0.015

Lymphocytes (%) 85.33 ± 3.180 83.67 ± 1.764 79.33 ± 1.764 0.250

Monocytes (%) 7.000 ± 0.577b 8.000 ± 0.577a,b 9.333 ± 0.333a 0.047

Note: Means within each raw that lack common superscripts differ significantly at p < 0.05.

Abbreviations: DCP, di‐calcium phosphate; LP, liquid phytase; WBCs, white blood cells.
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net profit and the economic efficiency of the fish diet supplemented

with phytase were higher (p < 0.05) concerning other treated groups.

4 | DISCUSSION

Phosphorus is crucial for mediating energy metabolism, encoding

the genetic material and cell signalling (Hüttemann et al., 2007).

Furthermore, dietary P is the primary source of the body's nutrients

for skeletal development, growth (Lall, 2022) and bone mineralization

(Lall & Kaushik, 2021). Including phytase is thought to be the primary

driver of improved P availability (Hirvonen et al., 2019). The impact of

phytase enzymes on agricultural fish productivity has been the

subject of other studies; however, this one aimed to compare the

effects of feeding Nile tilapia DCP and phytase enzymes.

In our study, Nile tilapia considerably outperformed the other

groups in terms of growth performance and somatic characteristics

after receiving 1500 phytase units/kg of feed, indicating that LP

enhances nutrient assimilation. Furthermore, the control group

produced the most significant levels of WGR and SGR in contrast

to the DCP group, despite the DCP group having the best FBW,

BWG, FCR, HIS, VSI and SSI. Similarly, according to Cao et al. (2007),

phytase dosages between 250 and 2000 FTU/kg feed are commonly

regarded as excellent for the growth performance of many fish

species. Additionally, phytase supplementation was found to have

positive effects on Rainbow trout (Vielma et al., 2002), Giant yellow

croaker (Mai et al., 2006), Nile tilapia (Maas et al., 2018), Common

carp (Nwanna et al., 2005) and Rohu (Baruah et al., 2007). Moreover,

similar results displayed that raising the Ca:P ratio significantly

decreased the WGR (Adeola et al., 2006), suggesting that the high

Ca:P ratio hinders P absorption and decreases the efficiency of

enzymes (Maltais‐Landry, 2015). Also, the positive findings for

growth performance parameters in this study by LP could be

attributed to the improved liberation of nutrients from meals based

on plants by dissolving the bonds between phytate‐minerals and

phytate‐protein (Amer, 2017). Conversely, there was no discernible

difference in the growth rates of pond‐raised channel catfish on a

diet with or without phytase (Robinson et al., 2002), in African catfish

(Nwanna et al., 2005) and in Nile tilapia (Riche et al., 2001).

The fish's intestine, an essential digestive organ, is vital in

keeping it healthy; moreover, villi length, villi width and goblet cell

quantity directly impact fish digestion and absorption (Elsabagh et al.,

2018). The histomorphometric evaluation in this study revealed that

fish‐fed LP exhibited enhanced absorptive capacity in the intestinal

villi, as evidenced via an expansion of the villi in terms of both breadth

(a) (b)

F IGURE 2 Antioxidant enzyme activity of superoxide dismutase ‘SOD’ (a) and catalase ‘CAT’ (b) of fish fed DCP and LP. Values are expressed
as mean ± SE from triplicate groups. Asterisks on the data bars indicate significant differences between the experimental groups to their control
when *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. DCP, di‐calcium phosphate; LP, liquid phytase. [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 Mitochondrial liver enzymes activities of fish fed DCP
and LP. Values are expressed as mean ± SE from triplicate groups.
Asterisks on the data bars indicate significant differences between
the experimental groups to their control when *p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001. Complex I, NADH: ubiquinone
oxidoreductase, EC 1.6.5.3; Complex II, succinate: ubiquinone1
oxidoreductase, EC 1.3.5.1; Complex III, ubiquinol: ferricytochrome c
reductase, EC 1.10.2.2; Complex IV, cytochrome c oxidase, EC 1.9.3.
1; DCP, di‐calcium phosphate; LP, liquid phytase. [Color figure can be
viewed at wileyonlinelibrary.com]
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and number of goblet cells, suggesting that phytase contributed to

improving the intestine's capacity for absorbing nutrients (Kim et al.,

2003). These findings agreed with those related to fish growth

performance. According to Adeshina, Akpoilih, Udom, et al. (2023),

increased intestinal villi width/height and absorption area were caused

by the phytase enzyme (1000 FTU/kg) linked to the control group. Feng

et al. (2016) and Liu et al. (2023) found comparable findings. Phytic acid

is broken down by phytase to produce inorganic phosphorus and

inositol through a process called dephosphorylation, allowing the

minerals to be released and then absorbed by the intestine, which can

impact its absorptive capacity (Kumar et al., 2012).

Quantitatively estimating food and food substances, such as CP, total

carbohydrate, total fat, dietary fibre and moisture, is done using proximate

analysis (Ganogpichayagrai & Suksaard, 2020). Our findings revealed that

dietary supplementation of fish with 1500 phytase units/kg augmented

fish's protein and fat percentages and decreased the body's carbohydrate

content, with the DCP group showing the lowest fat level. These

outcomes were consistent with (Norag et al., 2018), who noted that

P reduction in Nile tilapia feed dramatically enhanced the fat content with

or without varying doses of phytase. Comparable findings were also

attained by (Sajjadi & Carter, 2004) in Atlantic salmon, (Debnath, Pal,

et al., 2005) in Yellow tail catfish and (Liang et al., 2012) in Grass carp.

These findings suggested that the liberation of nutrients by LP led to a far

more significant amount of lipids and proteins than the other categories

(Cowieson et al., 2017).

Additionally, according to Ji et al. (2017), with increasing dietary

phosphorus, CP and fat content increased and reduced, respectively,

and our findings supported that. One possible explanation for

decreased lipid content in DCP‐treated fish is a rise in P oxidation

of fatty acids (Eya & Lovell, 1997). Conversely, Adeoye et al. (2016)

observed that Nile tilapia body moisture, CP, fat and ash contents

were unaffected by phytase enzyme supplementation.

(a) (b)

F IGURE 4 The relative expression profile of the growth‐related genes, growth hormone receptor‐1 ‘GHr‐1’ (a) and insulin‐like growth
factors‐1 ‘IGF‐1’ (b) genes of fish fed DCP and LP. Asterisks on the data bars indicate significant differences between the experimental groups to
their control when *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. DCP, di‐calcium phosphate; LP, liquid phytase. [Color figure can be
viewed at wileyonlinelibrary.com]

(a) (b)

F IGURE 5 The relative expression profile of fatty acid synthase ‘FAS’ (a) and lipoprotein lipase ‘LPL’ (b) genes of fish fed DCP and LP.
Asterisks on the data bars indicate significant differences between the experimental groups to their control when *p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001. DCP, di‐calcium phosphate; LP, liquid phytase. [Color figure can be viewed at wileyonlinelibrary.com]
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Fish nutritional and metabolic status, overall health and physio-

logical responses to stress can all be monitored using haematological

and biochemical measures (Adeoye et al., 2016). Dietary inclusion of

phytase‐enriched RBCs, PCV and Hb, linked with the control diet and

DCP group, demonstrates the capacity of LP to promote hematopoi-

esis (Fazio et al., 2014), health status (Adel et al., 2016) and the

immune response of fish (Carbone & Faggio, 2016). Fish‐fed P and/or

phytase‐containing diets exhibited considerably higher levels of

haemoglobin, PCV, RBCs and WBC counts (Adeshina, Akpoilih,

Tiamiyu, et al., 2023). Furthermore, the Nile tilapia biochemical

indicators examined in our study were in the range of their average

values, indicating that the phytase enzyme causes non‐nutritional

stress and has no impact on liver function in Nile tilapia.

Similar investigations were recorded by (El‐Zibdeh et al., 1995;

Hlophe‐Ginindza et al., 2016; Ji et al., 2017).

The immunological response of fish can be evaluated using

conventional methods such as white blood cell count, lysozyme

activity, phagocytic index and phagocytic activity (Diab et al., 2023).

The current study found that supplementing fish diets with phytase

enzymes improved their immunological capacities when assessed

against fish‐fed DCP and a control diet. A rise in lysozyme activity,

phagocytic activity and WBC count signalled this (Chen et al., 2017).

Adeshina, Akpoilih, Udom, et al. (2023) and Zarghi et al. (2022)

reported similar outcomes. In contrast, Nile tilapia fish differential

leucocyte counts were not significantly affected by phytase enzyme

supplementation (Norag et al., 2018).

Keeping the equilibrium between hydrogen peroxide production

and removal, which is an adaptive immune response, catalase's

activity must rise during oxidative injury (Jia et al., 2019; Wang et al.,

2013). Additionally, SOD is a crucial enzyme that eliminates ROS,

which poses a hazard to cells under stress by inflicting spectacular

damage to the cell structure and biomolecular function, promptly or

incidentally leading to a variety of disorders (Costa et al., 2010). This

research concludes that fish‐fed LP had greater SOD and CAT

activity than fish fed the control and DCP diets, suggesting that

phytase enzyme might modulate the Nile tilapia's antioxidant status

(Kapewangolo et al., 2016). These findings corroborate those made

by Adeshina, Akpoilih, Udom, et al. (2023), who claimed that phytase

enzyme (1000 FTU/kg) heightened catalase activity and superoxide

dismutase activity. On the other hand, it was found that organic acid

and phytase in the diet significantly reduced blood levels of ROS,

catalase activity and serum SOD (Zhu et al., 2014). Following Cheng

et al. (2016), replacing NaH2PO4 with phytase did not affect the

activities of serum CAT, AKP and IgM concentrations when

compared to the reference diet. Phytase breaks down phytic acid‐

protein complexes to increase the digestion of dietary proteins. This

may result in a rise in the availability of amino acids necessary to

produce antioxidant enzymes and proteins connected to the immune

system (Kokou & Fountoulaki, 2018).

The conventional role of mitochondria is oxidative phosphoryl-

ation, which generates ATP from the free energy generated when

food is oxidized. Growth, motility and homoeostasis are biochemical

and physiological processes that rely on ATP as their primary energy

source (Brand et al., 2013). The results of the existing investigation

displayed that liver mitochondrial enzyme complex activities (I, III and

IV) were positively affected by the phytase enzyme. However,

complex II did not significantly differ between groups, with

the phytase enzyme showing the lowest activity. One Complex II

enzyme is involved in the electron transport chain and the citric acid

cycle (Iverson et al., 2023). Our results confirmed that LP restricted

the enzyme's active site, inhibiting enzyme activity (VanderLinden

et al., 2015). These results supported the notion that enhancing

mitochondrial function is linked to encouraging development and

using feed (El‐Nokrashy et al., 2021), and they were associated with

our study's significant influence on FCR. The current data are reliable

with those in (Eya et al., 2013). The authors state that to reduce the

cost of producing energy within cells, connecting the dots between

mitochondrial enzyme complexes and enhanced performance and

feed efficiency in different animals is essential. The findings were

reported by (Dröse et al., 2009; Ragab et al., 2022; Randi et al., 2021).

qRT‐PCR assays to assess the expression of genes involved in

Nile tilapia growth and lipolysis. It would indicate that the complex

system responsible for controlling development, reproduction and

differentiation is essential in expressing ILGF‐1 and GH during

development (Abo‐Raya et al., 2021). Furthermore, according to

Albalat et al. (2007), a necessary enzyme for the breakdown of lipids

in animals is lipoprotein lipase or LPL. Additionally, Only the FAS

enzyme can reductively produce long‐chain fatty acids (Kuhajda, 2006),

and it has the power to change the rates of fatty acid production and

hydrolysis (Smith et al., 2003). When phytase enzyme and DCP were

added to the fish diet, GHr, IGF‐1, LPL and FAS expression were

associated with the control group, with the maximum activity

produced by the 1500 phytase units/kg group. Given that ILGF‐1

and GH were upregulated, it might be hypothesized that dietary

phytase might stimulate the somatotrophic axis (Abo‐Raya et al.,

2021). This may be justified by removing the phytate‐binding

phosphorus complex and increasing the amount of protein readily

TABLE 8 Fish production and the economic efficiency of the
experimental diets.

Items

Experimental treatments

CG DCP LP

Feed cost (USD/
kg WG)

1.551 ± 0.01a 1.533 ± 0.02a 1.331 ± 0.01b

Total returns (USD/

kg WG)

3.71 ± 0.21c 3.86 ± 0.11b 4.32 ± 0.13a

Total costs (USD/
kg WG)

2.06 ± 0.12b 2.12 ± 0.21a 2.06 ± 0.14b

Net profit (USD/
kg WG)

1.64 ± 0.01b 1.74 ± 0.02b 2.26 ± 0.04a

Economic
efficiency (%)

79.61 ± 2.3b 82.07 ± 1.4b 109.70 ± 3.1a

Note: Means within each raw that lack common superscripts differ

significantly at p < 0.05.

Abbreviations: DCP, di‐calcium phosphate; LP, liquid phytase.
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available in response to dietary phytase enzyme inclusion (Kumar

et al., 2012). In addition, increased FAS and LPL expressions

suggested that the phytase enzyme (1500 FTU/kg meal) inhibits fat

synthesis and causes fat deposition in Nile tilapia (Qiao et al., 2014).

These findings supported our results of the approximate chemical

composition. The expression of the lipogenic genes (LPL and FAS)

may be one factor contributing to higher body fat deposition

(Bogacka et al., 2004). Similar investigations were stated by Rajan

et al. (2021); Safari et al. (2022); and Hassaan et al. (2019). On the

other side, increased phosphorus levels (1.32% and 1.59%) dramati-

cally decreased the relative gene expression levels of FAS, according

to research by Ji et al. (2017). Norag et al. (2018) and Tian (2006)

theorized that FAS lacked tissue‐specific control and functioned as a

negative feedback regulator of fat accumulation; however, our

findings contradicted that theory. Little is known about how dietary

phytase and phosphorus affect the relative expression of LPL and FAS

in different fish species; consequently, greater research is need to

have in order to comprehend the processes by which they alter lipid

metabolism.

DCP and phytase enzyme supplements increased the fish yield of

Nile tilapia‐fed diets in the current study by 4% and 16.5%, respectively,

as contrasted with the control diet. In addition, profit percentage rose in

the DCP and phytase groups relative to the control group by roughly

2.36% and 29.5%, respectively. If DCP costs $5.74 per ton and LP prices

are $0.18 per ton on average, switching to LP instead of DCP will save

around $5.56 per ton of feed. The information showed that Nile tilapia

utilizes nutrition more effectively when given phytase as a supplement.

Similarly, the cost of meat was affected by phytase enzymes at a level of

1500 FTU/kg in birds' diets without adding DCP (Ali, 2021). Al‐Harthi

et al. (2020) attained that adding phytase to diets made with olive cakes

achieved the maximum economic efficiency. Similar results have been

published by Coppedge (2012); Scholey et al. (2018); and Selle

and Ravindran (2007). Therefore, finding a comparatively less expensive

alternative ingredient has been a continuing research objective

(El‐Nokrashy et al., 2021). Furthermore, the rising feed cost is

considered one of the most significant issues restricting profitability in

fish production (Abdel Rahman et al., 2010).

5 | CONCLUSION

In summary, the utilization of the phytase enzyme at 0.03% in Nile

tilapia diets, without the addition of DCP, may enhance growth,

intestinal histomorphology, hemato‐biochemical performance and

immune‐oxidative indices, mitochondrial liver enzymes activities, lipid

metabolism and returns; furthermore, improvement in terms of

transcriptomic response. In addition, at the level of the phytase

enzyme supplementation were benefits on the level of the economic

efficiency concerning the DCP and lower phosphorus diet

ACKNOWLEDGEMENTS

This study was supported by Princess Nourah Bint Abdulrahman

University Researchers Supporting Project number (PNURSP2024R30),

Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.

This research was funded by the Researchers Supporting Project

number (RSPD2024R811), King Saud University, Riyadh, Saudi Arabia.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Muath Q. Al‐Ghadi http://orcid.org/0000-0002-0093-321X

Mustafa Shukry http://orcid.org/0000-0003-2722-2466

REFERENCES

Aanyu, M., Betancor, M. B., & Monroig, O. (2018). Effects of dietary
limonene and thymol on the growth and nutritional physiology of

Nile tilapia (Oreochromis niloticus). Aquaculture, 488, 217–226.
Abdel Rahman, S. H., Abdel Razek, F. A., Goda, A. M. A. S.,

Ghobashy, A. F. A., Taha, S. M., & Khafagy, A. R. (2010). Partial
substitution of dietary fish meal with soybean meal for speckled
shrimp, Metapenaeus monoceros (Fabricius, 1798) (Decapoda: Pe-

naeidae) juvenile: Soybean meal for speckled shrimp. Aquaculture
Research, 41(9), e299–e306.

Abdel‐Tawwab, M., Samir, F., Abd El‐Naby, A. S., & Monier, M. N. (2018).
Antioxidative and immunostimulatory effect of dietary cinnamon
nanoparticles on the performance of Nile tilapia, Oreochromis

niloticus (L.) and its susceptibility to hypoxia stress and Aeromonas

hydrophila infection. Fish & Shellfish Immunology, 74, 19–25.

Abo‐Raya, M. H., Alshehri, K. M., Abdelhameed, R. F. A., Elbialy, Z. I.,

Elhady, S. S., & Mohamed, R. A. (2021). Assessment of growth‐
related parameters and immune‐biochemical profile of nile tilapia
(Oreochromis niloticus) fed dietary ulva fasciata extract. Aquaculture
Research, 52(7), 3233–3246.

Additives, E. P. O, & Feed, P. O. S. U. I. A. (2015). Scientific opinion on the
modification of the terms of the authorisation of OPTIPHOS®(6‐
phytase) as a feed additive for pigs for fattening. EFSA Journal, 13(7),
4200.

Adel, M., Yeganeh, S., Dadar, M., Sakai, M., & Dawood, M. (2016). Effects
of dietary Spirulina platensis on growth performance, humoral and
mucosal immune responses and disease resistance in juvenile great
sturgeon (Huso huso Linnaeus, 1754). Fish & Shellfish Immunology, 56,
436–444.

Adeola, O., Olukosi, O. A., Jendza, J. A., Dilger, R. N., & Bedford, M. R.
(2006). Response of growing pigs to Peniophora lycii‐ and Escherichia

coli‐derived phytases or varying ratios of calcium to total phospho-
rus. Animal Science, 82(5), 637–644.

Adeoye, A. A., Jaramillo‐Torres, A., Fox, S. W., Merrifield, D. L., &
Davies, S. J. (2016). Supplementation of formulated diets for tilapia
(Oreochromis niloticus) with selected exogenous enzymes: Overall

performance and effects on intestinal histology and microbiota.
Animal Feed Science and Technology, 215, 133–143.

Adeshina, I., Akpoilih, B. U., Tiamiyu, L. O., Badmos, A. A., Emikpe, B. O., &
Abdel‐Tawwab, M. (2023). Effects of dietary supplementation with
microbial phytase on the growth, bone minerals, antioxidant status,

innate immunity and disease resistance of African catfish fed on high
soybean meal‐based diets. Journal of Animal Physiology and Animal

Nutrition, 107(2), 733–745.
Adeshina, I., Akpoilih, B. U., Udom, B. F., Adeniyi, O. V., & Abdel‐Tawwab,

M. (2023). Interactive effects of dietary phosphorus and microbial

14 | NEGM ET AL.

http://orcid.org/0000-0002-0093-321X
http://orcid.org/0000-0003-2722-2466


phytase on growth performance, intestinal morphometry, and
welfare of Nile tilapia (Oreochromis niloticus) fed on low‐fishmeal
diets. Aquaculture, 563, 738995.

Albalat, A., Saera‐Vila, A., Capilla, E., Gutiérrez, J., Pérez‐Sánchez, J., &
Navarro, I. (2007). Insulin regulation of lipoprotein lipase (LPL)
activity and expression in gilthead sea bream (Sparus aurata).
Comparative Biochemistry and Physiology Part B: Biochemistry and

Molecular Biology, 148(2), 151–159.
Al‐Harthi, M. A., Attia, Y. A., El‐Shafey, A. S., & Elgandy, M. F. (2020).

Impact of phytase on improving the utilisation of pelleted broiler
diets containing olive by‐products. Italian Journal of Animal Science,
19(1), 310–318.

Ali, S. (2021). Efficacy of supplementation of phytase enzyme to broiler
diets with or without di‐calcium phosphate on performance and

economic appraisal. Egyptian Poultry Science Journal, 41(2), 317–331.
Allam, B. W., Khalil, H. S., Mansour, A. T., Srour, T. M., Omar, E. A., &

Nour, A. A. M. (2020). Impact of substitution of fish meal by high
protein distillers dried grains on growth performance, plasma protein
and economic benefit of striped catfish (Pangasianodon hypophthal-

mus). Aquaculture, 517, 734792.
Amer, T. N. (2017). Optimizing all plant‐based diets utilization for Nile

tilapia (Oreochromis niloticus) using exogenous multi‐enzymes mix-
ture (Natuzyme®). Abbassa Int. J. Aquac, 10(1), 40–61.

Arlington, V. (1995). Official methods of analysis of official analytical
chemists international. Association of Official Analytical Chemists
(AOAC) International: Gaithersburg, MD, USA.

Bancroft, J., & Layton, C. (2013). The hematoxylins and eosin, Bancroft's
theory and practice of histological techniques (pp. 173–186). Elsevier.

Baruah, K., Sahu, N. P., Pal, A. K., Debnath, D., Yengkokpam, S., &
Mukherjee, S. C. (2007). Interactions of dietary microbial phytase,
citric acid and crude protein level on mineral utilization by rohu,
Labeo rohita (Hamilton), juveniles. Journal of the World Aquaculture

Society, 38(2), 238–249.
Birch‐Machin, M. A., & Turnbull, D. M. (2001). Assaying mitochondrial

respiratory complex activity in mitochondria isolated from human
cells and tissues. Methods in Cell Biology, 65, 97–117.

Bogacka, I., Xie, H., Bray, G. A., & Smith, S. R. (2004). The effect of
pioglitazone on peroxisome proliferator‐activated receptor‐γ target

genes related to lipid storage in vivo. Diabetes Care, 27(7), 1660–1667.
Brand, M. D., Orr, A. L., Perevoshchikova, I. V., & Quinlan, C. L. (2013). The

role of mitochondrial function and cellular bioenergetics in ageing
and disease. British Journal of Dermatology, 169(s2), 1–8.

Cao, L., Wang, W., Yang, C., Yang, Y., Diana, J., Yakupitiyage, A., Luo, Z., &
Li, D. (2007). Application of microbial phytase in fish feed. Enzyme

and Microbial Technology, 40(4), 497–507.
Carbone, D., & Faggio, C. (2016). Importance of prebiotics in aquaculture

as immunostimulants. Effects on immune system of Sparus aurata

and Dicentrarchus labrax. Fish & Shellfish Immunology, 54, 172–178.
Carter, C. G., & Sajjadi, M. (2011). Low fishmeal diets for Atlantic salmon,

Salmo salar L., using soy protein concentrate treated with graded
levels of phytase. Aquaculture International, 19, 431–444.

Cheng, N., Chen, P., Lei, W., Feng, M., & Wang, C. (2016). The sparing

effect of phytase in plant‐protein‐based diets with decreasing
supplementation of dietary NaH2PO4 for juvenile yellow catfish
Pelteobagrus fulvidraco. Aquaculture Research, 47(12), 3952–3963.

Chen, K., Jiang, W.‐D., Wu, P., Liu, Y., Kuang, S.‐Y., Tang, L., Tang, W. N.,
Zhang, Y. A., Zhou, X. Q., & Feng, L. (2017). Effect of dietary

phosphorus deficiency on the growth, immune function and structural
integrity of head kidney, spleen and skin in young grass carp
(Ctenopharyngodon idella). Fish & Shellfish Immunology, 63, 103–126.

Coppedge, J. R. (2012). Enhancement of growth performance and bone

mineralization in market broilers through dietary enzymes. Texas A & M
University.

Costa, L. S., Fidelis, G. P., Cordeiro, S. L., Oliveira, R. M., Sabry, D. A.,
Câmara, R. B., Nobre, L. T., Costa, M. S., Almeida‐Lima, J.,

Farias, E. H., Leite, E. L., & Rocha, H. A. (2010). Biological activities
of sulfated polysaccharides from tropical seaweeds. Biomedicine &

Pharmacotherapy=Biomedecine & pharmacotherapie, 64(1), 21–28.
Coulombe, J. J., & Favreau, L. (1963). A new simple semimicro method for

colorimetric determination of urea. Clinical Chemistry, 9(1), 102–108.
Council, N. R. (1993). Nutrient requirements of fish. National Academies

Press.
Cowieson, A. J., Ruckebusch, J.‐P., Sorbara, J. O. B., Wilson, J. W.,

Guggenbuhl, P., & Roos, F. F. (2017). A systematic view on the effect

of phytase on ileal amino acid digestibility in broilers. Animal Feed

Science and Technology, 225, 182–194.
Debnath, D., Pal, A. K., Sahu, N. P., Jain, K. K., Yengkokpam, S., &

Mukherjee, S. C. (2005). Effect of dietary microbial phytase
supplementation on growth and nutrient digestibility of Pangasius

pangasius (Hamilton) fingerlings. Aquaculture Research, 36(2),
180–187.

Debnath, D., Sahu, N. P., Pal, A. K., Baruah, K., Yengkokpam, S., &
Mukherjee, S. C. (2005). Present scenario and future prospects of
phytase in aquafeed: Review. Asian‐Australasian Journal of Animal

Sciences, 18(12), 1800–1812.
Demers, N. E., & Bayne, C. J. (1997). The immediate effects of stress on

hormones and plasma lysozyme in rainbow trout. Developmental and

Comparative Immunology, 21(4), 363–373.
Diab, A. M., Eldeghaidy, E. E., Abo‐Raya, M. H., Shukry, M., Abdeen, A.,

Ibrahim, S. F., Fericean, L., Abdo, M., & Khalafalla, M. M. (2023).
Assessment of growth‐related parameters, immune‐biochemical
profile, and expression of selected genes of red tilapia fed with
roselle calyces (Hibiscus sabdariffa) extract. Fishes, 8(4), 172.

Doumas, B. T., Ard Watson, W., & Biggs, H. G. (1971). Albumin standards
and the measurement of serum albumin with bromcresol green.
Clinica Chimica Acta, 31(1), 87–96.

Doumas, B. T., Bayse, D. D., Carter, R. J., Peters, Jr., T., & Schaffer, R.
(1981). A candidate reference method for determination of total

protein in serum. I. Development and validation. Clinical Chemistry,
27(10), 1642–1650.

Dröse, S., Hanley, P. J., & Brandt, U. (2009). Ambivalent effects of
diazoxide on mitochondrial ROS production at respiratory chain
complexes I and III. Biochimica et Biophysica Acta (BBA)‐General
Subjects, 1790(6), 558–565.

El‐Nokrashy, A. M., El‐Banna, R. A., Edrise, B. M., Abdel‐Rahim, M. M.,
Jover‐Cerdá, M., Tomás‐Vidal, A., Prince, A., Davies, S. J., El‐Haroun,
E. R., & Goda, A. M. A. S. (2021). Impact of nucleotide enriched diets

on the production of gilthead seabream, Sparus aurata fingerlings by
modulation of liver mitochondrial enzyme activitity, antioxidant
status, immune gene expression, and gut microbial ecology.
Aquaculture, 535, 736398.

Elsabagh, M., Mohamed, R., Moustafa, E. M., Hamza, A., Farrag, F.,

Decamp, O., Dawood, M. A. O., & Eltholth, M. (2018). Assessing the
impact of Bacillus strains mixture probiotic on water quality, growth
performance, blood profile and intestinal morphology of Nile tilapia,
Oreochromis niloticus. Aquaculture Nutrition, 24(6), 1613–1622.

El‐Zibdeh, M., Ide, K., Yoshimatsu, T., Matsui, S., & Furuichi, M. (1995).

Requirement of yellow croaker Nibea albiflora for dietary phosphorus.
Eya, J. C., & Lovell, R. T. (1997). Available phosphorus requirements of

food‐size channel catfish (Ictalurus punctatus) fed practical diets in
ponds. Aquaculture, 154(3–4), 283–291.

Eya, J. C., Yossa, R., Ashame, M. F., Pomeroy, C. F., & Gannam, A. L.

(2013). Effects of dietary lipid levels on growth, feed utilization and
mitochondrial function in low‐and high‐feed efficient families of
rainbow trout (Oncorhynchus mykiss). Aquaculture, 416‐417,
119–128.

Fazio, F., Piccione, G., Tribulato, K., Ferrantelli, V., Giangrosso, G.,
Arfuso, F., & Faggio, C. (2014). Bioaccumulation of heavy metals in
blood and tissue of striped mullet in two Italian lakes. Journal of
Aquatic Animal Health, 26(4), 278–284.

NEGM ET AL. | 15



Feldman, B., Zinkl, J., & Jain, N. (2000). Schalm's veterinary hematology.
Lippincott Williams & Wilkins.

Feng, X., Wang, X., Cai, W., Qiu, S., Hu, Y., & Liew, K. M. (2016). Studies on
synthesis of electrochemically exfoliated functionalized graphene

and polylactic acid/ferric phytate functionalized graphene nano-
composites as new fire hazard suppression materials. ACS Applied

Materials & Interfaces, 8(38), 25552–25562.
Fynn‐Aikins, K., Hung, S. S. O., Liu, W., & Li, H. (1992). Growth, lipogenesis

and liver composition of juvenile white sturgeon fed different levels

of D‐glucose. Aquaculture, 105(1), 61–72.
Ganogpichayagrai, A., & Suksaard, C. (2020). Proximate composition,

vitamin and mineral composition, antioxidant capacity, and antic-
ancer activity of Acanthopanax trifoliatus. Journal of Advanced

Pharmaceutical Technology & Research, 11(4), 179–183.
Godoy, M. G., Amorim, G. M., Barreto, M. S., & Freire, D. M. (2018).

Agricultural residues as animal feed: Protein enrichment and
detoxification using solid‐state fermentation, Current developments

in biotechnology and bioengineering (pp. 235–256). Elsevier.
Goff, J. P. (2018). Invited review: Mineral absorption mechanisms, mineral

interactions that affect acid–base and antioxidant status, and diet
considerations to improve mineral status. Journal of Dairy Science,
101(4), 2763–2813.

Hao, K., Ullah, H., Jarwar, A. R., Nong, X., Tu, X., & Zhang, Z. (2020).

Functional identification of an FMRFamide‐related peptide gene on
diapause induction of the migratory locust, Locusta migratoria L.
Genomics, 112(2), 1821–1828.

Hassaan, M., El‐Sayed, A., Soltan, M., Iraqi, M., Goda, A., Davies, S.,
El‐Haroun, E. R., & Ramadan, H. (2019). Partial dietary fish meal

replacement with cotton seed meal and supplementation with
exogenous protease alters growth, feed performance, hematological
indices and associated gene expression markers (GH, IGF‐I) for Nile
tilapia, Oreochromis niloticus. Aquaculture, 503, 282–292.

Heinegård, D., & Tiderström, G. (1973). Determination of serum creatinine

by a direct colorimetric method. Clinica Chimica Acta, 43(3),
305–310.

Hirvonen, J., Liljavirta, J., Saarinen, M. T., Lehtinen, M. J., Ahonen, I., &

Nurminen, P. (2019). Effect of phytase on in vitro hydrolysis of
phytate and the formation of myo‐inositol phosphate esters in

various feed materials. Journal of Agricultural and Food Chemistry,
67(41), 11396–11402.

Hlophe‐Ginindza, S. N., Moyo, N. A. G., Ngambi, J. W., & Ncube, I. (2016).
The effect of exogenous enzyme supplementation on growth

performance and digestive enzyme activities in O reochromis
mossambicus fed kikuyu‐based diets. Aquaculture Research, 47(12),
3777–3787.

Hüttemann, M., Lee, I., Samavati, L., Yu, H., & Doan, J. W. (2007).
Regulation of mitochondrial oxidative phosphorylation through cell

signaling. Biochimica et Biophysica Acta (BBA)‐Molecular Cell Research,
1773(12), 1701–1720.

Iverson, T. M., Singh, P. K., & Cecchini, G. (2023). An evolving view of
complex II—Noncanonical complexes, megacomplexes, respiration,
signaling, and beyond. Journal of Biological Chemistry, 299(6),

104761.
Jain, S. K., Ross, J. D., Levy, G. J., Little, R. L., & Duett, J. (1989). The

accumulation of malonyldialdehyde, an end product of mem-
brane lipid peroxidation, can cause potassium leak in normal and
sickle red blood cells. Biochemical Medicine and Metabolic Biology,

42(1), 60–65.
Jang, K. B., & Kim, S. W. (2019). Supplemental effects of dietary

nucleotides on intestinal health and growth performance of newly
weaned pigs. Journal of Animal Science, 97(12), 4875–4882.

Jia, R., Gu, Z., He, Q., Du, J., Cao, L., Jeney, G., Xu, P., & Yin, G. (2019).
Anti‐oxidative, anti‐inflammatory and hepatoprotective effects of
Radix Bupleuri extract against oxidative damage in tilapia

(Oreochromis niloticus) via Nrf2 and TLRs signaling pathway. Fish &

Shellfish Immunology, 93, 395–405.
Ji, K., Liang, H., Mi, H., Mokrani, A., Liu, B., Ren, M., Ge, X., & Xie, J. (2017).

Effects of dietary phosphorus levels on growth performance, plasma

biochemical parameters and relative gene expression of lipogenesis
of bighead carp, aristichthys nobilis. Israeli Journal of Aquaculture‐
Bamidgeh, 69, 1451–1460.

Jobling, M. (2012). National Research Council (NRC): Nutrient requirements

of fish and shrimp (p. 128). The National Academies Press.

Kapewangolo, P., Knott, M., Shithigona, R. E. K., Uusiku, S. L., & Kandawa‐
Schulz, M. (2016). In vitro anti‐HIV and antioxidant activity of Hoodia
gordonii (Apocynaceae), a commercial plant product. BMC

Complementary and Alternative Medicine, 16(1), 411.
Kawahara, E., Ueda, T., & Nomura, S. (1991). In vitro phagocytic activity of

white‐spotted char blood cells after injection with Aeromonas

salmonicida extracellular products. Fish Pathology, 26(4), 213–214.
Kemigabo, C., Abdel‐Tawwab, M., Lazaro, J. W., Sikawa, D., Masembe, C.,

& Kang'Ombe, J. (2018). Combined effect of dietary protein and
phytase levels on growth performance, feed utilization, and

nutrients digestibility of African catfish, Clarias gariepinus (B.), reared
in earthen ponds. Journal of Applied Aquaculture, 30(3), 211–226.

Kim, H. B., Lee, P. W., Garza, J., Duggan, C., Fauza, D., & Jaksic, T. (2003).
Serial transverse enteroplasty for short bowel syndrome: A case

report. Journal of Pediatric Surgery, 38(6), 881–885.
Kishawy, A. T. Y., Mohammed, H. A., Zaglool, A. W., Attia, M. S.,

Hassan, F. A. M., Roushdy, E. M., Ismail, T. A., & Ibrahim, D. (2022).
Partial defatted black solider larvae meal as a promising strategy to
replace fish meal protein in diet for Nile tilapia (Oreochromis

niloticus): Performance, expression of protein and fat transporters,
and cytokines related genes and economic efficiency. Aquaculture,
555, 738195.

Kokou, F., & Fountoulaki, E. (2018). Aquaculture waste production
associated with antinutrient presence in common fish feed plant

ingredients. Aquaculture, 495, 295–310.
Komoroske, L. M., Jeffries, K. M., Connon, R. E., Dexter, J., Hasenbein, M.,

Verhille, C., & Fangue, N. A. (2016). Sublethal salinity stress
contributes to habitat limitation in an endangered estuarine fish.
Evolutionary Applications, 9(8), 963–981.

van Krimpen, M., van Emous, R., Spek, J., & Kwakernaak, C. (2016).
Phytate degradation in broilers.

Kuhajda, F. P. (2006). Fatty acid synthase and cancer: New application of
an old pathway. Cancer Research, 66(12), 5977–5980.

Kumar, V., Sinha, A. K., Makkar, H. P. S., De Boeck, G., & Becker, K. (2012).
Phytate and phytase in fish nutrition. Journal of Animal Physiology

and Animal Nutrition, 96(3), 335–364.
Lall, S. P. (2022). The minerals, Fish nutrition (pp. 469–554). Elsevier.
Lall, S. P., & Kaushik, S. J. (2021). Nutrition and metabolism of

minerals in fish. Animals: An Open Access Journal from MDPI,
11(09), 2711.

Liang, J. J., Liu, Y. J., Tian, L. X., Yang, H. J., & Liang, G. Y. (2012). Dietary
available phosphorus requirement of juvenile grass carp (Ctenophar-
yngodon idella). Aquaculture Nutrition, 18(2), 181–188.

Liu, F., Li, J., Ni, H., Azad, M. A. K., Mo, K., & Yin, Y. (2023). The effects of
phytase and non‐starch polysaccharide‐hydrolyzing enzymes on
trace element deposition, intestinal morphology, and cecal micro-
biota of growing–finishing pigs. Animals: An Open Access Journal from

MDPI, 13(4), 549.

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene
expression data using real‐time quantitative PCR and the 2− ΔΔCT
method. Methods, 25(4), 402–408.

Maas, R. M., Verdegem, M. C. J., Dersjant‐Li, Y., & Schrama, J. W. (2018).
The effect of phytase, xylanase and their combination on growth
performance and nutrient utilization in Nile tilapia. Aquaculture, 487,

7–14.

16 | NEGM ET AL.



Mai, K., Zhang, C., Ai, Q., Duan, Q., Xu, W., Zhang, L., Liufu, Z., & Tan, B.
(2006). Dietary phosphorus requirement of large yellow croaker,
Pseudosciaena crocea R. Aquaculture, 251(2–4), 346–353.

Maltais‐Landry, G. (2015). Legumes have a greater effect on rhizosphere

properties (pH, organic acids and enzyme activity) but a smaller
impact on soil P compared to other cover crops. Plant and Soil, 394,
139–154.

Norag, M. A. A., El‐Shenawy, A. M., Fadl, S. E., Abdo, W. S., Gad, D. M.,
Rashed, M. A., & Prince, A. M. (2018). Effect of phytase enzyme on

growth performance, serum biochemical alteration, immune
response and gene expression in Nile tilapia. Fish & Shellfish

Immunology, 80, 97–108.
Nwanna, L. C., & Schwarz, F. J. (2007). Effect of supplemental phytase

on growth, phosphorus digestibility and bone mineralization of

common carp (Cyprinus carpio L). Aquaculture Research, 38(10),
1037–1044.

Nwanna, L., Schwarz, F., & Broz, J. (2005). Influence of phytase and
incubation of plant feed stuffs on growth and phosphorus
digestibility by common carp (Cyprinus carpio). Applied Tropical

Agriculture, 10, 101–108.
Papatryphon, E., & Soares, J. (2001). The effect of phytase on apparent

digestibility of four practical plant feedstuffs fed to striped bass,
Morone saxatilis. Aquaculture Nutrition, 7(3), 161–167.

Pragya, Sharma, K. K., Kumar, A., Singh, D., Kumar, V., & Singh, B. (2021).
Immobilized phytases: An overview of different strategies, support
material, and their applications in improving food and feed nutrition.
Critical Reviews in Food Science and Nutrition, 63, 5465–5487.

Qiang, J., He, J., Yang, H., Xu, P., Habte‐Tsion, H. M., Ma, X., & Zhu, Z.

(2016). The changes in cortisol and expression of immune genes of
GIFT tilapia Oreochromis niloticus (L.) at different rearing densities
under Streptococcus iniae infection. Aquaculture International, 24,
1365–1378.

Qiao, Y., Sun, J., Xia, S., Tang, X., Shi, Y., & Le, G. (2014). Effects of

resveratrol on gut microbiota and fat storage in a mouse model with
high‐fat‐induced obesity. Food & Function, 5(6), 1241–1249.

Ragab, E. M., El Gamal, D. M., Mohamed, T. M., & Khamis, A. A. (2022).
Study of the inhibitory effects of chrysin and its nanoparticles on
mitochondrial complex II subunit activities in normal mouse liver and

human fibroblasts. Journal of Genetic Engineering and Biotechnology,
20(1), 15.

Rajan, D. K., Mohan, K., Zhang, S., & Ganesan, A. R. (2021). Dieckol: A
brown algal phlorotannin with biological potential. Biomedicine &

Pharmacotherapy, 142, 111988.
Randi, E. B., Zuhra, K., Pecze, L., Panagaki, T., & Szabo, C. (2021).

Physiological concentrations of cyanide stimulate mitochondrial
Complex IV and enhance cellular bioenergetics. Proceedings of the

National Academy of Sciences, 118(20), e2026245118.

Reitman, S., & Frankel, S. (1957). A colorimetric method for the
determination of serum glutamic oxalacetic and glutamic pyruvic
transaminases. American Journal of Clinical Pathology, 28(1), 56–63.

Riche, M., Trottier, N. L., Ku, P. K., & Garling, D. L. (2001).
Apparent digestibility of crude protein and apparent availability of

individual amino acids in tilapia (Oreochromis niloticus) fed phytase
pretreated soybean meal diets. Fish Physiology and Biochemistry, 25,
181–194.

Robinson, E. H., Li, M. H., & Manning, B. B. (2002). Comparison of
microbial phytase and dicalcium phosphate for growth and bone

mineralization of pond‐raised channel catfish, Ictalurus punctatus.
Journal of Applied Aquaculture, 12(3), 81–88.

Safari, O., & Paolucci, M. (2022). Effect of dietary phytase supplementa-
tion on growth performance and digestive enzyme activities of

juvenile crayfish (Pontastacus leptodactylus). In Paper presented at

the 5th International and 7th national IASBS Symposium in Biological

Sciences: Frontiers in Enzymology.

Sajjadi, M., & Carter, C. G. (2004). ). Effect of phytic acid and phytase on
feed intake, growth, digestibility and trypsin activity in Atlantic
salmon (Salmo salar, L.). Aquaculture Nutrition, 10(2), 135–142.

Scholey, D. V., Morgan, N. K., Riemensperger, A., Hardy, R., & Burton, E. J.

(2018). Effect of supplementation of phytase to diets low in
inorganic phosphorus on growth performance and mineralization
of broilers. Poultry Science, 97(7), 2435–2440.

Selle, P. H., & Ravindran, V. (2007). Microbial phytase in poultry nutrition.
Animal Feed Science and Technology, 135(1–2), 1–41.

Smith, S., Witkowski, A., & Joshi, A. K. (2003). Structural and functional
organization of the animal fatty acid synthase. Progress in Lipid

Research, 42(4), 289–317.
Suarez, R. K., & Hochachka, P. W. (1981). Preparation and properties of

rainbow trout liver mitochondria. Journal of Comparative Physiology,

143, 269–273.
Thrall, M., Baker, D., & Lassen, E. (2004). Veterinary haematology and

clinical chemistry. Lippincott Williams and Wilkins.
Tian, J., Wu, F., Yang, C.‐G., Jiang, M., Liu, W., & Wen, H. (2015). Dietary

lipid levels impact lipoprotein lipase, hormone‐sensitive lipase, and

fatty acid synthetase gene expression in three tissues of adult GIFT
strain of Nile tilapia, Oreochromis niloticus. Fish Physiology and

Biochemistry, 41, 1–18.
Tian, W.‐X. (2006). Inhibition of fatty acid synthase by polyphenols.

Current Medicinal Chemistry, 13(8), 967–977.
Trinkunaite‐Felsen, J. (2014). Investigation of calcium hydroxyapatite

synthesized using natural precursors [PhD thesis]. Vilnius University.
Tzadik, O. E., Curtis, J. S., Granneman, J. E., Kurth, B. N., Pusack, T. J.,

Wallace, A. A., Hollander, D. J., Peebles E. B., & Stallings, C. D.

(2017). Chemical archives in fishes beyond otoliths: A review on the
use of other body parts as chronological recorders of microchemical
constituents for expanding interpretations of environmental, eco-
logical, and life‐history changes. Limnology and Oceanography:

Methods, 15(3), 238–263.
VanderLinden, R. T., Hemmis, C. W., Schmitt, B., Ndoja, A., Whitby, F. G.,

Robinson, H., Cohen, R. E., Yao, T., & Hill, C. P. (2015). Structural
basis for the activation and inhibition of the UCH37 deubiquitylase.
Molecular Cell, 57(5), 901–911.

Vielma, J., Ruohonen, K., & Peisker, M. (2002). Dephytinization of two soy

proteins increases phosphorus and protein utilization by rainbow
trout, Oncorhynchus mykiss. Aquaculture, 204(1–2), 145–156.

Wang, C., Yue, X., Lu, X., & Liu, B. (2013). The role of catalase in the
immune response to oxidative stress and pathogen challenge in the

clam Meretrix meretrix. Fish & Shellfish Immunology, 34(1), 91–99.
Wang, F., Yang, Y.‐H., Han, Z.‐Z., Dong, H.‐W., Yang, C.‐H., & Zou, Z.‐Y.

(2009). Effects of phytase pretreatment of soybean meal and
phytase‐sprayed in diets on growth, apparent digestibility coefficient

and nutrient excretion of rainbow trout (Oncorhynchus mykiss

Walbaum). Aquaculture International, 17, 143–157.
Yan, W., Reigh, R. C., & Xu, Z. (2002). Effects of fungal phytase on

utilization of dietary protein and minerals, and dephosphorylation of
phytic acid in the alimentary tract of channel catfish Ictalurus

punctatus fed an all‐plant‐protein diet. Journal of the World

Aquaculture Society, 33(1), 10–22.
Zarghi, H., Golian, A., Hassanabadi, A., & Khaligh, F. (2022). Effect of zinc

and phytase supplementation on performance, immune response,
digestibility and intestinal features in broilers fed a wheat‐soybean
meal diet. Italian Journal of Animal Science, 21(1), 430–444.

Zentek, J., & Goodarzi Boroojeni, F. (2020). (Bio)‐technological processing
of poultry and pig feed: Impact on the composition, digestibility,
anti‐nutritional factors and hygiene. Animal Feed Science and

Technology, 268, 114576.

Ziková, A., Trubiroha, A., Wiegand, C., Wuertz, S., Rennert, B.,
Pflugmacher, S., Kopp, R., Mares, J., & Kloas, W. (2010). Impact of
microcystin containing diets on physiological performance of Nile

NEGM ET AL. | 17



tilapia (Oreochromis niloticus) concerning stress and growth.
Environmental Toxicology and Chemistry: An International Journal,
29(3), 561–568.

Zhu, Y., Qiu, X., Ding, Q., Duan, M., & Wang, C. (2014). Combined effects

of dietary phytase and organic acid on growth and phosphorus
utilization of juvenile yellow catfish Pelteobagrus fulvidraco.
Aquaculture, 430, 1–8.

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Negm, A. E., Abo‐Raya, M. H., Gabr,

A. M., Baloza, S. H., El‐Nokrashy, A., Prince, A., Arana, D.,

Wang, Y., Abdelazeem, S., Albadrani, G. M., Al‐Ghadi, M. Q.,

Abdeen, A., Shukry, M., & El‐Sayed Khalafallah, M. M. (2024).

Effects of phytase enzyme supplementation on growth

performance, intestinal morphology and metabolism in Nile

tilapia (Oreochromis niloticus). Journal of Animal Physiology and

Animal Nutrition, 1–18. https://doi.org/10.1111/jpn.13939

18 | NEGM ET AL.

https://doi.org/10.1111/jpn.13939

	Effects of phytase enzyme supplementation on growth performance, intestinal morphology and metabolism in Nile tilapia (Oreochromis niloticus)
	1 INTRODUCTION
	2 MATERIALS AND METHODS
	2.1 Ethical validation
	2.2 Phytase enzyme
	2.3 Experiment design
	2.4 Diet preparation
	2.5 Growth parameters
	2.6 Analysing the intestine morphometrically
	2.7 Whole-body chemical composition
	2.8 Blood sampling
	2.8.1 Haemato-biochemical analyses
	2.8.2 Immune and oxidative stress activities

	2.9 Mitochondrial activity
	2.9.1 Isolation of liver mitochondria
	2.9.2 Assessments of the enzyme activity in the liver's mitochondria

	2.10 QRT-PCR
	2.11 Economic efficiency measurements
	2.12 Statistical analysis

	3 RESULTS
	3.1 Efficiency measures for feeding and growth
	3.2 Intestinal morphometry
	3.3 Proximate body chemical composition
	3.4 Biochemical parameters
	3.5 Functional immune assay
	3.6 Antioxidant enzymes activity
	3.7 Mitochondrial liver enzyme activities
	3.8 Gene expression analysis
	3.9 Economic evaluation

	4 DISCUSSION
	5 CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




