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Abstract
Aquaculture is playing a pivotal role in meeting the growing global request for seafood products. One of the important aspects of aqua-
culture management is using of high-quality ingredients to improve the performance of fish and crustaceans. One of the main priorities of 
nutrition scientists over the past decades is to partially or totally replace fish meal (FM) with different plant protein ingredients. Further-
more, plant proteins contain anti-nutritional components, which poses a drawback for their use in fish feed. Therefore, to effectively uti-
lize plant components in feeds, it is necessary to reduce anti-nutritional factors. Recently, exogenous enzymes as feed additives are gaining 
interest in the aquafeed industry to increase the nutritive values of plant protein as a reasonable solution for FM substitution, leading to 
enhanced nutrient retention, growth performance and profits for the aquaculture stakeholders. The present review will discuss the po-
tential of various exogenous enzymes to increase the quality of various plant proteins in feed for more sustainable aquaculture practices.
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In recent years, the demand for aquatic animal protein 
has been increasing much faster than the supply of capture 
fisheries, and the gap has been filled by aquaculture world-
wide (Prachom et al., 2023; Mohammady et al., 2024; 
Ahmed et al., 2025 a). Aquaculture farming totally relies 
on nutritionally balanced, high-quality aquafeeds (Sherine 
et al., 2024; Ahmed et al., 2025 b). Therefore, the trend is 
shifting from fishery-based fish meal to plant-based ingre-
dients to meet the increasing feed demand and ensure sus-
tainable growth (Goda et al., 2019; Jastaniah et al., 2024; 
Hussain et al., 2024; Anwar et al., 2025). But plant-based 
ingredients have negative effects on feed because they 
contain a wide range of anti-nutritional factors (ANFs), 
which lowers the fish performance (Hassaan et al., 2021; 
Maas et al., 2021; Sherine et al., 2023). Therefore, to ef-
fectively utilize plant components in feeds, it is neces-
sary to reduce anti-nutritional effects (Ragab et al., 2023; 
Azcuy et al., 2024). Using of plant protein is accompanied 
by enhancing feed processing technology to break down 
ANFs (Hassan et al., 2018; Goda et al., 2019). Nowadays, 
incorporation of exogenous enzymes in fish feeds as func-
tional additives has received great attention to increase the 
use of plant proteins in aquafeeds (Hassaan et al., 2019 a, 
b, 2020). This is because it helps degrade large amounts 
of anti-nutritional factors, thus improving the availability 
and palatability of nutrients in feeds (Zhang et al., 2023 
a, b; Rehemujiang et al., 2023), which increases the in-
corporation of plant proteins into feed (Goda et al., 2020 
a, b; Soltan et al., 2023; Elhalis et al., 2023; Awad et al., 
2024). The use of exogenous enzymes in fish feed has led 
to increased substitution of FM by plant-based ingredients 
(Huang et al., 2020; Luo et al., 2020; Monier, 2020) by: 
i) alleviating the undesirable impacts of ANFs (Hassaan 
et al., 2020; Shekarabi et al., 2022), ii) hydrolyzing the 
protein into amino acids; iii) increasing nutrients avail-
ability (Liu et al., 2018; Hassaan et al., 2018, 2021); iv) 
enhancing the fish’s health and immune response (Anwar 

et al., 2020); v) improving water quality; vi) facilitating 
the possibility of high incorporation levels of plant protein 
(Hassaan et al., 2019 a, b; Chuchird et al., 2023) and vii) 
enhancing productivity and increasing economic return 
(Goda et al., 2020 a, b). Furthermore, aquafeed research 
has shown the possibility of substituting FM by plant 
proteins up to 30%, whether specified or combined in the 
feed, without affecting fish performance, but with the in-
clusion of exogenous enzymes, the replacement can reach 
100% of FM (Sánchez-Alcade et al., 2023). Incorporation 
of exogenous enzymes in aquafeeds is expected to in-
crease by 5.0% by 2022–2028, standing up as a witness of 
increasing their role in aquafeed industry (LP Information, 
Inc., 2022; Sureshkumar et al., 2023). The present review 
will discuss the roles of functional exogenous enzymes to 
reduce or eliminate ANFs in ingredients originated from 
plant sources on performance and the nutritional value of 
various plant proteins in feed, highlighting future opportu-
nities for sustainable aquaculture practices. 

Types of feed enzymes
Among the common exogenous enzymes in 

aquafeeds, phytase, carbohydrase, and protease are the 
most commonly used. Figure 1 shows the common ex-
ogenous enzymes in aquafeeds, each enzyme has its 
own biological function and hydrolyzes different ANFs 
as: i) Phytase catalyzes phytate, and improves the bio-
availability of minerals, mainly calcium and phospho-
rus (Encarnação, 2016; Lemos and Tacon, 2017); ii) 
Proteases improve protein digestion (Menezes-Black-
burn and Greiner, 2015); iii) Carbohydrase digests 
different carbohydrates (Al Loman and Ju, 2017), and 
leads to enhance carbohydrates utilization from plant-
based ingredients (Wang et al., 2016). Table 1  shows 
the effects of using exogenous enzymes on growth and 
physiological processes in various species of fish and 
crustaceans. 

Figure 1. Effects of enzymes on fish nutrition (Liang et al., 2022)
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Table 1. Some studies on the effects of different types of exogenous enzymes with plant protein diet on growth and physiological functions in 
fish and crustaceans

Enzyme type Fish species Dose Effect Reference

Mixture of enzymes 
(protease, pepsin, 
trypsin, xylanase, 
amylase)

Nile tilapia, Oreochromis niloticus 0.5 g 
kg-1 replacement 

of FM 

↑growth; ↑digestibility; ↑digestive 
enzyme; ↑intestinal morphology; ↑blood 
indices; ↑immune response

Soltan et al., 2023

Mixture of enzymes 
(xylanase, amylase, 
protease)

Rabbitfish, Siganus rivulatus 3 g kg–1 ↑growth performance; ↑feed utilization; 
↑health conditions

Dawood et al., 2019

Mixture of enzymes 
(xylanase, amylase, 
lipase, protease)

Common carp, Cyprinus carpio 1.0 g/kg ↑growth performance; ↑health of fish Monier, 2020

Mixture of enzymes 
(amylase, xylanase, 
protease, phytase)

Pangas catfish, Pangasius hypoph-
thalmus

3 g kg–1 ↑growth performance; ↑feed utilization; 
↑nutritional quality

Bala et al., 2020

Mixture of enzymes 
(phytase, protease)

Pacific white shrimp, Penaeus 
vannamei

1 g kg–1 ↑growth performance; ↑feed utilization Chuchird et al., 2023

Mixture of enzymes 
(protease, xylanase)

Japanese seabass, Lateolabrax 
japonicus

1.5–2.0 g/kg ↑growth performance; ↑digestive enzyme 
activity; ↑non-specific immunity; ↓feed costs

Huang et al., 2020

Xylanase Nile tilapia, Oreochromis niloticus 0.5 g/kg-1 ↑growth digestive enzymes; ↑nutrient 
digestibility; ↑histological morphometry of 
liver and intestine and nutrient retention; 

Hassaan et al., 2019

Nile tilapia, Oreochromis niloticus up to 0.5 g kg–1 El-Ashry et al., 2021

Juvenile mori, Cirrhinus mrigala Nadeem et al., 2022

Protease Nile tilapia, Oreochromis niloticus 5.5 g/kg–11 ↑growth performance; ↑feed 
utilization;↑intestinal health; ↑immunity; 
↑intestinal histological;↑biochemical 
blood; ↑metabolic gene 
expression;↑intestinal bacterial; ↑digestive 
enzyme activity; ↑alter gene expression of 
GH and IGF-I; ↓feed costs

Wu et al., 2020

Nile tilapia, Oreochromis niloticus 5 g kg-1 Hassaan et al., 2020

European sea bass, Dicentrarchus 
labrax

0.5 g kg–1 Goda et al., 2020 b

Nile tilapia, Oreochromis niloticus 2.5 g kg–1 Hassaan et al., 2019

Gilt head sea bream, Sparus 
aurata

0.5 g kg–1 Özcan and Tasbozan, 
2022

Gibel carp, Carassius auratus 
gibelio

150–175 mg/kg Shi et al., 2016

Nile tilapia, Oreochromis niloticus 2.5 g kg–1 Saleh et al., 2022

Nile tilapia, Oreochromis niloticus 0.5 g kg–1 Hassaan et al., 2021

Grass carp, Ctenopharyngodon 
idella

1.0–0.5 kg–1 Feng et al., 2023

Phytase Nile tilapia, Oreochromis niloticus 300 mg kg–1

↑growth performance; ↑feed efficiency; 
↑nutrient bioavailability; ↓feed costs; 
↑gene expression; ↑immunity; ↑intestinal 
histological; ↓feed costs

Adeoye et al., 2016

European sea bass, Dicentrarchus 
labrax

0.5 g kg–1 Goda et al., 2020 a

Turbot, Psetta maxima L. 2 g kg–1 Danwitz et al., 2016

Nile tilapia, Oreochromis niloticus 1.5–2 g kg–1 Rodrigues et al., 2023

Rohu carp,  Labeo rohita 1 g kg–1 Shah et al., 2021

Rainbow trout, Oncorhynchus 
mykiss

2.5 g kg–1 Azcuy et al., 2024

Nile tilapia, Oreochromis niloticus 1500 FTU/kg Negm, et al., 2024

Red drum, Sciaenops ocellatus 5520 FTU/kg Chen and Gatlin, 2024

Common carp, Cyprinus carpio 750 FTU kg–1 Hussain et al., 2024

Cacarbohydrase 
enzymes

White seabream, Diplodus sargus 40 mg/kg ↑growth; ↑digestive enzyme activities; 
↑carbohydrate metabolic enzymes; ↑glut2 
gene expression in the intestine; ↓feed 
costs

Magalhães et al., 2016

Pacific white shrimp,  Litopenaeus 
vannamei

100 mg/kg Wenxiang et al., 2018

Hybrid grouper, Epinephelus 
fuscoguttatus × Epinephelus 
lanceolatus

Liu et al., 2023 b

α-amylase Olive flounder, Paralichthys 
olivaceus

↑digestibility; ↑growth-related; ↑gene 
expression

Hasan et al., 2023

↑:increase;↓:deficiency.
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Proteases
Protease enzymes are known as proteolytic enzymes 

(Farooq et al., 2024) and are the most common enzymes 
included in aquafeeds for assimilating proteins, and their 
use in fish diets has been increasing quickly in aquatic feed 
in recent years (Goda et al., 2020 b). They are divided into 
three types: animal, plant and microbial-derived proteases 
(Islam et al., 2022; Wu et al., 2024; Chen et al., 2024). The 
protease enzyme used in fish diets is usually extracted from 
microorganisms as bacteria and fungi (Anadón et al., 2019), 
However, the common factors that have an effect on en-
zyme activity are pH and temperature (Awad et al., 2020; 
Buchholz et al., 2020). Microbial proteases are the most 
used in the feed industry (Aguilar and Sato, 2018; Chen and 
Gatlin, 2024 b; Farooq et al., 2024). Proteases are classified 
into four categories based on: 1) cleavage site 2) active site 
3) similarity 4) pH (García-Carreño, 1992; Rawlings et al., 
2004; Sriket, 2014; Maryam et al., 2024). Figure 2 shows 
the classification according to each category.

The mode of action of protease enzymes to improve 
the quality of plant proteins could be summarized as fol-
lows: i) they interrupt the cell content., ii) improve the 
link between protease enzyme and cell content, resulting 
in improved protein quality by breaking down ANFs and 
the release of unavailable nutrients (Shi et al., 2016; Liu 
et al., 2018; Hassaan et al., 2019 a, b; Goda et al., 2020 a) 
and iii) incorporation of protease enzyme improves the 
endogenous protease activity that consequently enhances 
amino acids utilization. This could be explained by en-
hancement of nutrient assimilation and the structure of 
intestinal histology (Lin et al., 2007). Previous research 
conducted in different fish species and shrimp reported 
that the inclusion of protease in low fish meal diet boosts 
the growth and immune response (Gopalraaj et al., 2023; 
Goda et al., 2020 b; Hassaan et al., 2018, 2020, 2021; 

Saleh et al., 2022; Wu et al., 2020; Chowdhury et al., 
2018; Gopalraaj et al., 2023). Hassan et al. (2019 a), Goda 
et al. (2020 a), and Saleh et al. (2022) noted that feeding 
Nile tilapia diets enriched with protease improves perfor-
mance versus basal diet without supplementation. Alike, 
Maryam et al. (2022) found that inclusion of 4.5/kg-1 
protease in poultry by-product meal-based diet (PBM) 
of tilapia achieved growth and feed efficiency matching 
control diet containing FM. Also, Kemigabo et al. (2019) 
found that inclusion of ~1.5 g/kg-1 protease in African 
catfish resulted in significant enhancement of growth.

Phytase
Recently, low-cost plant protein ingredients have been 

commonly used in fish feeds, but their natural phytate con-
tent can lead to deficiencies of micro- and macro-nutrients, 
thus reducing the absorption rate and reducing the growth 
performance (Fontes et al., 2019; Samtiya et al., 2020; Chen 
and Gatlin, 2024). Therefore, diets enriched with phytase 
are considered as one of promising protocols to mitigate the 
negative effects of phytate by controlling excreted nutrients 
such as P and N and unbind P from phytate acid that fish 
can use directly for optimal growth (Hussain et al., 2021; 
Maas et al., 2020; Dias and Santigosa, 2023; Rizwanuddin 
et al., 2023; Liu et al., 2023 a; Chen and Gatlin, 2024). Stud-
ies show that phytase supplements improve the phosphorus, 
trace minerals, amino acids, and energy bioavailability of 
plant feeds, in addition to reducing environmental impact 
and phosphorus loads in the aquatic environment (Lemos 
and Tacon, 2017). In general, phytase enzymes are used 
in feed formulation in different forms as spray, coated, dry 
powder and liquid form on finished pellets to improve phos-
phorus availability at high feed processing temperatures. 
The recommended dose of phosphorus ranged from 500 to 
4000 FTU/kg of diet at 55–60°C and pH range of 2.5–5.5 

Figure 2. Classification of protease
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to function effectively (Sarfraz et al., 2020; Hussain et al., 
2024). Previous research was conducted using phytase en-
zymes in different fish species to improve growth, feed uti-
lization and nutrient availability as Nile tilapia, European 
sea bass, rainbow trout and carp, Labeo rohita (Rodrigues 
et al., 2023; Negm et al., 2024; Goda et al., 2020 a; Azcuy 
et al., 2024, Shah et al., 2021). In this context, Goda et al 
(2020 b) found that plant-based diets enriched with phytases 
significantly enhance weight gain and feed efficiency in sea 
bass. Furthermore, Terrey et al. (2023) reported that Atlantic 
salmon fed diets containing phytase improved performance. 
On the contrary, the inclusion of phytase in diet of Nile ti-
lapia and rainbow trout did not have any impact on growth 
and feed efficiency (Hu et al., 2016; Yigit et al., 2018). The 
variation among the results of different researches could be 
associated with several factors related to fish physiology, 
nutrition and environmental conditions (Yigit et al., 2018; 
Goda et al., 2020 b). The advantages of using phytase in-
clude enhanced mineral absorption, energy and AAs utiliza-
tion (Bowyer et al., 2020; Sharawy et al., 2020), improved 
gastrointestinal histology (Rachmawati et al., 2017) and 
boosted micro- and macro-nutrients assimilation (Goda et 
al., 2020 a; Chen et al., 2024).

Carbohydrase
Non-starch polysaccharides (NSPs) are one of the com-

mon ANFs in plant protein ingredients that limit their use 
in aquafeeds (Hassaan et al., 2019 a; Lee et al., 2020). Fur-
thermore, presence of NSPs reduces nutrients availability 
in fish feeds (Dawood and Koshio, 2020; Liu et al., 2023 
b). In addition, fish lack the enzymes necessary to digest 
NSPs, which caused viscidness in the digestive tract and 
negatively affected growth rate (Kuz’Mina, 1996; Leen-
houwers et al., 2007). Therefore, the main goal of using 
carbohydrase’s enzymes is to break down complex NSPs 
that fish cannot digest, and reduce NSPs-induced digesta 
viscosity (Castillo and Gatlin, 2015), thus improving the 

gut health (Adeola and Cowieson, 2011). NSPs belong to 
the group of complex carbohydrates, making up 25–50% 
of plant components (Nadeem et al., 2022). Enzymes of 
CHO digestion improve nutrients digestibility and availa-
bility and consequently improve fish performance (Kumar 
and Chakravarty, 2018; Hasan et al., 2023).

Supplementation of exogenous carbohydrates in vari-
ous fish species and shrimp has been shown to increase 
growth, feed conversion ratio, health of fish and gut mi-
crobiome community of the gastrointestinal tract (Zamini 
et al., 2014; Jiang et al., 2014; Zhou et al., 2013; Magal-
hães et al., 2016; Qiu and Davis, 2016; Wenxiang et al., 
2018; Engin and Koyuncu, 2023; Liu et al., 2023 b). 

Similarly, Ai et al. (2007) found that substitute of FM 
with plant proteins enriched with carbohydrase enzyme in 
Japanese seabass diet improve growth and feed utilization, 
resulting in decreased levels of NSPs. However, several 
factors affect the incorporation level of exogenous carbo-
hydrase in aquafeeds as the percentage of the plant protein 
ingredient in the diet; fish species, age and size; type and 
quantity of enzymes (El-Husseiny et al., 2018; Zheng et 
al., 2020). Although supplements containing exogenous 
carbohydrate enzymes show promising results, their avail-
ability is limited and requires further research.

Modes of action
The importance of including exogenous enzymes in 

the rations having high levels of plant proteins could be 
attributed to the following scenario: i) hydrolyzed com-
ponents that cannot be dissolved by endogenous enzymes 
(Liu et al., 2018); ii) breakdown of ANFs and, consequent-
ly, hydrolyzing the protein into amino acids (Hassaan et 
al., 2021); iii) liberate nutrients associated with the cell 
(Velázquez-De Lucio et al., 2021); iv) increase the avail-
ability of some nutrients (Hassaan et al., 2021; Velázquez-
De Lucio et al., 2021); v) increase digestive enzymes ac-
tivity, resulting in better digestion (Liu et al., 2018).

Figure 3. Effects of different exogenous enzymes on improving nutrition value of plant protein and growth
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Impact of exogenous enzymes on various param-
eters in fish

Recent studies highlight the importance of using ex-
ogenous enzymes in the diets of various fish species with 
high incorporation levels of plant proteins via enhanced 
performance, improved gut morphology resulting in 
breakdown of ANFs and enhanced nutrients digestibil-
ity and availability (Figure 3; El-Haroun et al., 2009; 
Hassaan et al., 2020; Soltan et al., 2023; El-Ashry et al., 
2021; Wu et al., 2020; Rodrigues et al., 2023; Goda et al., 
2020 a, b; Shah et al., 2021; Chuchird et al., 2023). 

Growth performance and feed utilization
Growth performance is a sum of several factors in-

cluding diet chemical composition, types of ingredients 
and feed additives incorporated (Figure 4; Maryam et al., 
2024). Recent studies conducted in various fish species 
reported that addition of exogenous enzymes in fish fed 
plant-based diets significantly improved growth and di-
gestibility criteria (Shi et al., 2016; Hassaan et al., 2019 
b; Li et al., 2016). Following this pattern, Hassaan et al. 
(2020) found the best growth of Nile tilapia in the group 
fed plant protein-based diet supplemented with exog-
enous protease, The present findings could be attributed 
to the role of exogenous enzyme to enhance nutrients 
digestion and assimilation that consequently boost and 
improve fish growth (Hassaan et al., 2021), thus the pre-
sent review article highlights the importance of including 
exogenous enzymes in plant-based diet to: i) mitigate to 
some extent the negative impact of presence of ANFs in 
plant proteins-based diet, ii) exogenous enzymes digest 
grain storage proteins and release high amounts of EAAs 
and energy (Hassaan et al., 2020). Following the same 
patterns, (Hassaan et al., 2020; Feng et al., 2023; Wu et 
al., 2024) reported that inclusion of protease enzymes 
can be used with plant feeds to replace FM in the diet of 
Nile tilapia and grass carp without negative impact on 

growth performance. In addition, Negm et al. (2024) and 
Azcuy et al. (2024) found that using of phytase enzymes 
in the diet of tilapia and trout increases growth. Likewise, 
Hasan et al. (2023) reported that the use of α-amylase en-
zymes in olive flounder diet had no significant effects on 
growth. Differences of the enzymes impacts on growth 
can be attributed to plant protein types and inclusion 
levels, fish species and age, enzyme types, and inclusion 
levels in feeds.

Body composition
The body chemical composition reflects the chemi-

cal composition of the diet, nutrient digestibility and 
availability. Maryam et al. (2022) found that inclusion 
of exogenous enzymes in plant-based diets enhanced the 
whole-body chemical composition of rohu juveniles ver-
sus basal diet. Furthermore (Li et al., 2016; Wu et al., 
2024; Negm et al., 2024; Dalsgaard et al., 2012; Azcuy 
et al., 2024) found that Nile tilapia and rainbow trout re-
corded significant improvement in body protein retention 
when fed diets supplemented with phytase. Furthermore, 
Negm et al. (2024) and Adeshina et al. (2023 a, b) re-
ported that an inclusion of 1.5 g/kg of phytase increased 
protein and fat content and reduced carbohydrate con-
tent, where the phytase enzyme releases nutrients, lead-
ing to an increase in the amount of fats and proteins in the 
body versus basal group (Cowieson et al., 2017; Goda et 
al., 2020 a).

Nutrient digestibility
The growth of fish is affected by their ability to digest 

nutrients (Feng et al., 2023). Recently, several studies 
have reported that inclusion of plant protein supplement-
ed with exogenous enzyme in aquafeeds improved nutri-
ent digestibility in various fish species (Hassaan et al., 
2019 a; Huan et al., 2018; Wu et al., 2024; Negm et al., 
2024; Liu et al., 2018; Shi et al., 2016; Yao et al., 2019; 

Figure 4. Effects of exogenous enzymes on improving immune response
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Yigit et al., 2018, Azcuy et al., 2024). Following the same 
patterns, Castillo and Gatlin (2015), Feng et al. (2023) 
and Wu et al. (2024) stated that enriched plant proteins 
with exogenous enzymes enhanced nutrient digestibility. 
Furthermore, Maryam et al. (2022) reported that inclu-
sion of 0.450 g kg-1 protease increased protein digestibili-
ty of fish meal-based diet. Also, Liu et al. (2018) reported 
that adding 1.50 g.kg-1 protease improved crude protein 
and ether extract versus basal diet. Similarly, Shi et al. 
(2016), Ragaa et al. (2017) and Hassaan et al. (2019) 
stated that enrichment of carp and tilapia diets with pro-
tease improved nutrient. These results are attributed to 
its capability of hydrolyzing complex proteins and ANFs 
(Maryam et al., 2024). On the other hand, Yigit et al. 
(2018) and Putnuan et al. (2020) found that inclusion 
of exogenous enzymes in Nile tilapia and rainbow trout 
had no impact on the CP and EE digestibility. Putnuan et 
al. (2020) found that the variation of exogenous enzyme 
inclusion results could be related to fish species, diges-
tion methods, type and dose of enzymes, and processing 
technique.

Immune response
The immune response of fish can be evaluated 

through hematological parameters and biochemical in-
dicators (Figure 5; Abd Elnabi et al., 2020; Diab et al., 
2023). Inclusion of exogenous enzymes improved im-
mune response resulting in increased protein availability 
and antibody production in fish (Maryam et al., 2024). 
Previous research highlights the role of exogenous en-
zymes to improve immune system response. Maryam et 
al. (2022) stated a significant increase in biochemical in-
dices of fish fed diets supplemented with protease versus 
plant-based diet without supplementation. In addition, 
Goda et al. (2020 a, b) reported that European seabass 
fed HPDDG (high-protein distiller’s dried grains) diets 
enriched with either protease or phytase had improved 
biochemical indices. Similarly, Hassaan et al. (2020) 
found that the highest blood parameters were recorded in 
Nile tilapia fed diets enriched with exogenous enzymes. 
Alike, Negm et al. (2024), Adeshina. et al. (2023 a, b) 
and Zarghi et al. (2022) reported that inclusion of phytase 
in fish diet improved immune system response, disease 
resistance and control of disease outbreaks and pathogen 
infection. The improvements of immune system response 
were related to the presence of bioactive compounds de-
rived from medicinal plants (Goda et al., 2020 a). In con-
trast, Adeoye et al. (2016) found no significant effects on 
hematological parameters of Nile tilapia fed diets con-
taining exogenous enzymes. The discrepancy between 
results could be related to fish origin, physiological, nu-
tritional and lab conditions (Hasan et al., 2023).

Histology studies 
The gastrointestinal tract is a vital organ for diges-

tion and assimilation by stem cells, which act as media-
tors of the immune response (Hasan et al., 2023). His-
tological studies extend knowledge on the nutritional 

status of fish, as well as the gastrointestinal morphology 
and the chyme, which is of great importance for nutri-
ent metabolism (He et al., 2020). Plant protein sources 
contain ANFs that cause inflammation and restructure 
fish intestine in terms of mucosal fold and disappearance 
of the supranuclear vacuolization (Anwar et al., 2020). 
Recent studies reported that inclusion of exogenous en-
zymes had a positive impact on gut microbial commu-
nity and enhanced the intestinal health that consequently 
improved nutrients metabolism (Saleh et al., 2022; Goda 
et al., 2020 a, b; Abd Elnabi et al., 2020). Huan et al. 
(2018) found that enriched plant proteins with exogenous 
enzyme improve assimilation and retention of nutrients, 
leading to increased intestinal villus length. Similarly, 
Goda et al. (2020 a, b) found increasing intestinal villi 
in European seabass fed diets containing exogenous en-
zymes protease and phytase compared to a plant-based 
diet without exogenous enzymes. There is a direct rela-
tionship between the intestinal villus morphology and the 
digestibility of crude protein, which leads to improved 
digestion, absorption, and retention of crude protein 
and nutrients (Huan et al., 2018). Similarly, Huan et al. 
(2018) and Hassaan et al. (2021) found that feeds con-
taining plant proteins supplemented with enzymes led 
to an intestinal morphology of olive flounder and Nile 
tilapia, which indicates increased nutrients retention. Gut 
health in fish is controlled by stress generated by ANFs, 
which negatively affects the intestine morphology, lead-
ing to decreased nutrient retention in the gut (Maryam et 
al., 2024). Negm et al. (2024) stated that addition of en-
zymes in Nile tilapia diets enhanced the intestine histolo-
gy in terms of intestinal villi morphology and the number 
of goblet cells that consequently improve the capability 
of the intestine to absorb nutrients. Adeshina et al. (2023 
a, b) and Liu et al. (2023) found that the use of phytase 
enzyme (1000 FTU/kg) in the diet of African catfish and 
Nile tilapia improved intestinal absorption area versus 
basal diet without supplementation of enzyme, where 
phytase breaks down phytic acid by dephosphorylation to 
release inorganic P, releasing minerals for absorption by 
the intestine, potentially affecting its absorptive capacity 
(Negm et al., 2024).

Figure 5. Effects of exogenous enzymes on gene expression
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Water quality
Water quality is important to maintaining the health 

of fish in aquaculture, as water degradation can cause 
stress and disease outbreaks (Devi et al., 2017; Gopalraaj 
et al., 2023). Historically, the impact of aquafarms on 
aquatic ecosystems has been reduced through improve-
ments in feed production, technology, and feed com-
position (Engin and Koyuncu, 2023). Recently, several 
studies showed that the use of exogenous enzyme sup-
plementation in fish diets can enhance the digestibility 
and bioavailability of nitrogen, non-retained phosphorus, 
and other minerals and significantly reduce the nitrogen 
and phosphorus load in the aquatic environment, enhanc-
ing environmental impact and ensuring sustainable fish 
production (Goda et al., 2020 a; Moustafa and Amer, 
2017). Use of phytase supplementation in plant protein-
based diets reduced environmental P load by 30–50% in 
various fish species (Biswas et al., 2007; Dechavez and 
Serrano, 2012). 

Similarly, Moustafa and Amer (2017) found that 
adding exogenous enzymes to feeds can reduce aquatic 
ecosystem pollution by 23% and 8.2% in P and N excre-
tion, respectively. Furthermore, addition of protease in 
tilapia diet containing lower N and NH3 levels in their 
water due to the protease successfully digesting the pro-
tein consequently reduced waste outputs in the water 
(Yuangsoi et al. 2018). Similarly, Baruah et al. (2004) 
found that feeding fish with high plant protein content 
leads to low digestibility of phytate-P in fish due to their 
high consumption of plant protein, which results in most 
of it being excreted into the water, potentially causing 
pond pollution.

Antioxidant activity and genes
Antioxidants are components that prevent cells from 

oxidation by reducing the production of free radicals 
(Neto et al., 2019). The levels of oxidative enzymes, in-
cluding SOD, GPX, GPX, and MDA, are good indicators 
of oxidative status and can act as a biomarker for oxida-
tive stress (Martínez-Alvarez et al., 2005). According to 
Song et al. (2017) and Wu et al. (2020, 2024), the use of 
protease supplementation in the diet of carp and shrimp 
helps to accelerate the activities of oxidative enzymes 
and total antioxidant capacity, and values decreased 
MDA, which led to a reduction in the causes of diseases 
(Uzzau et al., 2002). 

Recently, nutritionist have focused in their studies on 
linking nutrition analysis and genomics using a nutrition-
al genomics approach to enhance the effect of diet com-
ponents on growth and immune gene expression (Figure 
6; Mutch et al., 2005). Recent researches confirmed that 
fish growth is controlled by GH and IGF axis as well as 
dietary protein (Company et al., 2001; Pérez-Sánchez 
et al., 2002; Hassan et al., 2019). Hassan et al. (2019; 
2023) and Shi et al. (2017) found that in olive flounder 
and crucian carp fed diets containing amylase and cellu-
lose, respectively, the levels of GH, TGF-β3, and IGF-1 
were significantly up-regulated in the muscle. Moreover, 

exogenous enzymes promote gene expression related to 
inflammation as tumor necrosis factor-α (TNF-α), inter-
leukin-10 (IL-10), IL-1β, and IL-8 (Kuebutornye et al., 
2020; Hossain et al., 2024; Huo et al., 2019; Maryam 
et al., 2024). Furthermore, Wu et al. (2020) found that 
inclusion of 0.5 g/kg protease up-regulates TNF-α and 
IL-1β genes expression that consequently enhance dis-
ease resistance in tilapia. Moreover, inclusion of pro-
tease caused down-regulation of heat shock protein 70 
(HSP70) (Wu et al., 2020). Similarly Negm et al. (2024), 
Adeshina et al. (2023 a, b), Zarghi et al. (2022), Hos-
sain et al. (2024) and Maryam et al. (2024) reported that 
inclusion of exogenous enzymes promotes expression of 
IL-1β, IL-10 and TNF-α in fish.

Economic evaluation 
The increasing cost of feed is a significant issue that 

hinders profitability in fish production (Negm et al., 
2024). Therefore, improving the digestibility of feed and 
nutrients not only enhances fish growth rates but also 
increases the profitability of aquaculture (Hasan et al., 
2023). Negm et al. (2024) and Ali (2021) reported that 
inclusion of phytase increased the fish yield of Nile ti-
lapia fed diets by 16.5%. Following the same patterns, 
inclusion of phytase in fish diets increased the yield by 
29.5% versus control 2.36% (Negm et al., 2024). Simi-
larly, fish fed diets supplemented with either protease 
or phytase recorded the best relative feed cost per kg of 
fish gain (Goda et al., 2020 a, b). Furthermore, Nehad 
et al. (2019) found inclusion of phytase reduced cost by 
41.35%. Moreover, Al-Harthi et al. (2020) found that 
adding phytase resulted in the maximum economic effi-
ciency. Alike, Khan et al. (2006) found that enzyme sup-
plementation decreased the relative cost of broiler feeds 
by 4%–18%.

Conclusions and future perspective
Recently, exogenous enzyme additives have success-

fully improved the growth performance, feed utilization 
and health status of fish and improved water quality. 
Therefore, more research should be conducted on esti-
mating exogenous enzyme utilization for different fish 
species at different water temperatures during different 
stages of growth. In addition, recently advanced biotech-
nology has the potential to improve the stability of exog-
enous enzymes in feed.
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