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Abstract
Modern aquaculture must be sustainable in terms of energy consumption, raw materials used, and environmental impact, 
so alternatives are needed to replace fish feed with other raw materials. Enzyme use in the agri-food industry is based 
on their efficiency, safety, and protection of the environment, which aligns with the requirements of a resource-saving pro-
duction system. Enzyme supplementation in fish feed can improve digestibility and absorption of both plant- and animal-
derived ingredients, increasing the growth parameters of aquacultural animals. Herein we summarized the recent literature 
that reported the use of digestive enzymes (amylases, lipases, proteases, cellulases, and hemicellulases) and non-digestive 
enzymes (phytases, glucose oxidase, and lysozyme) in fish feed. In addition, we analyzed how critical steps of the pelleting 
process, including microencapsulation and immobilization, can interfere with enzyme activity in the final fish feed product.

Keywords Enzymes · Fish feed · Aquaculture · Feed additive · Enzyme microencapsulation

Introduction

Intensive aquaculture requires effective and economical 
fish feed for growth of aquatic species in all life stages. The 
development of fish feed composed of all essential nutri-
ents balanced to allow profitable growth, survival, and 
reproduction is needed (Sampath et al. 2020). In many fish 
feed formulations, protein and lipids are obtained from ani-
mal or plant sources (often by-products of the food indus-
try) rather than through fish meal (FM) and fish oil (FO), 
which are being used in decreasingly smaller percentages 
in fish feed formulations. Even though some commercial 
fish feed uses alternative raw materials of non-marine origin 
that have good nutritional properties, they do not meet the 
unique nutritional value of feed formulated with only FM 
and FO. Hence, it is important to improve the availability 

and nutritional value of alternative raw materials through 
bioengineering technology specifically enzyme technology.

The use of enzymes is important for the development of a 
sustainable aquaculture industry (Son and Ravindran 2012). 
The global animal feed enzymes size reaches 1340.6 million 
USD in 2021, and it is expected a compound annual growth 
rate (CAGR) of 5.0% in the period 2022–2028, according 
to Global Animal Feed Enzymes Market Report (LP Infor-
mation, Inc., 2022). These statistics suggest enzymes are 
becoming an important ingredient in the fish feed industry.

Fish feed must be optimally digested by appropriate 
enzymes to provide the required amounts of calories and 
essential nutrients to farmed fish. Most ingredients added to 
fish feed, especially non-fish raw materials, are composed of 
high molecular weight organic matter, which leads to slow 
decomposition and digestion in the digestive tract in fish. 
Several studies have shown that the use of enzymes for the 
pretreatment of plant-derived raw materials improved the 
fish feed digestibility and fish growth rate (Ai et al. 2007; 
Cao et al. 2007; Kalhoro et al. 2018; Maas et al. 2018, 2019, 
2020; Ogunkoya et al. 2006). Most enzymes used in fish feed 
belong to a class of hydrolases, and, among these, proteases, 
glucosidases, and lipase have the highest number of appli-
cations (Ghosh et al. 2019). These enzymes can improve 
the digestion of antinutritional (ANT) factors present in 
fish feed, such as antigen proteins, indigestible oligosaccha-
rides like stachyose and raffinose, and phytic acid, which 
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cause slow digestion, malnutrition, and limited growth of 
fish. Dietary supplementation of phytases, essential for the 
digestion of plant-derived phytates, increases the bioavail-
ability of phosphorus and other minerals, and overall growth 
performance (Lemos and Tacon 2017). In addition, to reduce 
aquaculture diseases and promote the health of farmed fish, 
some enzyme preparations used to improve intestinal health 
and inhibit harmful bacteria have also received attention, 
which is of significance for the control and reduction of anti-
biotic use, improvement of the environment, and food safety 
in aquaculture. Wherein, glucose oxidase and lysozyme are 
the most commonly used exogenous enzyme feed additives.

In this review, the three types of exogenous enzyme 
preparations mentioned above have been summarized and 
their application progress elaborated. In Supplementary 
Table S1, the main exogenous enzymes exploitable for aqua-
culture feedstuff and their application effects are listed. By 

presenting examples of the enzymes used in fish feed (Fig. 1) 
and their effect on fish growth performance, we highlighted 
critical issues to be considered for the efficient addition of 
enzymes to fish feed. Stability and high catalytic activity 
of fish feed ingredients remains a critical issue when using 
exogenous enzymes efficiently in fish feed formulations. 
These are listed in Fig. 2.

Enzymes added in fish feed

Proteases

Proteases are specific to the hydrolysis of peptide bonds 
located in the middle (endopeptidases) or at C- or N-ter-
minus of the protein (exopeptidases). Also, some proteases 
are very selective by attacking only a particular amino acid 
sequence. Most protease applications in human food tech-
nology (Tavano et al. 2018) can also be useful to the fish 
feed industry. In particular, they can hydrolyze food proteins 
to peptides, enhancing their digestibility. Thus, exogenous 
proteases can supplement a low level of secretion in the fish 
digestive tract, assisting the endogenous enzymes to com-
pletely digest nutrients, improving their utilization.

Recent findings indicated that exogenous proteases have 
a significant effect on fish health including feed conversion 
ratio (FCR), weight gain (WG), and metabolic activity. The 
addition of exogenous protease into soybean meal has sig-
nificantly increased the apparent digestibility coefficients 
(ADC) of rainbow trout (Oncorhynchus mykiss), varying 
from 0.792 to 0.869 (P < 0.05) (Dalsgaard et al. 2012). 
Adding exogenous proteases into a fish meal-free diet to be 
fed to tilapia (Oreochromis niloticus × Oreochromis aureus) 

Fig. 1  Representation of the possible roles in the gastroenteric fish 
tract of exogenous enzymes administered by fish feed and of the 
homologous endogenous enzymes (if present) after the ingestion of 
the feed

Fig. 2  Origin, preparation, 
and possible points of the 
application of enzymes, in 
the pathways of fish feed 
production. Numbers 1, 2 
and 3 indicate possible points 
where enzymes can act to (1) 
pre-digest fish feed, (2) be 
mixed with the mash for pel-
leting after enzyme stabiliza-
tion toward temperature and 
operational conditions for 
pelleting or (3) be mixed with 
fish feed pellets to function in 
the gastroenteric fish tract
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increased WG from 1052.8% ± 24.4% to 1169.8% ± 11.4% 
(Li et al. 2019). A similar trend was reported when exog-
enous protease was added to an FM diet for Gibel carp 
(Carassius auratus gibelio), allowing an increase of WG 
from 188.4% ± 14.5 to 230.6% ± 6% (a pelleted diet) or from 
244.5% ± 11.3% to 273.4% ± 6.0% (an extruded diet) (Shi 
et al. 2016). Supplementing protease in a diet with reduced 
FM level and crude protein content by 10% and 5% did not 
negatively affect the growth of white shrimp (Li et al. 2016). 
In this case, WG was 247.9% ± 11.3% for the control dietary 
group and 275.1% ± 6.2% for the diet containing 0.175 g pro-
tease per kg of feed. Furthermore, using protease was also 
very useful to improve the metabolic activity of the fish. 
Hassaan et al. (2019) compared the growth of juvenile Nile 
tilapia fed for 12 weeks with feed containing different ratios 
of FM/cotton seed meal (CSM) with or without the inclu-
sion of exogenous protease (250 U/kg feed). In all cases, 
the supplementation of the protease in the diet led to the 
highest WG, protein efficiency, and feed efficiency. Enzyme 
addition also led to higher expression of insulin-like growth 
factor I gene in Nile tilapia brain and liver as compared to 
other fish groups fed with the same FM/CSM ratio but with 
no protease.

In the above-mentioned addition of exogenous protease to 
a fish diet, the effect varied according to the form in which 
the enzyme was added. A study by Dalsgaard et al. (2012) 
revealed that adding the same protease and β-glucanase 
to different feed had different effects, based on nitrogen 
mass-balance and energy retention data, with utilization of 
nutrients and energy better for the feed containing soybean. 
Furthermore, the use of proteases did not have a significant 
effect on growth parameters and FCR in rainbow trout when 
mixed and pelleted with a milled, sieved, dehulled, toasted, 
and solvent-extracted soybean meal fine powder (Yigit et al. 
2018). This may be due to the different composition of the 
basal diet and processing modes having an impact on the 
action of exogenous proteases.

The most widely used proteases are neutral and alka-
line, such as alkaline serine endopeptidase AG175TM from 
JEFO Nutrition Inc. of Saint-Hyacinthe, QC, Canada (Li 
et al. 2019; Shi et al. 2016). To date, acid proteases have also 
been shown to facilitate fish growth (Zheng et al. 2020). In 
addition, bromelain (an extract from the stems of pineapples 
containing proteases) could serve as a potent enzyme-based 
supplement to improve protein digestibility of spirulina-
based fish diets, an economical alternative protein source of 
fish feed (Sharma et al. 2021).

The combination of exogenous proteases and endogenous 
digestive enzymes can be beneficial for fish growth. Fish 
produce endogenous enzymes that originate from their gas-
trointestinal system or gut microbiota. The latter one pro-
duces numerous digestive enzymes (Ray et al. 2012), such 
as cellulases, collagenases, proteases, amylases, allowing the 

digestion of complex organic macromolecules usually pre-
sent in plant feedstuffs (Kar et al. 2008; Sinha et al. 2011). 
The fermentation of engineered microbial strains is the 
main route for producing exogenous enzymes at an indus-
trial scale. Also, by-products produced from the fish industry 
(e.g., fish viscera) could be a potential source of enzymes to 
be used as additives in aquafeed (González-Riopedre et al. 
2013).

Amylases

Starch is the main digestible polysaccharide in plant feed 
ingredients used in aquaculture (Francis et al. 2001). The 
digestibility of starch directly affects the growth of fish. 
Therefore, amylase, an enzyme that degrades starch (Upreti 
et al. 2019), plays a crucial role in the growth process of 
fish. Although amylase is an endogenous digestive enzyme 
of numerous fish species, some studies have shown that car-
nivorous fish could have a low expression of this enzyme, 
resulting in a reduced ability to digest starch for energy sup-
ply (Hemre et al. 2002; Stone 2003). Moreover, carnivo-
rous fish might suffer prolonged postprandial hyperglycemia 
(Bergot 1979; Moon 2001; Wilson 1994), low metabolic 
activity, reduced utilization rate of other nutrients in fish 
feed with a high content of dietary carbohydrates (e.g., 
starch, dextrin) (Hemre et al. 2002), and fish stress response 
(Petitjean et al. 2019).

In response to the afore-mentioned problems, studies have 
shown that adding exogenous amylase could increase meta-
bolic activity and regulate blood glucose levels. Kumar et al. 
(2006a, b) studied the addition of α-amylase to the feed of 
Labeo rohita (Hamilton). The authors reported that the addi-
tion of 50 mg α-amylase/kg feed led to an increase of liver 
glycogen (from 97.13 ± 1.29 mg to 171.36 ± 3.19 mg glyco-
gen  g–1 wet tissue) (Kumar et al. 2006b) and blood glucose 
(about 80 to 102 mg glucose in 100 ml blood), meaning that 
under the effect of exogenous amylase, the starch utiliza-
tion and glucose metabolism in the fish was increased. In 
follow-up studies, Kumar et al. (2009) reported that glucose-
6-phosphate 1-dehydrogenase (G6PD) activity of the fish 
was also enhanced, suggesting amylase supplementation 
could enhance metabolism and regulate postprandial blood 
glucose. Interestingly, these authors also revealed a compli-
cated metabolic situation. After adding the same amylase 
to feed with different protein levels (gelatinized or non-
gelatinized corn containing optimum (35%) or sub-optimum 
(27%) protein levels), the non-gelatinized corn diet appreci-
ably enhanced gluconeogenetic and amino acid metabolic 
enzyme activity, whereas gelatinized corn induced increased 
lipogenic enzyme activity in the serum and liver of fish that 
can be correlated to the type of corn and protein level.

Some studies reported that adding exogenous amylase to 
fish feed also improved the protein content, health status, 
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and immunity of fish. Elevated fish muscle protein, muscle 
protein/DNA ratio, and DNA/muscle mass (wet weight) ratio 
were all used in studies exploring the effects of exogenous 
amylases on fish (Khalil et al. 2018; Kumar et al. 2006a, b, 
2009). Khalil et al. (2018) also reported that when adding 
a single amylase to the feed of striped catfish (Pangasiano-
don hypophthalmus), the red and white blood cells count, 
hematocrit, and numbers of lymphocytes along with other 
haematological parameters representing the immune activity 
of the fish, improved. In addition, a decreasing tendency of 
the total bacterial count in the intestinal content and fish skin 
was observed. These results proved that exogenous amylase 
could play a role in enhancing fish immunity and improving 
fish health.

At present, only a few studies examined the effects of 
exogenous amylase on fish, and most focused on diets sup-
plemented with mixed enzyme preparations containing 
amylase. Those studies showed that growth performance 
could be improved by the addition of exogenous enzymes. 
For example, the addition of pepsin, papain, and α-amylase 
into the feed for Nile tilapia (O. niloticus) fingerlings led 
to a significant increase of WG, and feed utilization (Goda 
et al. 2012). Similarly, Atlantic salmon, Salmo salar L. (a 
carnivorous fish) showed an enhanced feed utilization rate 
after receiving exogenous α-amylase through feed, and flesh 
quality was more appreciated by fish consumers (Carter et al. 
1992, 1994). Yildirim and Turan (2010) added a commer-
cial preparation containing β-amylase to the feed of Afri-
can catfish (Clarias gariepinus). The use of this enzyme, 
along with protease, fungal xylanase, β-glucanase, endo-β-
glucanase, pentosonase, α-amylase, and pectinase, improved 
fish growth and the specific growth rate (SGR). However, the 
authors did not provide details on the enzyme specific activ-
ity, making it difficult to establish which of these biocata-
lysts was responsible for the positive effect on fish growth.

Lipases

Lipases are carboxylic ester hydrolytic enzymes, which 
sequentially hydrolyze the ester bonds of triglycerides to 
form glycerol and fatty acids. Lipases and phospholipase 
A2 are the two types of lipolytic enzymes that have been 
mostly studied in fish metabolism (Iijima et al. 1998; Zam-
bonino and Cahu 2007). They have a crucial role in modu-
lating fish adipose tissues, ultimately affecting carcass yield 
and flesh quality of farmed fish species (Weil et al. 2013). 
The oral cavity of fish larvae often contains lipases (Murray 
et al. 2003; Srivastava et al. 2002), but bile salt-activation 
is usually required to activate their function (Iijima et al. 
1998; Murray et al. 2003). Because juvenile fish have a bet-
ter ability to digest phospholipids than triglycerides, and the 
pancreatic lipase of juveniles is non-linear in the digestive 
level of dietary triglycerides (Cahu et al. 2003), lipases have 

been added as a feed component to increase the level of 
lipid digestion. Studies on lipases as an exogenous enzyme 
added to fish feed and their effects on fish performance are 
still relatively few and primarily conducted using mixtures 
with other enzymes.

Some studies have demonstrated that the multienzyme 
commercial preparation containing lipase improved fish 
growth performance. Ghomi et al. (2012) added lipase to 
the feed of great sturgeon Huso huso fingerlings. As a result, 
their SGR (from 3.32 ± 0.19 to 3.68 ± 0.17) and final weight 
(from 46.13 ± 0.20 g to 53.03 ± 0.15 g) increased. Similarly, 
Zamini et al. (2014) added a multienzyme commercial mix-
ture containing lipases to the diet of Caspian salmon (Salmo 
trutta caspius). The survival rate and average body weight of 
fish were all higher than the control group, with an increased 
rate of 5.85% and 24.06%, respectively. These studies con-
firmed that exogenous lipase can contribute to increased fish 
growth by increasing the SGR.

Adding exogenous lipase to fish feed could also improve 
the quality of fish meat. After feeding fish with feed con-
taining exogenous lipase, the fat content in the carcass of 
great sturgeon H. huso fingerlings significantly increased 
(34.53% ± 0.06%, control 27.83% ± 1.75%) (Ghomi et al. 
2012). The same study also showed that the content of 
n-3 essential fatty acids of fingerlings fed with 500 mg/kg 
enzyme was higher (5.05% EPA and 5.89% DHA) than the 
control fish, which had 1.52% and 4.12% EPA and DHA 
content, respectively.

Some studies have also shown that adding lipase to feed 
can enhance fish metabolic activity. Liu et al. (2016) supple-
mented lipase into the diet of young grass carp (Ctenophar-
yngodon Idella) (average initial weight 255.02 ± 0.34 g) and 
reported an increase in intestinal weight (16.67 ± 1.55 g/
fish instead of 11.83 ± 1.33 g/fish measured in the controls), 
feed efficiency (varied from 57.67 ± 1.22 for the control 
to 63.74 ± 1.48), and intestinal immunity, indicating an 
improvement in the anti-inflammatory response. Further-
more, the addition of lipase led to an increase of interleukin 
10 and acid phosphatase mRNA copies in the intestinal tract 
(about 7–8%). Other positive effects were the up-regulation 
of the mRNA copies of genes encoding for the antimicro-
bial peptides, anti-inflammatory cytokines, and antioxidant 
enzymes (e.g., copper/zinc and manganese superoxide dis-
mutase, catalase, peroxidase, S-transferases, and glutathione 
reductase).

In addition to adding exogenous lipase to fish feed, the 
addition of a large amount of lipase produced by micro-
bial fermentation is also an effective way to promote lipid 
decomposition in fish feed. Yarrowia lipolytica is the most 
widely used microorganism at present, proven to play a role 
in promoting the growth of fish when added to fish feed. 
Y. lipolytica added to the diet significantly increased the 
growth rate and body weight of Russian sturgeon (Acipenser 
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gueldenstaedtii), and Atlantic salmon, as well as the con-
centration of EPA and DHA in their muscle, indicating the 
nutrient content and taste of farmed fish could be improved 
(Chen et al. 2021; Hatlen et al. 2012). The present results 
suggest that Y. lipolytica could be used as a potential diet 
additive for aquaculture.

According to these studies, lipases might have a series 
of beneficial effects when administered to fish via a low-
protein and high-lipid diet. More studies on the use of 
these enzymes, in combination with microbial products are 
needed.

Cellulases

Cellulases hydrolyze β-1,4 glycosidic bonds in the polymer 
to release glucose units allowing the use of cellulase as a 
source of carbohydrates that provides energy to the body 
(Barr et al. 1996). Cellulase activity has also been detected 
in the gastrointestinal tract of some fish (Stickney and 
Shumway 1974), and it has been demonstrated that the cel-
lulase activity is mainly contributed by the gastrointestinal 
microbial community of the fish rather than by the fish itself 
(Lindsay and Harris 1980; Saha and Ray 1998).

The level of cellulose in fish feed affects the utilization 
of other nutrients. The lack of cellulase and the absence of 
a stomach in some fish species can be responsible for the 
low digestibility of cellulose. Cellulose and other non-starch 
polysaccharides (e.g., pectins, galactans) might have adverse 
effects on nutrient absorption because of the binding to bile 
acids, the obstruction of digestive enzymes, and the move-
ment of substrates in the intestine (Francis et al. 2001).

European sea bass (Dicentrarchus labrax), rainbow trout 
(O. mykiss), rainbow trout (Salmo gairdneri), and Nile tila-
pia (O. niloticus L.) fed with high levels of cellulose in the 
feed have shown low intestinal absorption rates, low uti-
lization of nutrients, and decreased growth performance 
(Amirkolaie et al. 2005; Bromley and Adkins 1984; Buhler 
and Halver 1961; Davies 2019; Dias et al. 1998; Hansen 
and Storebakken 2007; Hilton et al. 1983). Depending on 
the fish species, the highest tolerable level of cellulose in 
the diet can vary from 10 to 30% w/w (Bromley and Adkins 
1984; Dias et al. 1998).

Zhou et al. (2013) have shown that the addition of exog-
enous cellulase to grass carp feed could promote growth rate 
after 60 days of feeding (the WG ratio was 164.61% ± 0.51% 
and 177.30% ± 0.43% for the control and the group fed with 
a diet supplemented with cellulose, respectively). The fish 
feed used in this study was a mixture of shredded Lemna 
minor Linn. mixed with wheat flour (L. minor Linn. / wheat 
flour 10/1, w/w). The supplemented cellulase was from 
Trichoderma longibrachiatum (SIGMAC9748, USA) with 
specific activity greater or equal to 1.0 U/mg. The cellulase 
was added at a ratio of 3 g/kg of duckweed (corresponding 

to 3000 U/kg) and mixed with wheat flour. Additionally, the 
activity of the grass carp digestive enzymes (e.g., protease 
and amylase) for the group fed with a diet enriched in cel-
lulase increased in comparison to the control group. In par-
ticular, the activity values were 2.10 ± 0.10 (control group 
1.65 ± 0.02), 99.43 ± 2.42 (control group 58.45 ± 2.19) U mg 
 prot−1 for amylase, 29.57 ± 1.15 (control group 24.00 ± 1.12) 
U μg  prot−1 for protease, and 27.12 ± 0.57 (control group 
25.54 ± 1.59) U g  prot−1 for the lipase.

Some recent studies indicated that cellulases have a sig-
nificant effect on the gut microbiota of fish. The study of 
Zhou et al. (2013) highlighted that the increase of Bacillus 
and Sphingomonas in the gut microbiota of grass carp con-
tributed to the digestion of cellulose. The supplementation 
of cellulase increased the number and abundance of bacterial 
species of carp gut microbiota, which was beneficial for the 
digestion of nutrients and played a key role in the immune 
response and disease resistance of fish (Burr et al. 2005). In 
general, carnivorous fish might need more exogenous cel-
lulases in the feed (Zhou et al. 2013), as they have fewer 
bacteria involved in cellulose digestion in comparison to 
herbivorous fish. However, some researchers have isolated 
a bacterial strain with cellulase activity in the gut microbiota 
of grass carp (Li et al. 2009), but there were no reports on 
similar strains isolated from the intestinal tract of carnivo-
rous fish.

Although some studies have shown that the addition 
of exogenous cellulase to carnivorous or herbivorous fish 
could promote fish growth (about 15% increase of the final 
fish body weight and 5% of SGR) (Ai et al. 2007; Ghomi 
et al. 2012; Zhou et al. 2013), the effect of dietary cellulase 
on fish growth was not always positive (Carter et al. 1992; 
Ogunkoya et al. 2006). The absence of beneficial effects may 
be due to a variety of factors, such as fish species, type of 
fish feed, way of enzyme addition, and aquaculture environ-
ment. For instance, the addition of 20,000 U/kg cellulase 
to the diet containing canola meal (CM) fed to tilapia did 
not promote fish growth and nutrient digestibility at any 
of the CM concentrations tested (Yigit and Olmez 2011). 
Moreover, the addition of different proportions of cellulase 
to rapeseed diets did not affect the growth parameters and 
nutrient digestibility of Pterophyllum scalare (Erdogan 
and Olmez 2009). Most cellulases in fish are not produced 
endogenously but derived from bacteria and fungi present 
in the feedstuffs. The pH of the fish digestive environment 
(different from the optimal pH for enzyme activity) may 
affect the efficacy of dietary cellulases (Zhou et al. 2013). 
Furthermore, the high content of cellulose in the feed may 
also affect the digestive activity of proteases. For example, 
the high levels of fibre, either alone or together with phytate, 
had the greatest adverse effects on the digestibility of canola 
protein products in rainbow trout (Mwachireya et al. 1999).
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Cellulase catalytic activity is of great interest for the fish 
feed industry especially when plant-derived raw materials 
are used because many fish species lack the ability of cel-
lulose degradation (Opuszynski and Shireman 1995). How-
ever, to date, the use of this type of enzyme in fish feed has 
not been sufficiently studied, so further research in this area 
is needed.

Hemicellulases

Hemicellulases include a group of enzymes involved in the 
breakdown and hydrolysis of galactans, xylans, mannans, 
and arabans (Chadha et al. 2019). To reduce production 
costs, non-starch polysaccharides (NSP), such as wheat, 
grains, and bran, have been used as the main energy source 
for fish feed, affecting the absorption of nutrients by fish. 
Oligosaccharides, such as xylo-oligosaccharide, mannan 
oligosaccharide, fructo-oligosaccharide, and galacto-oli-
gosaccharide, produced by hemicellulose degradation of 
the above-mentioned raw materials have certain probiotic 
activities, which not only improve the nutrient absorption 
of cultured animals but also improve the intestinal health of 
animals. Therefore, supplementation of exogenous hemicel-
lulases in fish feed has become the main way to solve the 
problem of digestion of NSP and to facilitate the growth of 
fish. Currently, the hemicellulases used as an additive in the 
aquafeed industry mainly include xylanases and glucanases. 
Several studies have shown that the addition of β-xylanases 
and β-glucanases to fish feed can improve fish growth rate 
and feed utilization, enhancing the quality of fish. These 
observations were reported for Atlantic salmon (S. salar) 
(Jacobsen et al. 2018), silver perch (Bidyanus bidyanus) 
(Stone 2003), tilapia (O. niloticus × O. aureus) (Lin et al. 
2007; Maas et al. 2018, 2020), African catfish (C. gariepi-
nus) (Yildirim and Turan 2010), and shrimp (Litopenaeus 
vannamei) (Qiu and Davis 2017).

It has been reported that different methods of adding 
exogenous hemicellulases in fish feed can also affect fish 
growth rate. To promote the synthesis of xylanase, the addi-
tion of xylanase-expressing Bacillus amyloliquefaciens 
R8 to fish feed improved the growth performance of Nile 
tilapia (Saputra et al. 2016). After two months of the feed-
ing trial, the final weight of Nile tilapia was 17.7 ± 0.19 g, 
starting from an initial fish weight of 1.5 ± 0.0 g, with the 
control group reaching a final weight of 9.0 ± 0.33 g after 
the same feeding time. Xylanase addition also increased the 
metabolic activity of the tilapia liver, determined as the rela-
tive mRNA expression level of growth- and metabolism-
related genes of glucokinase (GK), glucose-6-phosphatase 
(G6Pase), G6PD, and insulin-like growth factor-1 (IGF-1). 
These enzymes increased about three- or fourfold, as com-
pared to the control tilapia fed on a diet without the addition 

of B. amyloliquefaciens R8. The evidence of an enhanced 
metabolic activity supports the increased growth rate in fish 
fed with B. amyloliquefaciens R8 added to the diet. Further-
more, lysozyme activity of B. amyloliquefaciens R8-fed Nile 
tilapia was noticeably higher (1.1 mg/ml) than in fish fed 
with the control diet (0.39 mg/ml), suggesting an enhance-
ment of the resistance of tilapia to Aeromonas hydrophila 
(Saputra et al. 2016).

Interestingly, the addition of mixed exogenous enzymes 
may affect the metabolites of fish without affecting the 
growth of the fish itself. Ogunkoya et al. (2006) added a 
commercial enzyme cocktail containing xylanase, amylase, 
cellulase, protease, and β-glucanase (Superzyme CS, Canada 
Bio-system Inc., Calgary, Alberta, Canada) at a ratio of 1 
or 2.5 g/kg feed in the diet of rainbow trout (O. mykiss). 
Although the enzyme cocktail supplementation (no indi-
cation of specific activity was reported) did not affect the 
growth of O. mykiss, it reduced faecal material cohesiveness 
and sinking speed, which can potentially minimize waste 
recovery on land-based fish aquaculture operations and the 
impacts of some cage culture plants.

Phytases

Phytate is an antinutritional factor widely found in plant-
based feed raw materials. It forms chemical complexes with 
mineral elements (e.g., calcium, iron, magnesium, and zinc), 
proteins, and other nutrients, decreasing the absorption and 
utilization of these substances (Humer et al. 2015). In par-
ticular, phytate-bound phosphorus has very low bioavail-
ability in monogastric terrestrial animals, such as pigs or 
fish, due to the absence of an intestinal phytase in these 
animals (Adeoye et al. 2016). Due to the increasing number 
of commercial phytases capable of effectively degrading the 
antinutritional factors, it is becoming common practice to 
add phytase to fish feed.

In recent years, phytase has been used more frequently 
in fish feed (Eyiwunmi et al. 2017; Lemos and Tacon 2017) 
showing an impact in different physiological processes. 
Some studies have shown that the addition of phytase has 
an impact on the bioavailability of phosphorus and environ-
mental safety. Phosphorus is an essential mineral for fish 
growth, but its release in the environment is increasing, and 
it may be responsible for pollution and eutrophication of 
watersheds and coastal seawater (Bohn et al. 2008). The 
use of exogenous phytase is substantially efficient in reduc-
ing phosphorus excretion by converting phytate phospho-
rus into bioavailable free inorganic. Morales et al. (2016) 
and Olugbenga et al. (2017) found that using plant-based 
diets supplemented with phytase led to a reduction of 50% 
and 31% of phosphorus loadings in rainbow trout and cat-
fish, respectively. Chen et al. (2019) have also reported 
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the positive effects of phytase in increasing WG (from 
772.27% ± 5.52% to 1027.25% ± 32.34%). These results indi-
cated that phytase might play an essential role in decreasing 
the dispersion of phosphorous in the surface waters or in the 
coastal environments and, consequently, in reducing the risk 
of eutrophication.

It has been pointed out that exogenous phytase in feed 
could improve the growth performance of fish. Indeed, 
several studies showed that dietary phytase could signifi-
cantly improve the growth performance and feed utilization 
in channel catfish (Ictalurus punctatus) (Chen et al. 2019), 
African catfish (C. gariepinus) (Kemigabo et al. 2018), Nile 
tilapia (O. niloticus) (Adeoye et al. 2016), and Pacific white 
shrimp (L. vannamei) (Pakravan et al. 2017). Different doses 
of phytase (150 to 2000 FTU (phytase units)/kg) added in 
the fish feed increased weight and growth rate to different 
levels (Debnath et al. 2005). It was found that the optimum 
dose of added phytase in the catfish was almost 300 FTU/
kg (Rachmawati and Samidjan 2018), with a similar result 
found in giant tiger prawns (Rachmawati and Samidjan 
2016). However, Shahzad et al. (2020) found that the mix-
ture of Moringa seed meal and Moringa leaf meal-based 
diet supplemented with exogenous phytase at 900 FTU/kg 
concentration was suitable to develop a cost-effective and 
eco-friendly fish feed with maximum absorption of impor-
tant nutrients and improvement of the overall performance 
of Catla catla fingerlings. The dose and concentration of 
phytase added to fish feed may be determined according 
to the type of fish feed and the species of fish to maximize 
the benefits of exogenous enzyme supplementation in fish 
aquaculture.

In addition, microbial phytase has been shown to play a 
critical role in the bioavailability of nutrients for different 
fish species. Using a plant-based diet, Morales et al. (2016) 
observed that apparent digestibility and utilization of P, Ca, 
Mg, and Zn in rainbow trout (O. mykiss) were improved 
by the use of phytase. The results reported by Akpoilih 
et al. (2016) showed that using phytase in plant-based diets 
resulted in a 13% and 50% reduction in N and P loadings, 
respectively. Moreover, in the presence of phytase, the per-
centage of N and P intake was 51.2 ± 0.8 and 68.5 ± 3.6, 
respectively, whereas, for the control, it was 48.8 ± 0.3 and 
37.2 ± 2.2, respectively. The addition of phytase and sodium 
diformate (NaDF) in the diet led to a higher final fish weight 
than in the control fish fed a diet without these exogenous 
enzymes. Moreover, those studies reported that ADC of pro-
tein and amino acids significantly increased when 500 and 
1,000 IU/kg of phytase was included in the feed of shrimp 
or giant tiger prawn (Bohn et al. 2008; Rachmawati and 
Samidjan 2016). Nevertheless, although numerous studies 
have demonstrated the great benefit of phytase as an additive 
for aquaculture feeds, further research needs to confirm the 
optimal dose, species specificity, and the role of phytase.

Glucose oxidases

Glucose oxidase (GOD; E.C.1.1.3.4.) is a flavoprotein that 
catalyzes the dehydrogenation of β-D-glucose to gluconic 
acid and hydrogen peroxide  (H2O2) by utilizing oxygen  (O2) 
as an electron acceptor (Hatzinikolaou et al. 1996). GOD is 
widely diffused, particularly in microorganisms, including 
Penicillium and Aspergillus niger species (Bhat et al. 2013; 
Eryomin et al. 2004; Todde et al. 2014), such as Penicillium 
pinophilum, P. amagasakienses, and P. funiculosum. Most 
GOD that is commercially available is produced by micro-
bial strains that have an optimum pH range of 5.0 to 7.0, a 
factor that must be considered when using this enzyme in 
fish feed formulations (Bankar et al. 2009). Microbial GOD 
is currently receiving significant attention due to its wide-
spread use in the chemical, food, beverage, feed, biotechnol-
ogy, and other industries.

GOD used as a feed additive has been shown to pro-
mote fish growth and enhance health. According to recent 
reports, a diet supplemented with GOD increased the lev-
els of growth and development-related hormones in pig-
lets (Biagi et al. 2006; Tang et al. 2016; Wang et al. 2018), 
improving the feed conversion rate and growth performance. 
GOD preparation can also quickly remove bacterial toxins 
and intracellular toxin poisoning in animals. GOD is a safe 
and pollution-free alternative to antibiotics. Jeong et al. 
(1992) reported that GOD added to a poultry compound feed 
enhanced egg production and inhibited various moulds, such 
as Aspergillus flavus, Rhizopus oryzae, and Penicillium.

Some studies have also showed that exogenous GOD 
can improve the intestinal acidic digestive environment and 
contribute to maintaining a balanced intestinal microbiota. 
This role can be attributed to the gluconic acid produced by 
glucose oxidase, resulting in a partial acid environment to 
enhance intestinal health (Biagi et al. 2006). Furthermore, by 
consuming oxygen in the intestine GOD creates an anaero-
bic environment for the proliferation of beneficial anaerobic 
bacteria (Bankar et al. 2009), whereas the hydrogen perox-
ide produced can inhibit the growth of Escherichia coli and 
Salmonella.

In addition, the most unique aspect of adding glucose 
oxidase to feed is that it can guarantee the quality of raw 
materials and feed. For instance, GOD addition to the feed 
consumed oxygen (Hatzinikolaou et al. 1996), inhibiting the 
growth of aerobic microorganisms and preventing spoilage.

Though the beneficial effects of GOD supplementation 
are evident in pigs (Tang et al. 2016), its use in fish feed is 
still in the early stages. From the perspective of avoiding the 
use of antibiotics in aquaculture, GOD may have a broad 
application in the feed industry.
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Lysozymes

Lysozyme can act on the β-1,4-glycosidic bond of bacterial 
cell walls and has certain bactericidal effects. It is ubiqui-
tously present in animal body fluids as a non-specific anti-
bacterial factor. Lysozyme was originally extracted from egg 
white by a complicated and expensive procedure. At present, 
lysozyme can be produced on an industrial scale by Pichia 
pastoris and other engineered strains, greatly reducing the 
cost of its application in feed.

The haematological indices including white blood cell, 
red blood cell, and hematocrit of rainbow trout (O. mykiss) 
fingerlings were significantly improved with the effect of 
dietary lysozyme in fish feed. Instead, there was no signifi-
cant increase in the growth performance in fish fed with 
different levels of dietary lysozyme (Shakoori et al. 2018). 
Furthermore, utilizing lysozyme conjugates with galacto-
mannan or palmitic acid as a therapeutic for infection in 
fish, the survival rate was increased after supplementing the 
dietary lysozyme to the Edwardsiella tarda-infected carp, 
Cyprinus carpio L. (Nakamura et al. 1996). Lysozyme-
galactomannan conjugate was prepared through a controlled 
Maillard reaction and lysozyme-palmitic acid conjugate 
was prepared through base-catalyzed ester exchange using 
N-hydroxysuccinimide ester of palmitic acid. The above 
results showed the possibility of utilizing lysozyme conju-
gates with galactomannan or palmitic acid as an infection 
therapeutic in fish. Therefore, the addition of lysozyme in 
fish feed and the effective production methods facilitate the 
development and application of this type of enzyme as a 
feed additive.

Enzyme addition procedures

One main issue when selecting an enzyme to be included 
in fish feed is its ability to transform complex feed compo-
nents into absorbable nutrients. For this reason, enzymes can 
be added even if the feed preparation includes a fermenta-
tion process. For example, lactic acid bacteria are the most 
commonly applied bacterial agent in the process of soybean 
meal fermentation, due to their ability to produce delightful 
flavour (Tsai et al. 2021). However, lactic acid bacteria are 
less capable of producing proteases that allow the hydrolysis 
of proteins into smaller peptides during fermentation. Fur-
thermore, the removal of the antigenic proteins present in 
soybean meal fermented by lactic bacteria is very difficult. 
To overcome this difficulty, exogenous proteases are usually 
added during soybean meal fermentation (Jiang et al. 2021).

Nutritional enzymes are generally added to feed, while 
antibacterial enzymes (e.g., glucose oxidase) may be added 
to animal protection products, not necessarily mixed into 
feed. The pretreatment of the feed components can improve 

nutrient utilization, reducing the excretion of nutrients into 
the environment. However, feed enzymatic pretreatment is 
rarely used as it increases feed cost and can have adverse 
effects on the feed properties (e.g., microbial contamination) 
and on the final pellet characteristics (e.g., loss of firmness 
and texture). Therefore, for the various type of exogenous 
enzymes considered in this review, the methods of addition 
should be selected according to their characteristics in the 
preparation of aquatic feed. Some studies indicated that the 
use of enzymes (e.g., carbohydrase or protease) did not show 
any improvement in nutrient digestibility or fish growth 
(Carter et al. 1992, 1994; Denstadli et al. 2011; Ogunkoya 
et al. 2006; Yigit and Keser 2016), but an opposite outcome 
was observed with the same enzymes employed in salmonid 
diets.

The incongruent effect of these enzymes used in the diet 
of different types of fish could originate from the use of dif-
ferent ingredients, types of enzymes, other procedures used 
for their addition in the feed, and rearing conditions, such 
as water temperature and stage of growth of the fish. Thus, 
the multiplicity of the parameters that might influence the 
results of using enzymes in fish feed requires a precise and 
accurate set-up of the experiments not only in terms of fish 
nutrition but also in the preparation of the fish feed itself.

Enzymes have optimal functionality with appropriate 
operational conditions. In the case of their use to digest 
fish feed ingredients (e.g., proteins and polysaccharides) or 
to improve absorption of nutrients, their catalytic activity 
can change according to the conditions of fish gastroenteric 
apparatus. It is worth noting that farmed fish species may 
not have a functional stomach that can digest nutrients dur-
ing larval stages. The digestive apparatus and its functional-
ity gradually develop as fish larva age (Govoni 1980), but 
some species do not develop a functional stomach at all. 
Fish stomach pH is one of the most significant changes that 
occur during the growth of the animal. At first, the pH of 
the fish stomach is neutral or slightly alkaline (6.7–7.1), but 
as fish grow, the pH value gradually decreases and 97 days 
post-hatching, it can be as low as 5.0 (Mahr et al. 1983). 
For this reason, the acid resistance of enzymes added to 
fish feed should be considered differently depending on the 
developmental stage of fish. Thus, it appears that exogenous 
enzymes for most adult fish feed, need to have some acid 
resistance.

Beyond pH, other factors, such as temperature applied 
during fish feed processing and moisture level, can have a 
significant impact on enzyme activity. It is crucial to use 
processing techniques that maintain enzyme activity dur-
ing the pelleting process. The procedure usually adopted 
for pelleting includes extrusion of conditioned hot mash 
through a suitable die of a defined length and diameter. 
Before being extruded, feed ingredients pass through the 
conditioner where they are treated with steam under pressure 
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and exposing the mash to high temperatures before entering 
the pellet die (Amerah et al. 2011). The conditioner tem-
peratures in feed mills may reach 95 °C, or even higher, to 
prevent growth of foodborne pathogens (Doyle and Erick-
son 2006; Jones and Richardson 2004). However, for this 
purpose, prolonged exposure to steam and increased steam 
pressure is required.

During feed processing, factors such as pressure, heat, 
time, and moisture level in the conditioner room might 
explain enzyme unfolding and inactivation (Silversides and 
Bedford 1999; Spring et al. 1996). Enzyme addition requires 
the development of specific procedures that protect enzymes 
in fish feed, especially if they have to be active in the gas-
troenteric tract of the fish. Thus, the pelleting process needs 
to ensure the retention of the enzymatic activities (Fig. 2, 
points 1–3).

Different procedures maintain a high level of enzyme 
activity in fish feed. Spring et al. (1996) reported that the 
catalytic activity of several enzymes can be maintained in 
pellets even if prepared at temperatures up to 80 °C or for 
bacterial amylase, up to 90 °C. Cellulase, pentosanase, and 
fungal amylase after pelleting showed a residual activity of 
about 80% at temperatures up to 80 °C, and at 90 °C the 
residual activity was 10%, 5% and 5% (compared to the 
control), respectively. In the same study, bacterial amylase 
maintained about 50% of its activity even when carrying out 
the pelleting at 100 °C. Moreover, the decrease of feed vis-
cosity even after cellulase pelleting at 100 °C suggested that 
the enzyme was stable in the operational conditions of the 
process. The endolytic activity reduced viscosity, whereas 
the release of sugars from a soluble substrate was the result 
of exolytic activity. Hence, the authors concluded that the 
observed loss in enzymatic activity caused by pelleting 
might be a consequence of the analytical method used to 
assay the activity (unable to monitor the endolytic activity) 
and not because of the enzyme inactivation.

An alternative way of administering exogenous enzymes 
in a fish diet could be preparing the enzyme in a separate 
formulation. This strategy might protect enzyme function 
during the industrial process of aquafeed production and also 
from the activity of endogenous proteases and other physico-
chemical factors (e.g., pH) in the fish digestive tract. Many 
lipids and natural polymers employed as protein or drug car-
riers can potentiate the efficiency of exogenous enzymes in 
both medical and feed industries. Also, there is an ample 
choice of micro-encapsulation methods to select the most 
appropriate one for a specific enzyme and a given appli-
cation (Ye and Chi 2018). Alginate, chitosan, and xylans 
have been successfully employed as gel matrices for effec-
tive enzyme immobilization by entrapment into particles 
(microencapsulation). The immobilized enzymes prepared 
in this way, often are more stable toward external inactivat-
ing factors (Sirisha et al. 2016).

Some examples of enzyme microencapsulation have been 
recently reported by Rodriguez et al. (2018). They prepared 
alginate and alginate-bentonite microcapsules for the intesti-
nal delivery of shrimp proteases in Nile tilapia. The addition 
of bentonite to the gelling solution improved the capsule 
performance under different storage methods leading to bet-
ter retention of the enzyme activity. Furthermore, the refer-
ence diet and alginate-bentonite capsules containing shrimp 
enzymes showed a 27% higher enzyme activity in the fish 
intestines than the reference diet. The authors concluded that 
this type of microencapsulation could represent a suitable 
carrier for delivering exogenous shrimp enzymes in farmed 
fish.

Yao et al. (2019) reported that micro-encapsulated pro-
tease and carbohydrase added into the feed for Pacific white 
shrimp did not improve hepatopancreatic lipase activity. Guo 
et al. (2020) observed that microencapsulation of exogenous 
enzymes led to a decrease in the amylase activity in shrimp 
hepatopancreas, which was in contrast with the upswing 
trend in trypsin at the pancreatic segment. Thus, microen-
capsulation may have adverse effects. A possible explanation 
is that the encapsulated enzymes were not able to act in the 
proximal intestine, where most of the digestion and absorp-
tion of nutrients occurs.

In a different study, the encapsulation of microbial 
phytase in chitosan/alginate-based microcapsules improved 
the apparent digestibility and bioavailability of nutrients 
from plant protein-based diets in rainbow trout, including 
a better growth performance and tissue mineralization. The 
study was performed with 300 FTU phytase/g microcap-
sules. However, encapsulation tended to diminish phytase 
ability to release phosphorous. After 42–56 days of feed-
ing, feed efficiency was 0.75, 1.25, 0.95 and thermal growth 
coefficients were 0.110, 0.162 and 0.148 for a diet with i) no 
supplemental phytase, ii) with 3000 FTU non-encapsulated 
phytase/kg (as-fed basis), and iii) 3000 FTU encapsulated 
phytase/kg (as-fed basis), respectively. For the same type of 
diet, the P retained was, in the order, 2.92, 3.03, 3.12, and 
P intake was 6.7, 4.6, and 5.80, respectively. The authors 
ascribed this effect to a reduced interaction between the 
enzyme and dietary phytate-P (Vandenberg et al. 2011).

The points already discussed indicate that not only the 
enzyme but also its preparation and the method of enzyme 
administration to the aquatic farmed animals is of fundamen-
tal importance for optimal bioprocessing of the aquafeed. 
Although different procedures have proved to be useful for 
enzyme incorporation in the fish feed, they can vary accord-
ing to the enzyme type, enzyme biochemical properties, and 
target aquatic species and their stage of growth. However, 
the vast number of enzymes and biocompatible materials 
commercially available, jointly with the numerous tech-
niques developed for the handling and inclusions of enzymes 
in fish feed as well as in human food and pharmaceutical 
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products, can certainly lead to the development of fish feed 
enriched with enzymes. At present, a conspicuous number of 
enzyme products are available in the market as additives for 
many types of applications, from food and detergent industry 
and aquaculture. In addition, the production of enzymes used 
in feed is usually conducted through large-scale manufac-
turing methods, such as engineered bacterial fermentation, 
which generally costs less, making them affordable for large-
scale animal feed production.

For aquaculture purposes, there is a need for specific 
enzymes more active toward the components of the fish feed 
(non-starch polysaccharides, vegetable protein) and stable 
to the conditions of fish feed manufacturing (e.g., pelleting 
temperature). To this end, Bedford (2000) explored the use 
of genetic engineering to improve exogenous enzyme ther-
mal stability and adaptation to the high temperatures of the 
process of feed preparation. Gordeeva et al. (2019) increased 
the thermal stability of enzymes used in feedstuffs by site-
directed saturation mutagenesis. Genetic engineering has 
been widely used to improve enzyme properties to promote 
their better application.

Conclusions

Modern aquaculture, underpinned in the principle of sus-
tainability, requires alternative sources to FM and FO, 
which need to be transformed to reproduce as closely as 
possible to the natural fish diet. In this view, exogenous 
enzymes can be an essential component of fish feed to 
compensate for the lack of endogenous biocatalysts for the 
alternative raw materials in the feed. Several factors, such 
as the choice of the enzyme activity and enzyme proper-
ties, type of preparation, or encapsulation for administer-
ing it, conditions employed to include the biocatalyst in 
the aquafeed might cause the absence of positive effects 
on fish growth. Adding enzymes to fish feed has to take 
into account the numerous variables that the fish feed itself 
might contain. Noteworthy is the improvement of the feed 
by enzymes appears more efficient when a cocktail of 
enzymes is used instead of a single enzymatic type. Isola-
tion of new enzymes, including those promoting diges-
tion and growth, antimicrobial activity, repairing intesti-
nal inflammation, or even improving the body's immunity, 
is the direction that needs to be considered in the future 
especially under the current trend of banning the use of 
antibiotics.

Secondly, enzymes still have problems that cannot be 
ignored, such as sensitivity to high temperature, stabil-
ity toward endogenous digestive enzymes, and pH value. 
Thus, genes engineering for the development of enzymes 
with improved required properties is an area that has to be 
applied to fish feed. In enzyme processing, the stability 

of the enzymes should be ensured and maintained, and 
well-known methodologies, such as formulation or the 
application of post-spraying, can successfully address this 
issue. In addition, although the amount of enzyme added 
is small, it is necessary to further reduce the enzyme cost, 
to promote the industrial application of enzymes in aquatic 
feed under the current situation of fierce competition in 
the feed industry.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42995- 022- 00128-z.

Acknowledgements We thank Prof. Marco Saroglia at Università degli 
Studi dell'Insubria for fruitful discussion and Mrs. Donatella Varinelli 
for technical assistance. This study was supported by the National Key 
Research and Development Program of China (2019YFD0900201) and 
by the National Research Council of Italy (CNR) in the contest of the 
bilateral project (CNR Prot. n.0082796/2020) between CNR and the 
Ministry of Science and Technology of the People’s Republic of China 
(MOST).

Author contributions QL contributed to the literature search, prepara-
tion of the table and figures, and writing of the manuscript (description 
of enzymes); MY contributed to the literature search, preparation of the 
table, and supplementing the description of enzymes; LX and EL also 
contributed to the literature search and elaboration of specific sections 
of the manuscript relative to the enzyme additions to aquafeed. HM and 
FZ coordinated the work of the authors and helped FS in developing 
the idea of the article and data addition. FS conceived and provided 
the argument to this review, wrote the introduction and conclusions, 
completed all the sections on enzymes adding data, and edited the 
manuscript. All authors approved the final manuscript.

Data availability Data sharing not applicable to this article as no data-
sets were generated or analysed during the current study.

Declarations 

Conflict of interest FS is a member of the Editorial Board for MLST, 
but was not involved in the review of, or decisions related to, this man-
uscript. Authors declare that they have no conflict of interest.

Animal and human rights statements This article does not contain any 
studies with human participants or animals performed by any of the 
authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

https://doi.org/10.1007/s42995-022-00128-z
http://creativecommons.org/licenses/by/4.0/


218 Marine Life Science & Technology (2022) 4:208–221

1 3

References

Adeoye AA, Jaramillo-Torres A, Fox SW, Merrifield DL, Davies SJ 
(2016) Supplementation of formulated diets for tilapia (Oreo-
chromis niloticus) with selected exogenous enzymes: overall 
performance and effects on intestinal histology and microbiota. 
Anim Feed Sci Technol 215:133–143

Ai Q, Mai K, Zhang W, Xu W, Tan B, Zhang C, Li H (2007) Effects 
of exogenous enzymes (phytase, non-starch polysaccharide 
enzyme) in diets on growth, feed utilization, nitrogen and phos-
phorus excretion of Japanese seabass, Lateolabrax japonicus. 
Comp Biochem Phys A 147:502–508

Akpoilih BU, Omitoyin BO, Ajani EK (2016) Effect of microbial 
phytase on phosphorus availability and growth of juvenile 
Clarias gariepinus fed different processed soybean-based diets. 
Aquat Sci 31:21–37

Amerah AM, Gilbert C, Simmins PH, Ravindran V (2011) Influence 
of feed processing on the efficacy of exogenous enzymes in 
broiler diets. Worlds Poult Sci J 67:29–46

Amirkolaie AK, Leenhouwers JI, Verreth JAJ, Schrama JW (2005) 
Type of dietary fibre (soluble versus insoluble) influences 
digestion, faeces characteristics and faecal waste produc-
tion in Nile tilapia (Oreochromis niloticus L.). Aquac Res 
36:1157–1166

Bankar SB, Bule MV, Singhal RS, Ananthanarayan L (2009) Glucose 
oxidase: an overview. Biotechnol Adv 27:489–501

Barr BK, Hsieh YL, Ganem B, Wilson DB (1996) Identification of 
two functionally different classes of exocellulases. Biochem-
istry 35:586–592

Bedford MR (2000) Exogenous enzymes in monogastric nutrition: 
their current value and future benefits. Anim Feed Sci Technol 
86:1–13

Bergot F (1979) Effects of dietary carbohydrates and of their mode 
of distribution on glycaemia in rainbow trout (Salmo gairdneri 
richardson). Comp Biochem Phys A 64:543–547

Bhat SV, Swathi BR, Rosy M, Govindappa M (2013) Isolation and 
characterization of Glucose Oxidase (GOD) from Aspergillus fla-
vus and Penicillium sp. Int J Curr Microbiol Appl Sci 2:153–161

Biagi G, Piva A, Moschini M, Vezzali E, Roth FX (2006) Effect of 
gluconic acid on piglet growth performance, intestinal micro-
flora, and intestinal wall morphology. J Anim Sci 84:370–378

Bohn L, Meyer AS, Rasmussen SK (2008) Phytate: Impact on envi-
ronment and human nutrition. A challenge for molecular breed-
ing. J Zhejiang Univ Sci B 9:165–191

Bromley PJ, Adkins TC (1984) The influence of cellulose filler on 
feeding, growth and utilization of protein and energy in rainbow 
trout, Salmo gairdnerii Richardson. J Fish Biol 24:235–244

Buhler DR, Halver JE (1961) Nutrition of salmonoid fishes IX. Car-
bohydrate requirements of chinook salmon. J Nutr 74:307–318

Burr G, Gatlin D, Ricke S (2005) Microbial ecology of the gastro-
intestinal tract of fish and the potential application of prebiot-
ics and probiotics in Finnish aquaculture. J World Aquac Soc 
36:425–436

Cahu CL, Infante JLZ, Barbosa V (2003) Effect of dietary phospho-
lipid level and phospholipid: neutral lipid value on the develop-
ment of sea bass (Dicentrarchus labrax) larvae fed a compound 
diet. Br J Nutr 90:21–28

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 Microb Technol 40:497–507

Carter CG, Houlihan DF, Mccarthy ID (1992) Feed utilization efficien-
cies of Atlantic salmon (Salmo salar L.) parr: effect of a single 
supplementary enzyme. Comp Biochem Phy A 101:369–374

Cater CG, Houlihan DF, Buchanan B, Mitchell AI (1994) Growth and 
feed utilization efficiencies of seawater Atlantic salmon, Salmo 

salar L., fed a diet containing supplementary enzymes. Aquac 
Res 25:37–46

Chadha BS, Rai R, Mahajan C (2019) Hemicellulases for lignocel-
lulosics-based bioeconomy. In: Pandey A, Larroche C, Dussap 
C-G, Dussap E, Khanal SK, Ricke S (eds) Biomass, biofuels, 
biochemicals: biofuels: alternative feedstocks and conversion 
processes for the production of liquid and gaseous biofuels, 2nd 
edn. Elsevier Inc, Amsterdam, pp 427–445

Chen A, Liu X, Cui C, Yang C, Wang Y, Bu X, Yang Y (2019) An 
evaluation of phytase for Channel catfish (Ictalurus punctatus) 
fed all plant-protein diet: growth performance, nutrient utiliza-
tion and P equivalency value. Aquac Nutr 25:215–224

Chen WQ, Zheng CC, Jin ZH, Ye Z, Wu JW, Qian SQ, Wu ZJ, Sun C, 
Sun Y, Fei H (2021) Evaluation of Yarrowia lipolytica lipase 2 
on growth performance, digestive enzyme activity and nutritional 
components of Russian sturgeon (Acipenser gueldenstaedtii). 
Iran J Fish Sci 20:396–409

Dalsgaard J, Verlhac V, Hjermitslev NH, Ekmann KS, Fischer M, 
Klausen M, Pedersen PB (2012) Effects of exogenous enzymes 
on apparent nutrient digestibility in rainbow trout (Oncorhyn-
chus mykiss) fed diets with high inclusion of plant-based protein. 
Anim Feed Sci Technol 171:181–191

Davies SJ (2019) The role of dietary fibre in fish nutrition. In: Muir 
JF, Roberts RJ (eds) Recent advances in aquaculture. Springer, 
Boston, pp 219–249

Debnath D, Pal AK, Sahu NP, Jain KK, Yengkokpam S, Mukherjee SC 
(2005) Effect of dietary microbial phytase supplementation on 
growth and nutrient digestibility of Pangasius pangasius (Ham-
ilton) fingerlings. Aquac Res 36:180–187

Denstadli V, Hillestad M, Verlhac V, Klausen M, Øverland M (2011) 
Enzyme pretreatment of fibrous ingredients for carnivorous fish: 
effects on nutrient utilisation and technical feed quality in rain-
bow trout (Oncurhynchus mykiss). Aquaculture 319:391–397

Dias J, Huelvan C, Dinis MT, Métailler R (1998) Influence of dietary 
bulk agents (silica, cellulose and a natural zeolite) on protein 
digestibility, growth, feed intake and feed transit time in Euro-
pean seabass (Dicentrarchus labrax) juveniles. Aquat Living 
Resour 11:219–226

Doyle MP, Erickson MC (2006) Reducing the carriage of foodborne 
pathogens in livestock and poultry. Poult Sci 85:960–973

Erdogan F, Olmez M (2009) Effects of enzyme supplementation in 
diets on growth and feed utilization in Angelfish, Pterophyllum 
scalare. J Anim Vet Adv 8:1740–1745

Eryomin AN, Drozhdenyuk AP, Zhavnerko GK, Semashko TV, 
Mikhailova RV (2004) Quartz sand as an adsorbent for purifica-
tion of extracellular glucose oxidase from Penicillium funiculo-
sum 46.1. Appl Biochem Microbiol 40:151–157

Eyiwunmi A, Kolawole E, Kazeem O (2017) Effect of phytase supple-
mentation on the growth, mineral composition and phosphorus 
digestibility of African catfish (Clarias Gariepinus) Juveniles. 
Anim Res 14:2741–2750

Francis G, Makkar HPS, Becker K (2001) Antinutritional factors pre-
sent in plant-derived alternate fish feed ingredients and their 
effects in fish. Aquaculture 199:197–227

Ghomi MR, Shahriari R, Langroudi HF, Nikoo M, von Elert E (2012) 
Effects of exogenous dietary enzyme on growth, body composi-
tion, and fatty acid profiles of cultured great sturgeon Huso huso 
fingerlings. Aquac Int 20:249–254

Ghosh K, Ray AK, Ringø E (2019) Applications of plant ingredients 
for tropical and subtropical freshwater finfish: possibilities and 
challenges. Rev Aquac 11:793–815

Goda A, Mabrouk H, Wafa M, El-Afifi T (2012) Effect of using Baker’s 
yeast and exogenous digestive enzymes as growth promoters on 
growth, feed utilization and hematological indices of Nile tilapia, 
Oreochromis niloticus fingerlings. J Agric Sci Technol B 2:15–28



219Marine Life Science & Technology (2022) 4:208–221 

1 3

González-Riopedre M, Márquez L, Sieiro MP, Vázquez U, Maroto J, 
Barcia R, Moyano FJ (2013) Use of purified extracts from fish 
viscera as an enzyme additive in feeds for juvenile marine fish. 
In: Sieiro-Pineiro MP, Vazquez Ferreiro U, Estevez Calvar N, 
Maroto-Leal J  (eds) New additives and ingredients in the for-
mulation of aquafeeds. Centro Tecnológico del Mar-Fundación 
CETMAR, Pontevedra, pp 67–84

Gordeeva TL, Borshchevskaya LN, Kalinina AN, Sineoky SP, Kashirs-
kaya MD, Voronin SP (2019) Increase in the thermal stability 
of phytase from Citrobacter freundii by site-directed saturation 
mutagenesis. Appl Biochem Microbiol 55:788–796

Govoni JJ (1980) Morphological, histological, and functional aspects 
of alimentary canal and associated organ development in larval 
Leiostomus xanthurs. Rev Can Biol 39:69–80

Guo J, Zhou W, Liu S, Zhang W, Mai K (2020) Efficacy of crystal-
line methionine and microencapsulation methionine in diets 
for Pacific white shrimp Litopenaeus vannamei. Aquac Res 
51:4206–4214

Hansen JØ, Storebakken T (2007) Effects of dietary cellulose level on 
pellet quality and nutrient digestibilities in rainbow trout (Onco-
rhynchus mykiss). Aquaculture 272:458–465

Hassaan MS, El-Sayed AIM, Soltan MA, Iraqi MM, Goda AM, Davies 
SJ, El-Haroun ER, Ramadan HA (2019) Partial dietary fish meal 
replacement with cotton seed meal and supplementation with 
exogenous protease alters growth, feed performance, hematologi-
cal indices and associated gene expression markers (GH, IGF-I) 
for Nile tilapia, Oreochromis niloticus. Aquaculture 503:282–292

Hatlen B, Berge GM, Odom JM, Mundheim H, Ruyter B (2012) 
Growth performance, feed utilisation and fatty acid deposi-
tion in Atlantic salmon, Salmo salar L., fed graded levels of 
high-lipid/high-EPA Yarrowia lipolytica biomass. Aquaculture 
364–365:39–47

Hatzinikolaou DG, Hansen OC, Macris BJ, Tingey A, Kekos D, 
Goodenough P, Stougaard P (1996) A new glucose oxidase 
from Aspergillus niger: characterization and regulation studies 
of enzyme and gene. Appl Microbiol Biotechnol 46:371–381

Hemre GI, Mommsen TP, Krogdahl Å (2002) Carbohydrates in fish 
nutrition: effects on growth, glucose metabolism and hepatic 
enzymes. Aquac Nutr 8:175–194

Hilton JW, Atkinson JL, Slinger SJ (1983) Effect of increased dietary 
fiber on the growth of rainbow trout (Salmo gairdneri). Can J 
Fish Aquat Sci 40:81–85

Humer E, Schwarz C, Schedle K (2015) Phytate in pig and poultry 
nutrition. J Anim Physiol Anim Nutr (berl) 99:605–625

Iijima N, Tanaka S, Ota Y (1998) Purification and characterization 
of bile salt-activated lipase from the hepatopancreas of red sea 
bream, Pagrus major. Fish Physiol Biochem 18:59–69

Jacobsen HJ, Samuelsen TA, Girons A, Kousoulaki K (2018) Different 
enzyme incorporation strategies in Atlantic salmon diet contain-
ing soybean meal: effects on feed quality, fish performance, nutri-
ent digestibility and distal intestinal morphology. Aquaculture 
491:302–309

Jeong DK, Harrison MA, Frank JF, Wicker L (1992) Trials on the 
antibacterial effect of glucose oxidase on chicken breast skin and 
muscle. J Food Saf 13:43–49

Jiang X, Liu X, Xu H, Sun Y, Zhang Y, Wang Y (2021) Improvement 
of the nutritional, antioxidant and bioavailability properties 
of corn gluten-wheat bran mixture fermented with lactic acid 
bacteria and acid protease. Lwt 144:111161

Jones FT, Richardson KE (2004) Salmonella in commercially manu-
factured feeds. Poult Sci 83:384–391

Kalhoro H, Zhou J, Hua Y, Ng WK, Ye L, Zhang J, Shao Q (2018) 
Soy protein concentrate as a substitute for fish meal in diets 
for juvenile Acanthopagrus schlegelii: effects on growth, phos-
phorus discharge and digestive enzyme activity. Aquac Res 
49:1896–1906

Kar N, Roy RN, Sen SK, Ghosh K (2008) Isolation and characteriza-
tion of extracellular enzyme producing Bacilli in the digestive 
tracts of rohu, Labeo rohita (Hamilton) and murrel, Channa 
punctatus (Bloch). Asian Fish Sci 21:421–434

Kemigabo C, Abdel-Tawwab M, Lazaro JW, 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. J Appl Aquac 30:211–226

Khalil M, Azmat H, Khan N, Javid A, Hussain A (2018) Growth 
responses of striped catfish. Pak J Zool 50:685–693

Kumar S, Sahu NP, Pal AK, Choudhury D, Mukherjee SC (2006a) 
Non-gelatinized corn supplemented with α-amylase at sub-opti-
mum protein level enhances the growth of Labeo rohita (Hamil-
ton) fingerlings. Aquac Res 37:284–292

Kumar S, Sahu NP, Pal AK, Choudhury D, Mukherjee SC (2006b) 
Studies on digestibility and digestive enzyme activities in Labeo 
rohita (Hamilton) juveniles: Effect of microbial α-amylase sup-
plementation in non-gelatinized or gelatinized corn-based diet at 
two protein levels. Fish Physiol Biochem 32:209–220

Kumar S, Sahu NP, Pal AK, Sagar V, Sinha AK, Baruah K (2009) 
Modulation of key metabolic enzyme of Labeo rohita (Hamilton) 
juvenile: effect of dietary starch type, protein level and exog-
enous α-amylase in the diet. Fish Physiol Biochem 35:301–315

Lemos D, Tacon AGJ (2017) Use of phytases in fish and shrimp feeds: 
a review. Rev Aquac 9:266–282

Li H, Zheng Z, Cong-xin X, Bo H, Chao-yuan W, Gang H (2009) 
Isolation of cellulose-producing microbes from the intestine of 
grass carp (Ctenopharyngodon idellus). Environ Biol Fishes 
86:131–135

Li XQ, Chai XQ, Liu DY, Chowdhury MAK, Leng XJ (2016) Effects 
of temperature and feed processing on protease activity and 
dietary protease on growths of white shrimp, Litopenaeus van-
namei, and tilapia, Oreochromis niloticus × O. aureus. Aquac 
Nutr 22:1283–1292

Li XQ, Zhang XQ, Chowdhury MAK, Zhang Y, Leng XJ (2019) Die-
tary phytase and protease improved growth and nutrient utiliza-
tion in tilapia (Oreochromis niloticus × Oreochromis aureus) fed 
low phosphorus and fishmeal-free diets. Aquac Nutr 25:46–55

Lin S, Mai K, Tan B (2007) Effects of exogenous enzyme supplemen-
tation in diets on growth and feed utilization in tilapia, Oreo-
chromis niloticus × O. aureus. Aquac Res 38:1645–1653

Lindsay GJH, Harris JE (1980) Carboxymethyl cellulase activity in the 
digestive tracts of fish. J Fish Biol 16:219–233

Liu S, Feng L, Jiang WD, Liu Y, Jiang J, Wu P, Zeng YY, Xu SD, 
Kuang SY, Tang L, Tang WN, Zhang YA, Zhou XQ (2016) 
Impact of exogenous lipase supplementation on growth, intesti-
nal function, mucosal immune and physical barrier, and related 
signaling molecules mRNA expression of young grass carp 
(Ctenopharyngodon idella). Fish Shellfish Immunol 55:88–105

LP Information Inc. (2022) Global animal feed enzymes market growth 
2022–2028. Market Research.com. https:// www. marke trese arch. 
com/ LP- Infor mation- Inc- v4134/ Global- Animal- Feed- Enzym es- 
Growth- 30499 852/. Accessed Jan 2022

Maas RM, Verdegem MCJ, Dersjant-Li Y, Schrama JW (2018) The 
effect of phytase, xylanase and their combination on growth 
performance and nutrient utilization in Nile tilapia. Aquaculture 
487:7–14

Maas RM, Verdegem MCJ, Schrama JW (2019) Effect of non-starch 
polysaccharide composition and enzyme supplementation on 
growth performance and nutrient digestibility in Nile tilapia 
(Oreochromis niloticus). Aquac Nutr 25:622–632

Maas RM, Verdegem MCJ, Stevens TL, Schrama JW (2020) Effect 
of exogenous enzymes (phytase and xylanase) supplementation 
on nutrient digestibility and growth performance of Nile tilapia 

https://www.marketresearch.com/LP-Information-Inc-v4134/Global-Animal-Feed-Enzymes-Growth-30499852/
https://www.marketresearch.com/LP-Information-Inc-v4134/Global-Animal-Feed-Enzymes-Growth-30499852/
https://www.marketresearch.com/LP-Information-Inc-v4134/Global-Animal-Feed-Enzymes-Growth-30499852/


220 Marine Life Science & Technology (2022) 4:208–221

1 3

(Oreochromis niloticus) fed different quality diets. Aquaculture 
529:723–735

Mahr K, Grabner M, Hofer R, Moser H (1983) Histological and physi-
ological development of the stomach in Coregonus sp. Arch Hyd-
robiol 98:344–353

Moon TW (2001) Glucose intolerance in teleost fish: fact or fiction? 
Comp Biochem Phys B 129:243–249

Morales GA, Denstadli V, Collins SA, Mydland LT, Moyano FJ, Øver-
land M (2016) Phytase and sodium diformate supplementation 
in a plant-based diet improves protein and mineral utilization in 
rainbow trout (Oncorhynchus mykiss). Aquac Nutr 22:1301–1311

Murray HM, Gallant JW, Perez-Casanova JC, Johnson SC, Douglas 
SE (2003) Ontogeny of lipase expression in winter flounder. J 
Fish Biol 62:816–833

Mwachireya SA, Beames RM, Higgs DA, Dosanjh BS (1999) Digest-
ibility of canola protein products derived from the physical, 
enzymatic and chemical processing of commercial canola meal 
in rainbow trout Oncorhynchus mykiss (Walbaum) held in fresh 
water. Aquac Nutr 5:73–82

Nakamura S, Gohya Y, Losso JN, Nakai S, Kato A (1996) Protective 
effect of lysozyme-galactomannan or lysozyme-palmitic acid 
conjugates against Edwardsiella tarda infection in carp, Cypri-
nus carpio L. FEBS Lett 383:251–254

Ogunkoya AE, Page GI, Adewolu MA, Bureau DP (2006) Dietary 
incorporation of soybean meal and exogenous enzyme cocktail 
can affect physical characteristics of faecal material egested by 
rainbow trout (Oncorhynchus mykiss). Aquaculture 254:466–475

Olugbenga O, Falaye E, Ajani EK, Kareem OK (2017) Effect of 
phytase supplementation on the growth, mineral composition and 
phosphorus digestibility of African Catfish (Clarias Gariepinus) 
Juveniles. Anim Res Int 14:2741–2750

Opuszynski K, Shireman JV (1995) Digestive mechanisms. In: 
Opuszynski K, Shireman JV (eds) Herbivorous fishes: culture 
and use for weed management. CRC Press, Boca Raton, pp 
21–31

Pakravan S, Akbarzadeh A, Sajjadi MM, Hajimoradloo A, Noori F 
(2017) Partial and total replacement of fish meal by marine 
microalga Spirulina platensis in the diet of Pacific white shrimp 
Litopenaeus vannamei: Growth, digestive enzyme activities, fatty 
acid composition and responses to ammonia and hypoxia stress. 
Aquac Res 48:5576–5586

Petitjean Q, Jean S, Gandar A, Côte J, Laffaille P, Jacquin L (2019) 
Stress responses in fish: From molecular to evolutionary pro-
cesses. Sci Total Environ 684:371–380

Qiu X, Davis DA (2017) Effects of dietary carbohydrase supplemen-
tation on performance and apparent digestibility coefficients in 
Pacific White Shrimp, Litopenaeus vannamei. J World Aquac 
Soc 48:313–319

Rachmawati D, Samidjan I (2016) Effect of phytase enzyme on growth 
boost in the artificial feed made of plant protein to shorten pro-
duction time of giant tiger prawn [Penaeus Monodon, (Fabricus 
1798)]. Aquat Proced 7:46–53

Rachmawati D, Samidjan I (2018) Effect of phytase enzyme on growth, 
nutrient digestibility and survival rate of catfish (Pangasius hypo-
thalamus) fingerlings. Pertanika J Trop Agric Sci 41:865–878

Ray AK, Ghosh K, Ringø E (2012) Enzyme-producing bacteria iso-
lated from fish gut: a review. Aquac Nutr 18:465–492

Rodriguez YE, Laitano MV, Pereira NA, López-Zavala AA, Haran 
NS, Fernández-Gimenez AV (2018) Exogenous enzymes in 
aquaculture: alginate and alginate-bentonite microcapsules for 
the intestinal delivery of shrimp proteases to Nile tilapia. Aqua-
culture 490:35–43

Saha AK, Ray AK (1998) Cellulase activity in rohu fingerlings. Aquac 
Int 6:281–291

Sampath WWHA, Rathnayake RMDS, Yang M, Zhang W, Mai K 
(2020) Roles of dietary taurine in fish nutrition. Mar Life Sci 
Technol 2:360–375

Saputra F, Shiu YL, Chen YC, Puspitasari AW, Danata RH, Liu CH, 
Hu SY (2016) Dietary supplementation with xylanase-express-
ing B. amyloliquefaciens R8 improves growth performance and 
enhances immunity against Aeromonas hydrophila in Nile tilapia 
(Oreochromis niloticus). Fish Shellfish Immunol 58:397–405

Shahzad MM, Hussain SM, Hussain M, Tariq M, Ahmed N, Furqan M, 
Khalid F, Rafique T (2020) Improvement in overall performance 
of Catla catla fingerlings fed phytase included low cost plant by 
products-based diet. Saudi J Biol Sci 27:2089–2096

Shakoori M, Hoseinifar SH, Paknejad H, Jafari V, Safari R (2018) 
The effects of dietary lysozyme on growth performance and 
haematological indices of rainbow trout (Oncorhynchus mykiss) 
fingerling. Int J Aquat Biol 6:31–36

Sharma SA, Surveswaran S, Arulraj J, Velayudhannair K (2021) Bro-
melain enhances digestibility of Spirulina-based fish feed. J Appl 
Phycol 33:967–977

Shi Z, Li XQ, Chowdhury MAK, Chen JN, Leng XJ (2016) Effects of 
protease supplementation in low fish meal pelleted and extruded 
diets on growth, nutrient retention and digestibility of gibel carp, 
Carassius auratus gibelio. Aquaculture 460:37–44

Silversides FG, Bedford MR (1999) Effect of pelleting temperature on 
the recovery and efficacy of a xylanase enzyme in wheat-based 
diets. Poult Sci 78:1184–1190

Sinha AK, Kumar V, Makkar HPS, De Boeck G, Becker K (2011) Non-
starch polysaccharides and their role in fish nutrition: a review. 
Food Chem 127:1409–1426

Sirisha VL, Ankita J, Amita J (2016) Enzyme immobilization: an over-
view on methods, support material, and applications of immobi-
lized enzymes. Adv Food Nutr Res 79:179–211

Son J-H, Ravindran V (2012) Feed enzyme technology: Present sta-
tus and future developments. Recent Patents Food Nutr Agric 
3:102–109

Spring P, Newman KE, Wenk C, Messikommer R, Vukic Vranjes M 
(1996) Effect of pelleting temperature on the activity of different 
enzymes. Poult Sci 75:357–361

Srivastava AS, Kurokawa T, Suzuki T (2002) mRNA expression of 
pancreatic enzyme precursors and estimation of protein digest-
ibility in first feeding larvae of the Japanese flounder, Paralich-
thys olivaceus. Comp Biochem Phy A 132:629–635

Stickney RR, Shumway SE (1974) Occurrence of cellulase activity in 
the stomachs of fishes. J Fish Biol 6:779–790

Stone DAJ (2003) Reviews in fisheries science dietary carbohydrate 
utilization by fish. Rev Fish Sci 11:337–369

Tang H, Yao B, Gao X, Yang P, Wang Z, Zhang G (2016) Effects of 
glucose oxidase on the growth performance, serum parameters 
and faecal microflora of piglets. South Afr J Anim Sci 46:14–20

Tavano OL, Berenguer-Murcia A, Secundo F, Fernandez-Lafuente R 
(2018) Biotechnological applications of proteases in food tech-
nology. Compr Rev Food Sci Food Saf 17:412–436

Todde G, Hovmöller S, Laaksonen A, Mocci F (2014) Glucose oxidase 
from Penicillium amagasakiense: characterization of the transi-
tion state of its denaturation from molecular dynamics simula-
tions. Proteins 82:2353–2363

Tsai CF, Lin LJ, Wang CH, Tsai CS, Chang SC, Lee TT (2021) Assess-
ment of intestinal immunity and permeability of broilers on par-
tial replacement diets of two-stage fermented soybean meal by 
Bacillus velezensis and Lactobacillus brevis ATCC 367. Animals 
11:2336

Upreti A, Byanju B, Fuyal M, Chhetri A, Pandey P, Ranjitkar R, Bhatta 
JJ, Pandey BP (2019) Evaluation of α-amylase, lipase inhibition 
and in-vivo pharmacological activities of Eucalyptus camaladu-
lensis Dehnh leaf extract. J Tradit Complement Med 9:312–318



221Marine Life Science & Technology (2022) 4:208–221 

1 3

Vandenberg GW, Scott SL, Sarker PK, Dallaire V, de la Noüe J (2011) 
Encapsulation of microbial phytase: Effects on phosphorus bio-
availability in rainbow trout (Oncorhynchus mykiss). Anim Feed 
Sci Technol 169:230–243

Wang YY, Wang YB, Xu H, Mei X, Gong L, Wang B, Li W, Jiang S 
(2018) Direct-fed glucose oxidase and its combination with B. 
amyloliquefaciens SC06 on growth performance, meat quality, 
intestinal barrier, antioxidative status, and immunity of yellow-
feathered broilers. Poult Sci 97:3540–3549

Weil C, Lefèvre F, Bugeon J (2013) Characteristics and metabolism of 
different adipose tissues in fish. Rev Fish Biol Fish 23:157–173

Wilson RP (1994) Utilization of dietary carbohydrate by fish. Aqua-
culture 124:67–80

Yao W, Li X, Kabir CMA, Wang J, Leng X (2019) Dietary protease, 
carbohydrase and micro-encapsulated organic acid salts indi-
vidually or in combination improved growth, feed utilization 
and intestinal histology of Pacific white shrimp. Aquaculture 
503:88–95

Ye C, Chi H (2018) A review of recent progress in drug and protein 
encapsulation: approaches, applications and challenges. Mater 
Sci Eng C 83:233–246

Yigit NO, Keser E (2016) Effect of cellulase, phytase and pectinase 
supplementation on growth performance and nutrient digestibil-
ity of rainbow trout (Oncorhynchus mykiss, Walbaum 1792) fry 
fed diets containing canola meal. J Appl Ichthyol 32:938–942

Yigit NO, Olmez M (2011) Effects of cellulase addition to canola 
meal in tilapia (Oreochromis niloticus L.) diets. Aquac Nutr 
17:494–500

Yigit NO, Koca SB, Didinen BI, Diler I (2018) Effect of protease and 
phytase supplementation on growth performance and nutrient 
digestibility of rainbow trout (Oncorhynchus mykiss, Walbaum) 
fed soybean meal-based diets. J Appl Anim Res 46:29–32

Yildirim YB, Turan F (2010) Effects of exogenous enzyme supplemen-
tation in diets on growth and feed utilization in African catfish, 
Clarias gariepinus. J Anim Vet Adv 9:327–331

Zambonino IJL, Cahu CL (2007) Dietary modulation of some diges-
tive enzymes and metabolic processes in developing marine fish: 
applications to diet formulation. Aquaculture 268:98–105

Zamini AA, Kanani HG, Esmaeili AA, Ramezani S, Zoriezahra SJ 
(2014) Effects of two dietary exogenous multi-enzyme sup-
plementation,  Natuzyme® and beta-mannanase  (Hemicell®), 
on growth and blood parameters of Caspian salmon (Salmo 
trutta caspius). Comp Clin Path 23:187–192

Zheng CC, Wu JW, Jin ZH, Ye ZF, Yang S, Sun YQ, Fei H (2020) 
Exogenous enzymes as functional additives in finfish aquacul-
ture. Aquac Nutr 26:213–224

Zhou Y, Yuan X, Liang XF, Fang L, Li J, Guo X, Bai X, He S (2013) 
Enhancement of growth and intestinal flora in grass carp: The 
effect of exogenous cellulase. Aquaculture 416–417:1–7


	Application of enzymes as a feed additive in aquaculture
	Abstract
	Introduction
	Enzymes added in fish feed
	Proteases
	Amylases
	Lipases
	Cellulases
	Hemicellulases
	Phytases
	Glucose oxidases
	Lysozymes

	Enzyme addition procedures
	Conclusions
	Acknowledgements 
	References




