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The dynamics of the fisheries and aquaculture industry have evolved rapidly in recent decades,
with a marked increase in production capacity, trade, business, and consumption, which has led to
additional pressure on aquaculture feed resources. Despite fishmeal being a vital source of high-
quality protein in farmed fish, its application in fish feed has been challenged on several fronts,
including its scarcity, shortage, and environmental degradation. Plant-based protein ingredients
are considered potentially useful alternatives to animal-based protein sources because they are
readily available, less expensive, and less reliant on aquatic resources. This review critically
summarizes the existing literature on the use of plant-based proteins in fish feed and their
processing to enhance their suitability. Major sources of plant-based proteins, including soybean
meal, pea protein, rapeseed meal, and corn gluten, are discussed in terms of their protein content,
amino acid composition, and the presence of anti-nutritional factors (ANFs), which can limit the
digestion and absorption of other nutrients. This review also suggests that the application of
advanced processing technologies, including fermentation, heat processing, enzyme addition, and
extrusion, can be utilized to reduce ANFs and improve the bioavailability of nutrients. The
economic and environmental impact of utilizing plant proteins is also explained in the context of
reducing feed costs and making fish farming more sustainable. Finally, the research areas for the
future were determined, including the development of feeds, the adoption of new processing
methods, and the combination of plant proteins with other sustainable foods to meet the increased
global demand. This synthesis provides valuable insights for feed manufacturers, aquaculture
producers, and researchers interested in adequate sustainability and efficiency of aquaculture by
innovative plant-based feeding strategies.

This is an open access article under the CC Attribution license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

resources has resulted in a major debate to find alternative feed

ingredients in order to reduce the environmental pressure and enhance

Approximately 70% of aquaculture (fish and crustaceans) is highly
dependent on protein-rich feeds. Over the years, aquaculture has
emerged as a significant component of food security, economic
development, and nutritional sustainability across the world in
response to declining wild fish stocks as a result of overexploitation and
destruction of the ecosystems (Basir et al. 2024; Abeysinghe et al. 2025).
The accelerated expansion of aquaculture has occurred to meet the
increased human protein demand due to the growing human
population and increasing urbanization (Akkozova et al. 2025).
Globally, the aquaculture industry has increased exponentially to a
record 130.9 million tonnes in 2022 and is expected to continue growing
through 2032 (Dongyu 2024; Helmizuryani et al. 2024). Therefore, the
sustainability of aquaculture has become vital to sustain this expected
growth without compromising the integrity of the environment, social
equity, and resource efficiency (Costello et al. 2020; Hasan et al. 2025).
Traditional aquaculture is highly dependent on fishmeal and fish oil
from wild fisheries, which have become scarcer, costly and

environmentally unfriendly. This dependency on the finite marine
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economic viability (Naylor et al. 2021; Oleinikova et al. 2024). The
utilization of plant-based feed ingredients has been one of the options
considered because of their broad availability, affordability, and the
possibility to avoid relying on marine protein sources (Turchini et al.
2019; Paritova et al. 2025; Noor and Alisha 2026). Plant protein sources
derived from from legume, cereals, and oilseeds offer adequate
nutritional benefits and are usually cheaper and less damaging to the
environment (Arshad et al. 2025; Zafar et al. 2025). Nevertheless,
challenges in their application in aquafeeds include the availability of
anti-nutritional factors, the unbalanced ratio of amino acids, and
decreasing palatability that could adversely influence the growth and
health of fish (Krogdahl et al. 2010; Khan et al. 2023). Consequently, the
effects of the plant-based feed ingredients on the growth and
nutritional success of the fish require a precise explanation to achieve
sustainable and nutritionally sufficient aquafeeds (Glencross et al.
2020a). Critically, the review evaluates the literature that exists
concerning the use of plant-based feed ingredients in aquaculture in
terms of their capabilities in improving the growth performance and
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mailto:rimshajameel1996@gmail.com
mailto:S.shafiq@hotmail.com
http://creativecommons.org/licenses/by/4.0/
http://www.liabjournal.com
https://doi.org/10.62310/liab.v6i1.285

Plant-derived feed in aquaculture

the nutritional performance of fish. It compares significant sources of
plant proteins in aquaculture feed, their nutrition, and technological

advances that have justified their use in aquafeeds.
2. Methodology

A comprehensive and systematic review was carried out with a
structured literature search strategy, and peer-reviewed articles
published between 2010 and 2025 were searched using scientific
databases, such as Web of Science, Scopus, PubMed, and Google
Scholar. The following keywords and Boolean combinations were used:
“plant-based feed ingredients” AND aquaculture”, “plant protein
sources” AND “fish growth performance”, “soyabean meal
replacement” AND “fish nutrition”, “phytogenic feed additives” AND
“fish nutrition”, “plant-derived proteins” AND “feed efficiency” AND “
fish”. Only original research papers and review papers published in
English were considered. Inclusion criteria included studies that
evaluated plant-derived feed ingredients in aquaculture species and
those articles that reported growth performance indicators, including
weight gain and feed conversion ratio. It also included studies
assessing nutritional composition or digestibility and peer-reviewed
publications. In contrast, exclusion criteria include studies not related
to aquaculture species, articles without measurable growth, conference
abstracts without full data, and non-English publications. After
screening titles and different abstracts, relevant full-text articles were
evaluated for eligibility.

3. Aquaculture feed types and production:
Incorporation of plant-based ingredients
Aquaculture feeds play a crucial role in supporting the growth,

productivity, and health of cultured aquatic species, and are highly
diverse in their composition and physical form, depending on the
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species, culture system, and production purposes (Mehta 2025) and
different ingredients used in aqua-nutrition are summarized in Table 1.
Aquafeeds have traditionally been based on fishmeal and fish oil from
wild marine fisheries, which currently contribute approximately 60% of
fishmeal and 80% of fish oil consumed in aquaculture (Hodar et al.
2020). However, marine ingredient sustainability and cost concerns
have impelled the development and use of alternative feed ingredients,
particularly plant-based protein sources (Hossain et al. 2024).
Aquaculture feeds can be broadly divided into natural feeds,
supplementary feeds, and complete formulated feeds (Tacon et al.
2022). Natural feeds contain live plankton and detritus naturally found
in the environment that may not always be able to sustain intensive
culture systems (FAO 2018). Supplementary feeds are cheap
agricultural by-products or carbohydrate-rich substances that partially
satisfy the nutritional requirements (Ataguba et al. 2017). Complete
formulated feeds are well-balanced to contain all the necessary
nutrients required for optimal fish growth. The feed is usually provided
in dry form, typically in pellets or crumbles, which enable controlled
feeding and nutrition to be more readily available (Tacon and Metian
2015). The physical characteristics of feeds, i.e., whether they are dry,
moist, or wet, also affect the stability of the feed, its palatability, and
nutrient availability (Tacon et al. 2011). Soybean meal, pea protein,
rapeseed meal, corn gluten meal, and other oilseed cakes are the plant-
based ingredients that are widely used in aquafeeds and are mainly
used to decrease the use of fishmeal (Glencross et al. 2020a). These
ingredients are processed by grinding, mixing, conditioning, and
pelletizing / extrusion to enhance their nutritional content and physical
characteristics (Siddik et al. 2024; Fitrianggi et al. 2025; Kusuma et al.
2025). In particular, the extrusion process employs pressure and heat to
reduce ANFs like phytates and protease inhibitors, which reduces
digestibility and feed stability. A further method of ANFs denaturation

Limitations References

Widely available, cost-effective,
good protein digestibility
Sustainable, low-cost, less
allergic, and improves

Regionally available, cost-
effective, and a good source of
protein and energy

High protein density, good
energy source, widely used in
combination with other proteins
Good protein quality,
sustainable legume source.
Potential for high inclusion after

Locally available in some
regions, cost-effective, good

Widely available, good energy
source, inexpensive

Abundant in cotton-producing
regions. Less expensive than

Safe for inclusion, supports gut
health, sustainable, and local

The presence of ANFs can reduce
digestibility and growth, and requires
heat treatment to reduce ANFs

Less essential amino acid content,
ANFs affect nutrient absorption, and
high fiber content

Glucosinolates can reduce palatability
and thyroid function, high fiber
reduces digestibility, and requires
processing

Poor lysine content, low palatability,
limited amino acids, and high fiber
content

Contains alkaloids and ANFs,
requires soaking or fermentation,
variable palatability

Toxic compounds, if not processed,
ANFs reduce nutrient availability,
limit use in some species

Prone to rancidity, Low protein, high
fiber reduces digestibility, limits
amino acid balance

Toxicity risks due to gossypol, high
fiber, and low lysine require
detoxification and careful inclusion
Lower protein content in meal form,
protein concentration requires
advanced processing, and limited
large-scale use

Table 1. Plant-derived feed ingredients used in aquaculture, their nutritional characteristics, advantages, and limitations
Plant feed Crudc.e Nutritional characteristics Advantages
protein (%)

Soybean 44-48 High-quality protein with balanced
Meal amino acids, contains fiber, and

ANFs
Pea Protein 22-25 Moderate protein with good

digestibility, low in methionine,

contains tannins and ANFs palatability
Rapeseed 35-40 Moderate protein, contains
Meal glucosinolates and fiber, good

amino acid profile, low lysine and

methionine
Corn Gluten  60-70 Very high protein concentration,
Meal rich in leucine and glutamic acid,

low lysine content
Lupin Meal ~ 30-40 High protein, rich in arginine, bitter

varieties contain alkaloids, and

require detoxification

processing

Mustard oil 35-38 Moderate protein, contains essential
cake fatty acids, presence of ANFs such

as glucosinolates energy source
Rice Bran 12-15 Low protein, high fiber and liquid

content, rich in vitamins and

minerals
Cottonseed 40-45 High protein, contains free gossypol
Meal and cyclopropenoid fatty acids, low

lysine content soybean meal
Alfalfa 15-20 (Meal) Moderate protein, rich in vitamins,
Meal/ 60-70 minerals, and some bioactive
Protein (Protein) compounds, low ANFs sourcing potential

(Zhang et al.
2023)

(Prakash et a
2025)

(Kaiser et al.
2022)

(Gyan et al.
2024)

(Malarvizhi
al. 2024)

(o]
-

(Sultana et al.
2012)

(Ranjan et al.
2022)

(Kumar et al.
2014)

(Coburn 2019)
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is a dual-mode fermentation and enzyme supplementation procedure
that enhances the bioavailability of nutrients, as well as the synthesis of
bioactive compounds, which may reinforce the immune system and
gastrointestinal health in fish (Fei et al. 2023).

Although technology has improved, there are some obstacles to the
use of plant proteins in aquafeed, such as a high fiber content,
inconsistent amino acid composition, and low palatability (Glencross et
al. 2020b; Ullah 2024; Rakhmonov et al. 2025). To address these
challenges, amino acid supplementation and the use of a combination
of different protein sources in feed formulation have been commonly
employed to match the specific nutritional requirements of carnivorous
and omnivorous fish species. The nutritional needs depend on the
species and the life stage of a fish; for example, starter feeds require
high levels of digestible ingredients with minimal fiber quantities.
Optimization of feeding rate and schedule is necessary to maximize
feed efficiency and minimize wastage, while guaranteeing water
quality (Boyd and Tucker 2012). The amount of essential amino acids,
including methionine and lysine, in plant proteins is usually not as
much as in fishmeal, so their application as sole protein in the diet of
carnivorous fish is limited. Conversely, they are economical, readily
available, and less harmful to the environment, which takes the strain
off the wild fish stocks and ensures more sustainable aquaculture
systems (Hussain et al. 2024). In addition, the production of plant-
derived proteins is locally possible, which also decreases emissions

associated with transportation (Jouan et al. 2020). However, there are
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still issues like the lack of consistency in the quality of the ingredients,
reduced protein levels as compared to fishmeal, and the need to use
additional additives like essential amino acids and micronutrients to
meet the nutritional requirements of high-performance fish (Warwas
2023). Also, the feed formulation should overcome the problem of
water quality and palatability due to high suspended solids
concentration caused by plant-based feeding (Hossain et al. 2024).

4. Amino acid composition of alternative plant proteins

Fishmeal has long been the gold standard of protein source in
aquaculture, as it is high in protein content, and balanced in amino
acids (Gasco et al. 2018). However, increasingly sustainable variants are
available, Table 2 provides a comparative analysis of the content of
essential amino acids (EAA) in the various plant-based protein
ingredients compared to fishmeal. Even though processed soybean
protein isolate (PI) and pea protein concentrate (PC) contain relatively
high amounts of crude protein, they have a deficiency in EAAs,
including methionine and lysine (Van den Berg et al. 2022). Generally,
most vegetable sources contain lysine at 20-70% of the level in fishmeal
and the deficiency in methionine is even more severe, especially with
faba bean and lupin species. These shortages underscore the need to
scientifically supplement or combine plant blends of proteins to meet
the nutritional needs of cultivated fish species. The nutrition of
different plant-based raw materials of feed was evaluated in
comparison to fishmeal in terms of total protein content and essential

Table 2. Plant-derived feed ingredients used in aquaculture, their nutritional characteristics, advantages, and limitations

Source Protein  Lys Met Cs Arg Trp Leu
(%) (CS) (CS) (CS) (CS)
Fishmeal 70 7.7 2.7 0.8 6.2 6.9
. 42})
Faba bean 29 6.3 0.8 12 9.0 7.3
(16{) (70.41) @45.21)  ° (141)
Faba bean PC 63 6.63 0.71 1.1 8.68 5.25
(11.6}) (73.7}) (401) : (27.1})
Lupin (L. 33.8 4.7 0.7 1.5 11.0 083 7.3
angustifolius) (37.3}) (74.1)) (77.41) ) (1.41)
Dehulled 42 5(33.3}) 0.8 1.6 11.3 7.1
lupin (L. albus) (70.4]) (82.31) - (14))
Lupin PI 61 3.44 0.6 0.33 9.02 0.99 7.31
(54.11) (77.8}) (45.51) - (1.5))
Fermented 40 557 0.82 14 9.75 7.13
Lupin (25.7}) (69.6}) (57.31) (1})
Pea seed 239 7.2(4)) 1.0 14 8.4 06 10.2
(631) (35.51) : (41.71)
Field pea PC 46.5 7.61 0.9 1.25 8.32 7.08
(1.51) 66.7}) (3421) 144 71)
Pea PI 80 6(20]) 0.78 0.25 7.4 12 7.7
(71.14) (19.41) : 6.91)
Bambara nut None 8(6.71) 0.64 241 7.48 14 7.7
(76.31) (20.61) ! 6.91)
Full fat 36 6.3 (16)) 1.29 nan 7.44 15 7.9
soybean meal (52.2)) (201) - 9.71)
Soybean 43.5— 6.3 (16)) 1.4 1.6 7.5 14 7.7
(expeller) 49.3 (48.2)) 211) . 6.91)
Soybean 5315 6.3(16]) 14 1.6 28] 15 79
(dehulled) (48.2)) 1z.71) ) 9.71)
Soy PC 67-72 6.3(16}) 1.3 1.25 7.3 12 7.8
(51.9}) (17.71) ’ (831)
Soy PI 90-92 6(20]) 1.0 (63]) nan 7.2 7.2 12
(16.11)  (16.11) ’
Fermented 489 6.2 1.6 nan 7.8 123 8.2
soybean 17.3}) (40.74|) (25.81) - (13.91)
Peanut meal 32-46.5 2.29 0.53 nan 5.28 318
(corticated- (69.5]) (80.4)) (14.8)) 0.48 (55.84)
decorticated)
Peanut meal 34.1-46.5 2.46 0.43 nan 5.01 3.03
expeller ©720)  (841)) @2y % 5790
Alfalfaleaf PC ~ 53.22 4.57 0.3 nan B 4 8
(chloroplastic) (39.1}) (88.9]) (19.3]) (11.11)
Carob seed 34.8 6.49 141 nan 14.1 71
germ meal (13.51) (47.81) (1271) :
Protein concentrate; PI: Protein isolate

:lces) Phe His ;lzlsr) Tyr Val :Acg;{Lys References
?:) 40 2.7 ?;;.1 h 36 39 ?1‘38‘;“ ;gho) and Kim
B ow By ow e R, Dwe
(zﬁi‘u) 295 197 ?é?u) 31 229 ?é?é.n) (2]322;0“3 o
A
f':) 47 25 ?7'%33 y o 3 48 341171) S;‘Z'Z‘)' ractal
?1"246” 495 239 ?1‘3‘14 p ol 473 33‘12'5 . (Lo et al. 2021)
?28.6¢) 475 2 ?ﬁ?ﬂ) 525 5.5 %4%;31) 5%'553‘ et
R L
531 418 118 (Rasskazova
(26.41) 5.2 2.58 en 4.97 “21) gln‘i)hlj;s;]z[])
;;65’[) 5.1 2.7 ?9"7&) 35 4.5 a:l;“) (Lam et al. 2018)
?§‘65T) 5.1 2.7 ?7:8%) 35 4.8 2519‘681) (Tan et al. 2020)
A
?éésn 51 27 ?fsw 35 48 33‘19% %1215&,“ e
?9'§51) 5.1 26 ?f%) 35 48 }?;19.687) g:rsr};liaa;&@
?7'?”) 52 25 ?1?514 61) 46 (14i 61) (Li et al. 2020)
(72'32.;3?) ?7'.511) 82 285 ?ii.el) 4o g%];;)n gerel
?1'?9 h o 55 2.66 :) . 41 25;36 6N (Jang et al. 2021)
?5'&;3) ZC 26 26?.)%) - 208 31377¢) gﬁ;? o
s w3, bk
?é.sgn 82 24 ?é.ssw) - &2 3512.57) S)azlg)l)“ o
B s

CS: Codon set; Lys: Lysine; Met: Methionine; Cs: Cysteine; Arg: Arginine; Trp: Tryptophan; Leu: Leucine; Ile: Isoleucine; Phe: Phenylalanine; His: Histidine; Thr: Threonine; Tyr: Tyrosine; Val: Valine; PC:
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amino acids (EAA) mixture. Fish meal typically contains 70% crude
protein, with optimal amino acid levels, especially lysine (7.7%) and
methionine (2.7%), critical for fish growth and development (Ebeneezar
et al. 2022). In this Table 2, the absolute values of amino acids present in
each of the ingredients, as well as the change in the percentage values
relative to fishmeal, have been presented using arrows. A downward
arrow identifies a decrease in the content of a particular amino acid
compared to that of fishmeal, and vice versa. As an example, lysine 6.3
(16 |) in faba bean indicates that lysine is 6.3% in the content, which is
16% lower than in fishmeal (Peng et al. 2022). In contrast, the higher
arginine content as inscribed in the label of the product called Arginine
9.0 (45.21). The arginine level was 45.2% more than fishmeal (Mao et al.
2024). On the other hand, plant protein sources differ widely in their
protein content and EAA composition. The processed ingredients such
as soy protein isolate (90-92%), pea protein isolate (80%), and faba bean
protein concentrate (63%) are high in crude protein content compared
to their unprocessed or sparsely processed forms, such as faba bean
(29%) and pea seed (23.9%), restricting their use in high-performance
fish diets (de Paiva Gouvéa et al. 2023). Though lysine and methionine
are limiting in almost all plant ingredients, there are many plant-origin
protein sources, such as carob seed germ meal, lupins, and faba beans,
which show arginine excess by 35-100% compared to fishmeal (Ahmad
et al. 2023). The resultant high arginine-to-lysine (Arg/Lys) ratio could
potentially interfere with the balance of amino acids and nitrogen
metabolism of the fish. For example, peanut meal expeller presents a
ratio of Arg/Lys equal to 3.43, which is far greater in comparison with
fishmeal (2.34). Similar but moderate variations are also noted in other
essential amino acids like leucine, isoleucine, phenylalanine, and valine

as well compared to fishmeal.
5. Effects on fish growth performance

The incorporation of plant-based proteins in aquaculture has been
widely studied regarding its effects on fish growth and performance
(Table 3; Fig. 1), yielding both encouraging results and significant
limitations (Napier and Betancor 2023). Partial replacing of fishmeal
with plant proteins up to 50%, has successfully maintained or even
enhanced growth performance in many fish species when inclusion
levels and ingredient quality were well controlled (Wang MengLe et al.
2018). For example, Labeo rohita showed that a 50% replacement of
fishmeal with plant protein ingredients produced markedly higher final
body weights (153.62 g) than diets containing 75% fishmeal
replacement due to increased ANF levels and imbalance of nutrients
(Khan et al. 2003). Similarly, Indian major carps receiving plant-based

Jamil et al. 2026

protein diets at 2% of their body weight exhibited optimum growth and
nutrient utilization, whereas feeding at higher levels reduced growth
efficiency (Kumar et al. 2022). Carnivorous fish such as rainbow trout
have been shown to increase in size and grow faster when plant-based
diets are appropriately formulated. Increase in growth rate increased
(42%) and feed intake (30%) has been reported after successive feeding
trials (Geurden et al. 2013). Meta-analytical studies revealed that
inclusion of fermented plant proteins in fish diets significantly
improved weight gain, specific growth rate, and feed conversion ratio
in both fresh and marine water species of fish, with faster growing
carnivorous fish such as European seabass exhibiting 15-fold growth
improvement (Akter et al. 2024).

Success of plant-based protein replacements in fish feed relies on a
number of factors such as amino acid supplementation, palatability and
processing technology (Akter et al. 2024). Carnivorous fish species
require a precise balance of essential amino acids, particularly
methionine and lysine, which are frequently supplemented in plant
proteins to approximate the nutritive value of fishmeal (Xing et al.
2024). Palatability issues of the plant-based ingredients can be
addressed either through the addition of feed attractants, such as krill
meal or the use of fermentation processes, which will enhance feed
flavor and digestibility (Kuebutornye et al. 2024). Generally, inclusion
levels of 30-50% of fishmeal are considered feasible under standard
conditions and higher replacement levels need further processing or
supplementation in order to prevent growth suppression (Hussain et al.
2024).

Enhances growth

—

2

R

4

ETh
PR
Medicinal Herbs

Increased size

(13

Effect on fish

Created in BioRender.com bio

Fig. 1. Effect on fish growth performance

Growth performance

Increases final weight and improves FCR at 50%
replacement

42% higher growth rate and 30% increased feed
intake

12-15% higher growth rates

Comparable growth to fishmeal diets

Improved growth and FCR, rich in micronutrients,
suitable as a partial replacement
Enhanced growth, digestibility and mineral content

Supported moderate growth, lower protein content

Table 3. Effects of plant-derived feed ingredients on fish growth performance
Fish . Plant i dient Fishmeal replacement
sh s S I
ish specie ant ingredien level (%)
Labeo rohita Soybean meal, Pea Protein 50
Rainbow trout Fermented plant protein 30-40
blends
European seabass ~ Fermented soybean meal 40
Nile Tilapia Corn gluten, soybean meal 40
African catfish Moringa leaf meal 10-20
Cirrhinus mrigala Moringa leaf meal Up to 20
Catla catla Rice bran Up to 20
Puntius sophore Groundnut cake 15-25

Positive growth if supplemented with lysine/
methionine, risks of aflatoxins

References

(Akter et al. 2024)
(Engin and Koyuncu 2023)

(Yang et al. 2022)
(Awad et al. 2024)
(Zhang et al. 2020)

(Faisal et al. 2024)
(Priyadarshini et al. 2011)

(Hasan and Chakrabarti
2009)
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6. Nutritional outcomes and health implications

To counter the nutritional limitations of plant-based feed ingredients,
the use of innovative processing methodologies, specifically the
microbial fermentation method, has gained much attention because of
their potential to enhance the nutrient availability as well as reducing
the ANFs in plant-based aquafeeds (Table 4). Fermentation results in
the increase of bioavailability of proteins, lipids as well as
carbohydrates by breaking down the complex molecules and
disintegration of ANFs, thereby facilitating the nutrient digestion and
absorption in fish. Several studies have demonstrated improvements in
the palatability and digestibility of fermented plant proteins, which
translated into improved growth performances and feed conversion
efficiency across a wide range of species including carnivorous species
of fish, which are most sensitive to plant-based diets (Manikandan et al.
2020). In addition to nutritional improvements, fermentation can lead
to the production of bioactive constituents, such as antioxidants, anti-
inflammatory compounds, prebiotics, and probiotics, which aid the
immune system and GI tract (Wei et al. 2021). Fermented plant-based
ingredients are not only nutritious but also exert health-promoting
effects. For example, the Bacillus species fermentation positively
impacts the nutritional value of plant proteins and exerts probiotic
effects by suppressing intestinal pathogens and improving intestinal
morphology (Chen et al. 2024; Rashid et al. 2024a). This dual
functionality of nutritional improvement and probiotic action enhances
nutrient uptake, fish health, and overall fish quality, which are critical

Jamil et al. 2026

factors for sustainable fish farming. Additionally, non-starch
polysaccharides and other ANFs decrease by solid-state fermentation of
plant feed mixtures, including rapeseed, soybean, rice bran, sunflower
seed meals, which further enhances the digestibility and growth
performance of fish species such as the European sea bass (Vieira et al.
2023).

The usage of plant-derived ingredients in aquafeeds as alternative
to fishmeal has prompted immense interest because of environmental
sustainability, though the fishmeal is recognized as nutritionally
superior protein source (Hussain et al. 2024). Given the adverse effects
ANFs on fish health and production, different strategies have been
developed and implemented in the production of aquafeeds to mitigate
these problems and complement the nutritional quality of plant-based
feed ingredients (Tachie et al. 2023; Rashid et al. 2024b). A comparative
summary of major processing techniques, their application, purpose,
advantages, and limitations, is given in Table 5 to illustrate how they
enhance the quality and effectiveness of the plant-derived feed

ingredients used in the aquaculture sector.

7. Therapeutic roles of medicinal plants and herbs in
aquaculture

The growing interest in the use of medicinal plants and herbs in

aquaculture is not only because of their nutritional properties but also

their therapeutic properties in enhancing fish health. These herbs and
medicinal plants are endowed with a wide variety of bioactive

Table 4. Key anti-nutritional compounds of plant-based elements in aquafeed
Anti-nutritional . X . . .
factors Source Harmful effects on fish Tolerable dietary levels ~Amelioration techniques References
Protease Soybean meal, Pancreatic hypertrophy, Salmonids:<5mg/g Nile Moist heat treatment, (Francis et al.
inhibitors groundnut oil  hyperplasia, reduced protein tilapia:<1.6 mg/g; extrusion, fermentation, 2001)
cake digestion and amino acid carp=>8.3mg/g germination, amino acid
utilization, growth retardation problematic supplementation
Phytates Legumes, Reduced protein, carbohydrate ~ <0.5%(5g/kg) in diet for ~ Dietary phytase (Kumar et al.
cereals, and mineral utilization, skeletal  carps, tilapia, troutand  supplementation, 2012)
oilseed meals  deformities, reduced thyroid shrimp fermentation, milling, moist
function, cataracts, increased heating, mineral premix
mortality supplementation
Glucosinolates Rapeseed, Goitrogenic effects, reduced Not well defined, Heat treatment, solvent (Dossou et
mustard oil palatability, thyroid dysfunction  generally low inclusion  extraction, fermentation al. 2018)
cake recommended
Saponins Legumes, Reduced feed intake, intestinal Variable, species Fermentation, heat (Penn 2005)
oilseed cakes irritation, impaired absorption dependent treatment, solvent extraction,
Tannins Various Reduced protein digestibility, Low levels tolerated, Heat treatment, (Omnes et al.
legumes, enzyme inhibition, reduced high levels detrimental =~ fermentation, enzyme 2017)
oilseed meals  palatability, growth suppression supplementation
Lectins legumes Intestinal damage, reduced Low levels tolerated Heat treatment, fermentation  (Wassef et al.
nutrient absorption, 2019)
immunogenic effects
Gossypols Cottonseed Toxicity, reduced growth, and <100mg/kg diet Heat treatment, solvent (Wang et al.
meal organ damage extraction, and fermentation ~ 2019)
Non-starch Various plant  Increased gut viscosity, reduced  Species-dependent, low  Enzyme supplementation, (Morales et
polysaccharides  meals nutrient digestibility, impaired  inclusion preferred fermentation al. 2022)
(NSPs) growth
Phytoestrogens  Soybean, Endocrine disruption, Not well defined Processing, fermentation (Novriadi
clover reproductive effects 2018)
Alkaloids Lupin, some  Toxicity, reduced feed intake, Low levels tolerated Detoxification by soaking, (Serrano et
legumes and growth suppression fermentation al. 2011)
Mycotoxins Contaminated Immunosuppression, reduced Varies by toxin type Proper storage, screening, (Pietsch
grains and growth, and organ damage and detoxification methods 2025)
plant meals
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Table 5. Processing techniques for plant-derived feed ingredients in aquafeeds
Processing e .
Purpose Effects Advantages Limitations References
method
Heat treatment Reduce heat-labile ANFs  Denatures protease Widely used, May reduce heat-sensitive (Oliva-Teles
inhibitors and lectins improves digestibility = nutrients 1994)
Fermentation Degrade ANFs, enhance  Breaks down Phytates, Improves palatability, ~— Requires controlled (Yang et al.
nutrient bioavailability tannins, and produces  immunity and growth  conditions, may increase 2022)
bioactive compounds cost
Enzyme Enhance digestion of Increases nutrient Targeted Cost and stability of (Haghbayan
supplementation  complex carbohydrates availability and improvement, flexible  enzymes can be limiting and Shamsaie
digestibility application 2015)
Extrusion Improve physical Denatures ANFs, Enhances feed intake ~ High energy input, (Allan and
properties and improves pellet and reduces waste equipment cost Booth 2004)
digestibility durability

compounds like alkaloids, flavonoids, essential oils, saponins, and
phenols that have a diverse range of pharmacological activities that
include immunostimulatory, antimicrobial, antioxidant, antiparasitic,
anti-inflammatory, and hepatoprotective (Fig. 2) (Tadese et al. 2022;
Bagheri et al. 2024; Ouedraogo et al. 2024). Herbal additives dietary
supplementation has been shown to result in increased disease
resistance, reduce oxidative stress, enhance gut health, and extend the
survival of a broad array of cultured fish species. In contrast, synthetic
antibiotics or chemotherapeutics, plant-based therapeutics can be
biodegraded, are less harmful to the environment, and carry the lesser
risk of developing resistance. These qualities render them suitable to
use in functional feeds especially in the sustainable and organic
aquaculture systems (Elumalai et al. 2020). Table 6 includes an
overview of the chosen medicines plants that have been commonly
used in fish health care, their bioactive compounds, protein content,
therapeutic effects and the recommended levels of dietary inclusion.

8. Economic and environmental considerations

Economic and environmental factors are key factors that have driven
the aquaculture industry to adopt the use of plant-based feed
ingredients (Mitra 2021). Economically, plant proteins are cheaper than
fishmeal, which is prone to fluctuations in the market, expensive and

has sustainability issues. Nevertheless, the comparatively lower protein
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Fig. 2. Therapeutic roles of medicinal herbs in fish
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level and the inclusion of ANFs in the majority of plant feedstuffs
require further processing and improvement of their protein quality
and digestibility, which may lead to higher production costs (Daniel
2018). Such innovations as water-based protein concentration
technologies like those of 50/50 Botaneco and canola protein
concentrates with up to 75% protein content also focus on producing
better-quality and more affordable plant proteins at large scale and
highly efficient processing. The above processing techniques, including
alkaline secretion, enzyme-assisted hydrolysis and fermentation, not
only improve the nutritional quality of plant proteins but also decrease
ANFs, which, in turn, increases the feed efficiency and growth
performance. Fermentation has been one of such methods and has
potentially proven to be an ideal method in increasing nutrient
bioavailability, reducing unpleasant bioactive compounds, and
improving palatability. Such advantages provide better feed-conversion
and growth, especially in carnivorous fish that have been relying on
fishmeal. These improvements translate into economic benefits by
lowering the cost of feed per unit of fish produced and reducing
dependence on expensive marine derived ingredients. From an
environmental perspective, the switch of fishmeal to plant proteins
reduces the pressure on wild fish populations and supports the
development of more sustainable aquaculture practices (Hua et al.
2019). Additionally, there will be the stimulation of local economies and
decrease in greenhouse emissions associated with long-distance
transportation of feed ingredients by developing regionally adapted
plant-based protein sources such as alfalfa protein concentrates, which

are particularly rich in vitamins and minerals (Hadidi et al. 2023).
9. Challenges and future directions

Despite the considerable potential of plant-derived ingredients as
sustainable alternatives to fishmeal, several challenges must be
addressed to enable their effective and widespread use in aquaculture
feeds (Hossain et al. 2024). The existence of ANFs is one of the key
challenges since it potentially causes nutrient digestibility problems,
decreases feed efficiency, and in turn affects fish health (Kumar et al.
2012), particularly in the carnivorous species that have high nutritional
requirements. Furthermore, plant-based ingredients tend to have
imbalanced amino acid profiles and are generally deficient in necessary
fatty acids, making it necessary to supplement them with other protein
sources to meet the nutritional requirements of fish (Naylor et al. 2021).
Feed intake and palatability are significant challenges in feed
formulation because certain plant proteins possess undesirable flavours
or textures that lower voluntary feed intake, especially in sensitive fish
species. Another challenge in the feed formulation is the risk of

mycotoxin contamination and inconsistency in ingredient quality

ISSN: 2584-0479




Plant-derived feed in aquaculture

Jamil et al. 2026

Table 6. Therapeutic roles of medicinal plants and herbs in aquaculture
Bioactive Protein/ Amino acid Therapeutic effect Recommended
Plant e Target . . References
compound content in fish inclusion level
Garlic Allicin, Sulfur ~20% protein, Antibacterial, Aeromonas, Vibrio  1-3 (Nya and Austin
~1.3% Lysine Immunostimulant 2009)
Turmeric Curcumin 7-9% Protein, Arginine, Antioxidant, Oxidative stress, 1-2 (Mahmoud et al.
Methionine present Hepatoprotective gut issues 2017)
Neem Azadirachtin, ~18-20% Protein, Low in  Antiparasitic, Lernaea, 0.5-2 (Radwan et al.
Nimbin sulfur AAs Antibacterial Ichthyophthirius 2024)
Tulsi Eugenol, Ursolic ~ ~17-20% Protein, Antimicrobial, anti- Bacterial 1-2 (Rao and Kumar
Acid stress infection 2023)
Ginger Gingerol, ~9% Protein, contains Antioxidant, Aeromonas, Vibrio  0.5-1.5 (Sukumaran et
Shogaol essential amino acids Immune boosting al. 2016)
Bhumi Amla Lignans, ~12% protein, moderate ~ Hepatoprotective, Liver <1 (Ramamurthy
Phyllanthin EAA antiviral dysfunction, and Rajakumar
viral infections 2016)
Ashwagandha  Withanolides ~14-16% Protein, good Anti-stress, Stress-related 1-2 (Debnath and
arginine and leucine immunomodulatory  disorder Sahoo 2025)
Curry leaf Carbazole ~18-20%Protein, contains  Antioxidant, General 1 (Debnath 2025)
alkaloids Lys, Arg antimicrobial pathogens
Lemongrass Citral, Limonene  ~10% Protein, Antifungal, gut Fungal and <1 (Krasteva 2023)
essential oil moderate amino acid health digestive
level diseases

(Oliva-Teles et al. 2022). Additionally, the widespread use of plant
proteins raises emerging environmental concerns related to land and
water use, as well as the sustainability of agricultural production
systems. These aspects should be considered in conjunction with the
environmental benefits achieved by decreasing the use of marine-based
feed sources (Napier and Betancor 2023). Further policies are aimed at
diversifying protein sources as a way of not relying on plant traditional
ingredients. Based on the protein gap, new sources of protein are
currently under consideration as supplementary sources of protein in
aquafeeds, including insect meals, single-cell proteins (microbial
biomass), algal proteins, and fungal proteins. These ingredients have
potential good nutritional values and lower environmental footprints,
but the improvements are required in terms of scale, cost, and
regulatory acceptability (Ahmad and Ashraf 2023). Processing
technologies like triboelectrostatic dry separation and enzyme-assisted
extraction increase the concentration and functional quality and
digestibility of plant proteins to facilitate greater protein levels of feeds
in aquafeeds without affecting performance (Kleekayai et al. 2023).
Moreover, the proteins of plants grown locally, such as grass protein
concentrates, will mitigate the negative impact on the environment and

help the local economy (Jorgensen et al. 2022).
10. Conclusions

The trend towards fish meal substitutes can be attributed to the
increasing popularity of producing sustainable aquaculture, which
encourages the use of plant-based feed ingredients as a possible
alternative feed source. The plant-based sources of protein provide a
viable alternative because they are available, cheap and cause less
pressure on the marine sources. Nonetheless, the anti-nutritional
factors, disproportional amino acid balance, reduced nutrient
utilization, and palatability are factors that challenge their use and limit
growth and health of fishes. To a significant degree, the limitations have
been overcome by the present developments in processing
technologies, especially fermentation. They have not only minimized
the anti-nutritional factors, but also enhanced the bioavailability of
nutrients, and have also embarked on the production of high-efficiency
bioactive compounds that confer a high level of immunity and
resistance to diseases in farmed fish. Consequently, plant proteins can
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be fed to fish in increased amounts without negatively affecting the
growth of carnivorous fish that are adapted to fishmeal-based diets. The
use of plant-based ingredients will reduce dependence on marine
resources for feed, reduce the price of the feed, and enable an eco-
friendlier production. Research is necessary to create plant-based
proteins that can be optimally supplemented with essential amino acids
and micronutrients, reduce antinutritional factors through modern feed
processing techniques, and assess the health effects of long-term
consumption on a broad host of aquaculture species. Also, synergistic
interactions of plant proteins with new ingredients like insect meals,
single-cell proteins and algal biomass will be of significance to
improving both nutritional value and sustainability. New frameworks
that promote innovation, promote quality consistency of ingredients
and measures of the environmental effects will also be necessary to
facilitate the commercial adoption of plant-based aquafeeds.

Declarations

Funding: Not applicable

Conflict of interest: All authors declare no conflict of interest
Acknowledgements: None

Ethics approval: Not applicable
References

Abeysinghe KC, Weerarathne AGPT, Colonne DKC, Bellanthudawa
BKA. (2025). Sustainable development goals (SDGs), climate
change, and the development of aquaculture and fisheries
industries. Environmental Reviews 33: 1-24. https://doi.org/
10.1139/ er-2024-0136

Aderibigbe AS, Park CS, Adebiyi A, Olukosi OA, Adeola O. (2020).
Digestibility of amino acids in protein-rich feed ingredients
originating from animals, peanut flour, and full-fat soybeans fed
to pigs. Animals 10(11): 2062 https:/ /doi.org/10.3390/ani10112062

Ahmad A, Ashraf SS. (2023). Sustainable food and feed sources from
microalgae: Food security and the circular bioeconomy. Algal
Research 74: 103185. https:/ / doi.org/10.1016/j.algal.2023.103185

Akkozova A, Baizhanov K, Kuzerbayeva A. (2025). Effect of zeolite on

ISSN: 2584-0479



https://doi.org/10.1139/er-2024-0136
https://doi.org/10.1139/er-2024-0136
https://doi.org/10.3390/ani10112062
https://doi.org/10.1016/j.algal.2023.103185

Plant-derived feed in aquaculture

the amino acid and fatty acid profile of meat of African Catfish
(Clarias gariepinus). International Journal of Veterinary Science
14(6): 1213 - 1220. https:/ / doi.org/10.47278 /journal.ijvs /2025.072

Akter S, Haque MA, Sarker MAA, Atique U, Igbal S, Sarker PK, Paray
BA, Arai T, Hossain MB. (2024). Efficacy of using plant ingredients
as partial substitute of fishmeal in formulated diet for a
commercially cultured fish, Labeo rohita. Frontiers in Sustainable
Food Systems 8: 1376112. https://doi.org/10.3389/
fsufs.2024.1376112

Allan GL, Booth MA. (2004). Effects of extrusion processing on
digestibility of peas, lupins, canola meal and soybean meal in
silver perch Bidyanus bidyanus (Mitchell) diets. Aquaculture
Research 35(10): 981-991. https://doi.org/10.1111/
j-1365-2109.2004.01114.x

Arshad A, Zahra N, Rafiq A, Alyas S, Nabi G. (2025). Assessment of
antibiotic resistance in fecal isolates of domestic and broiler fowls.
Medicinal Plant Letters 1: 77-84. https:/ / doi.org/10.65822 /j.mpl/
2025.008

Asen ND, Badamasi AT, Gborigo JT, Aluko RE, Girgih AT. (2021).
Comparative evaluation of the antioxidant properties of whole
peanut flour, defatted peanut protein meal, and peanut protein
concentrate. Frontiers in Sustainable Food Systems 5: 765364.
https:/ /doi.org/10.3389/fsufs.2021.765364

Ataguba GA, Kamble MT, Salin KR. (2017). Food industry by-products
as protein replacement in aquaculture diets of tilapia and catfishs.
In: Anal AK, editor, Food processing by-products and their
utilization. John Wiley & Sons. PP: 471-507. https://doi.org/
10.1002/9781118432921.ch20

Awad A, Mohammady EY, Soaudy MR, Rabetimarghezar N, El-Haroun
ER, Hassaan MS. (2024). Growth and physiological response of
Nile tilapia (Oreochromis niloticus) fed a fermented mixture of plant
protein sources. Animal Feed Science and Technology 315: 116034.
https:/ /doi.org/10.1016/j.anifeedsci.2024.116034

Badjona A, Bradshaw R, Millman C, Howarth M, Dubey B. (2023). Faba
bean processing: Thermal and non-thermal processing on
chemical, antinutritional factors, and pharmacological properties.
Molecules 28(14): 5431. https://doi.org/10.3390/
molecules28145431

Bagheri E, Shori AB, Peng CW, Baba AS, Alzahrani AJ. (2024).
Phytochemical analysis and medicinal properties of some selected
traditional medicinal plants. International Journal of Agriculture
and Biosciences 13(4): 689-700. https://doi.org/10.47278/
journal.ijab/2024.177

Basir AP, Rejeki S, Purwanti F, Purnomo PW. (2024). Implementation of
integrated multi-trophic aquaculture in the cultivation of giant
trevally (Caranx ignobilis), seaweed (Kappaphycus alvarezii) and sea
cucumber (Holothuria atra) in the aquaculture sub-zone of the
Banda marine conservation area. International Journal of
Agriculture and Biosciences 13(4): 610-616. https://doi.org/
10.47278 /journal.ijab/2024.166

Boyd CE, Tucker CS. (2012). Pond aquaculture water quality
management. Springer New York, USA. https://doi.org/
10.1007 /978-1-4615-5407-3

Chen S, Dai J, Chen Y, Chen Q, Dong F, Wang C, Han T. (2024). Effects
of Bacillus subtilis-fermented soybean meal replacing fish meal on
antioxidant activity, immunity, endoplasmic reticulum stress and
hepatopancreas histology in Pacific white shrimp (Litopenaeus
vannamei). Frontiers in Marine Science 11: 1449066. https://
doi.org/10.3389/ fmars.2024.1449066

Letters in Animal Biology 06(1): 76 - 87

83

Jamil et al. 2026

Cho JH, Kim I. (2011). Fish meal-nutritive value. Journal of Animal
Physiology and Animal Nutrition 95(6): 685-692. https:/ /doi.org/
10.1111/j.1439-0396.2010.01109.x

Coburn JE. (2019). Manufacture and use of alfalfa (Medicago sativa L.)
leaf protein concentrate as a protein supplement in fish culture
diets. Master's thesis, University of Minnesota. https://
hdl.handle.net/11299/206193

Costello C, Cao L, Gelcich S, Cisneros-Mata MA, Free CM, Froehlich
HE, Lubchenco J. (2020). The future of food from the sea. In:
Lubchenco ], Haugan PM, editors, The Blue Compendium.
Springer, Cham. pp: 1-14 https://doi.org/
10.1007 /978-3-031-16277-0_1

Daba SD, Morris CF. (2022). Pea proteins: Variation, composition,
genetics, and functional properties. Cereal Chemistry 99(1): 8-20.
https:/ /doi.org/10.1002 / cche.10439

Daniel N. (2018). A review on replacing fish meal in aqua feeds using
plant protein sources. International Journal of Fisheries and
Aquatic Studies 6(2): 164-179.

de Paiva Gouvéa L, Caldeira R, de Lima Azevedo T, Galdeano MC,
Felberg I, Lima JR, Mellinger CG. (2023). Physical and techno-
functional properties of a common bean protein concentrate
compared to commercial legume ingredients for the plant-based
market. Food Hydrocolloids 137: 108351. https://doi.org/
10.1016/j.foodhyd.2022.108351

Debnath C, Sahoo L. (2025). Harnessing the immunomodulatory
potential of ashwagandha (Withania somnifera) against epizootic
ulcerative syndrome: a sustainable approach for hill aquaculture.
Diseases of Aquatic Organisms 161: 11-22. https://doi.org/
10.3354 / dao03832

Debnath C. (2025). Evaluating the dietary effects of curry and/or
marigold leaf extracts on physiological and immunological
responses of Labeo rohita and its resistance against Saprolegnia
parasitica infection. Fish Physiology and Biochemistry 51(2): 68.
https:/ /doi.org/10.1007 /s10695-025-01479-x

Dhull SB, Kidwai MK, Noor R, Chawla P, Rose PK. (2022). A review of
nutritional profile and processing of faba bean (Vicia faba L.).
Legume Science 4(3): €129. https:/ /doi.org/10.1002/1eg3.129

FAO (2024). The state of world fisheries and aquaculture — Blue
transformation in action. Food and Agriculture Organization of
the United Nations, Rome, Italy. https://doi.org/10.4060/
cd0683en

Dossou S, Koshio S, Ishikawa M, Yokoyama S, Dawood MA, El Basuini
ME, El-Hais AM, Olivier A. (2018). Effect of partial replacement of
fish meal by fermented rapeseed meal on growth, immune
response and oxidative condition of red sea bream juvenile, Pagrus
major. Aquaculture 490: 228-235. https://doi.org/10.1016/
j-aquaculture.2018.02.010

Ebeneezar S, Vijayagopal P, Srivastava PP, Gupta S, Sukumaran S,
Sebastian W. (2022). Optimum dietary levels of lysine and
methionine reduces the crude protein requirement and improves
growth in Snubnose pompano (Trachinotus blochii). Animal Feed
Science and Technology 290: 115370. https://doi.org/10.1016/
j-anifeedsci.2022.115370

Elumalai P, Kurian A, Lakshmi S, Faggio C, Esteban MA, Ringe E.
(2020). Herbal immunomodulators in aquaculture. Reviews in
Fisheries Science & Aquaculture 29(1): 33-57. https://doi.org/
10.1080/23308249.2020.1779651

Engin K, Koyuncu C. (2023). The recent advances to increase nutrient

ISSN: 2584-0479


https://doi.org/10.47278/journal.ijvs/2025.072
https://doi.org/10.3389/fsufs.2024.1376112
https://doi.org/10.3389/fsufs.2024.1376112
https://doi.org/10.1111/j.1365-2109.2004.01114.x
https://doi.org/10.1111/j.1365-2109.2004.01114.x
https://doi.org/10.65822/j.mpl/2025.008
https://doi.org/10.65822/j.mpl/2025.008
https://doi.org/10.3389/fsufs.2021.765364
https://doi.org/10.1002/9781118432921.ch20
https://doi.org/10.1002/9781118432921.ch20
https://doi.org/10.1016/j.anifeedsci.2024.116034
https://doi.org/10.3390/molecules28145431
https://doi.org/10.3390/molecules28145431
https://doi.org/10.47278/journal.ijab/2024.177
https://doi.org/10.47278/journal.ijab/2024.177
https://doi.org/10.47278/journal.ijab/2024.166
https://doi.org/10.47278/journal.ijab/2024.166
https://doi.org/10.1007/978-1-4615-5407-3
https://doi.org/10.1007/978-1-4615-5407-3
https://doi.org/10.3389/fmars.2024.1449066
https://doi.org/10.3389/fmars.2024.1449066
https://doi.org/10.1111/j.1439-0396.2010.01109.x
https://doi.org/10.1111/j.1439-0396.2010.01109.x
https://hdl.handle.net/11299/206193
https://hdl.handle.net/11299/206193
https://doi.org/10.1007/978-3-031-16277-0_1
https://doi.org/10.1007/978-3-031-16277-0_1
https://doi.org/10.1002/cche.10439
https://doi.org/10.1016/j.foodhyd.2022.108351
https://doi.org/10.1016/j.foodhyd.2022.108351
https://doi.org/10.3354/dao03832
https://doi.org/10.3354/dao03832
https://doi.org/10.1007/s10695-025-01479-x
https://doi.org/10.1002/leg3.129
https://doi.org/10.4060/cd0683en
https://doi.org/10.4060/cd0683en
https://doi.org/10.1016/j.aquaculture.2018.02.010
https://doi.org/10.1016/j.aquaculture.2018.02.010
https://doi.org/10.1016/j.anifeedsci.2022.115370
https://doi.org/10.1016/j.anifeedsci.2022.115370
https://doi.org/10.1080/23308249.2020.1779651
https://doi.org/10.1080/23308249.2020.1779651

Plant-derived feed in aquaculture

utilization of dietary plant proteins by enzyme supplementation
and fermentation in rainbow trout (Oncorhynchus mykiss): A
review. Journal of Agricultural Sciences 29(4): 960-972. https://
doi.org/10.15832 / ankutbd.1192888

Faisal M, Hussain SM, Sarker PK, Ali S, Al-Ghanim KA, Yousaf Z.
(2024). Utilization of Moringa oleifera leaf meal as a protein source
in diets for Cirrhinus mrigala: Effects on growth, body composition,
and hematology. Frontiers in Sustainable Food Systems 8: 1405614.
https:/ /doi.org/10.3389/ fsufs.2024.1405614

FAO (2018). The state of world fisheries and aquaculture. Food and
Agriculture Organization of the United Nations. Fisheries
Department. Rome, Italy. https://openknowledge.fao.org/
handle/20.500.14283 /i19540en

Fei Y, Chen Z, Han S, Zhang S, Zhang T, Lu Y, Yao M. (2023). Role of
prebiotics in enhancing the function of next-generation probiotics
in gut microbiota. Critical Reviews in Food Science and Nutrition
63(8): 1037-1054. https:/ /doi.org/10.1080/10408398.2021.1958744

Fitrianggi EN, Zain M, Montesqrit. (2025). The effect of Lemuru fish oil
microencapsulation using Uncaria Gambir Roxb. as coating
material on In Vitro fermentation. International Journal of
Veterinary Science 14(4): 782-790. https://doi.org/10.47278/
journal.ijvs/2025.024

Francis G, Makkar HP, Becker K. (2001). Antinutritional factors present
in plant-derived alternative fish feed ingredients and their effects
in fish. Aquaculture 199(3-4): 197-227. https://doi.org/10.1016/
50044-8486(01)00526-9

Gasco L, Gai E Maricchiolo G, Genovese L, Ragonese S, Bottari T,
Caruso G. (2018). Fishmeal alternative protein sources for
aquaculture feeds. In: Gasco L, Gai F, Maricchiolo G, Genovese L,
Ragonese S, Bottari T, Caruso G, editors, Feeds for the aquaculture
sector: current situation and alternative sources. Springer
International Publishing. Pp. 1-28. https://doi.org/
10.1007 /978-3-319-77941-6_1

Geurden I, Borchert P, Balasubramanian MN, Schrama JW, Dupont-
Nivet M, Quillet E, Kaushik SJ, Panserat S, Médale F. (2013). The
positive impact of the early-feeding of a plant-based diet on its
future acceptance and utilisation in Oncorhynchus mykiss. PLOS
One 8(12): e83162. https:/ /doi.org/10.1371/journal.pone.0083162

Glencross BD, Baily J, Berntssen MH, Hardy R, MacKenzie S, Tocher
DR. (2020a). Risk assessment of the use of alternative animal and
plant raw material resources in aquaculture feeds. Reviews in
Aquaculture 12(2): 703-758. https:/ / doi.org/10.1111/ raq.12347

Glencross BD, Huyben D, Schrama JW. (2020b). The application of
single-cell ingredients in aquaculture feeds—a review. Fishes 5(3):
22. https:/ /doi.org/10.3390/ fishes5030022

Gyan WR, Yohana MA, Yang Q, Tan B, Chi S, Yi Y. (2024). The effects of
dietary L-carnitine supplementation in fish diet containing high
corn gluten meal on immunity, lipid metabolism, and
metabolomics in juvenile hybrid grouper (¢ Epinephelus
fuscoguttatus x & Epinephelus lanceolatus). Aquaculture
International 32(1): 833-869. https://doi.org/10.1007/
510499-023-01193-6

Hadidi M, Palacios JCO, McClements DJ, Mahfouzi M, Moreno A.
(2023). Alfalfa as a sustainable source of plant-based food proteins.
Trends in Food Science and Technology 135: 202-214. https://
doi.org/10.1016/j.tifs.2023.03.023

Haghbayan S, Shamsaie Mehrgan M. (2015). The effect of replacing fish
meal in the diet with enzyme-treated soybean meal (HP310) on

Letters in Animal Biology 06(1): 76 - 87

Jamil et al. 2026

growth and body composition of rainbow trout fry. Molecules
20(12): 21058-21066. https:/ / doi.org/10.3390 / molecules201219751

Hasan MR, Chakrabarti R. (2009). Use of algae and aquatic
macrophytes as feed in small-scale aquaculture — A review 531:
123. https:/ / openknowledge.fao.org /handle/20.500.14283 /i1141e

Hasan MS, Haque SA, Enam S, Hasan MM, Islam MT, Hossain MB,
Sharker MR, Jufaili SMA. (2025). Socio-economic status of
fishermen: a case study in the Bangali river region, Bangladesh.
International Journal of Agriculture and Biosciences 14(4): 657-663.
https:/ /doi.org/10.47278 /journal.ijab /2025.040

Helmizuryani, Khotimah K, Muslimin B, Puspitasari M, Rosmiah,
YonartaD, Apriyanti D. (2024). Heritability, selection response,
genetic gain and RAPD markers of Anabas testudineus in three
generations. International Journal of Veterinary Science 13(6):
806-812. https:/ / doi.org/10.47278 /journal.ijvs /2024.178

Hodar AR, Vasava R], Mahavadiya DR, Joshi NH. (2020). Fish meal and
fish oil replacement for aqua feed formulation by using alternative
sources: a review. Journal of Experimental Zoology India: 23(1):
13-21.

Hossain MS, Small BC, Kumar V, Hardy R. (2024). Utilization of
functional feed additives to produce cost-effective, ecofriendly
aquafeeds high in plant-based ingredients. Reviews in
Aquaculture 16(1): 121-153. https:/ / doi.org/10.1111/raq.12824

Hua K, Cobcroft JM, Cole A, Condon K, Jerry DR, Mangott A, Strugnell
JM. (2019). The future of aquatic protein: implications for protein
sources in aquaculture diets. One Earth 1(3): 316-329. https://
doi.org/10.1016/j.oneear.2019.10.018

Hussain SM, Bano AA, Ali S, Rizwan M, Adrees M, Zahoor AF, Naeem
A. (2024). Substitution of fishmeal: Highlights of potential plant
protein sources for aquaculture sustainability. Heliyon: 10(4):
€26573 https:/ / doi.org/10.1016/j.heliyon.2024.e26573

Jang M, Jeong DW, Heo G, Kong H, Kim CT, Lee JH. (2021). Genetic
background behind the amino acid profiles of fermented soybeans
produced by four Bacillus spp. Journal of Microbiology and
Biotechnology 31(3): 447. https:/ / doi.org/10.4014 /jmb.2012.12051

Jorgensen U, Jensen SK, Ambye-Jensen M. (2022). Coupling the benefits
of grassland crops and green biorefining to produce protein,
materials and services for the green transition. Grass and Forage
Science 77(4): 295-306. https:/ /doi.org/10.1111/ gfs.12594

Joshi P, Varma K. (2016). Effect of germination and dehulling on the
nutritive value of soybean. Nutrition and Food Science 46(4):
595-603. https:/ /doi.org/10.1108 /NFS-10-2015-0123

Jouan J, Ridier A, Carof M. (2020). Legume production and use in feed:
Analysis of levers to improve protein self-sufficiency from
foresight scenarios. Journal of Cleaner Production 274: 123085.
https:/ /doi.org/10.1016/j.jclepro.2020.123085

Kaiser F, Harbach H, Schulz C. (2022). Rapeseed proteins as fishmeal
alternatives: A review. Reviews in Aquaculture 14(4): 1887-1911.
https:/ /doi.org/10.1111 /raq.12678

Karr-Lilienthal LK, Bauer LL, Utterback PL, Zinn KE, Frazier RL,
Parsons CM, Fahey GC. (2006). Chemical composition and
nutritional quality of soybean meals prepared by extruder/
expeller processing for use in poultry diets. Journal of Agricultural
and Food Chemistry 54(21): 8108-8114. https://doi.org/10.1021/
jf061425t

Khan MA, Jafri AK, Chadha NK, Usmani N. (2003). Growth and body
composition of rohu (Labeo rohita) fed diets containing oilseed
meals: partial or total replacement of fish meal with soybean meal.

ISSN: 2584-0479


https://doi.org/10.15832/ankutbd.1192888
https://doi.org/10.15832/ankutbd.1192888
https://doi.org/10.3389/fsufs.2024.1405614
https://openknowledge.fao.org/handle/20.500.14283/i9540en
https://openknowledge.fao.org/handle/20.500.14283/i9540en
https://doi.org/10.1080/10408398.2021.1958744
https://doi.org/10.47278/journal.ijvs/2025.024
https://doi.org/10.47278/journal.ijvs/2025.024
https://doi.org/10.1016/S0044-8486(01)00526-9
https://doi.org/10.1016/S0044-8486(01)00526-9
https://doi.org/10.1007/978-3-319-77941-6_1
https://doi.org/10.1007/978-3-319-77941-6_1
https://doi.org/10.1371/journal.pone.0083162
https://doi.org/10.1111/raq.12347
https://doi.org/10.3390/fishes5030022
https://doi.org/10.1007/s10499-023-01193-6
https://doi.org/10.1007/s10499-023-01193-6
https://doi.org/10.1016/j.tifs.2023.03.023
https://doi.org/10.1016/j.tifs.2023.03.023
https://doi.org/10.3390/molecules201219751
https://openknowledge.fao.org/handle/20.500.14283/i1141e
https://doi.org/10.47278/journal.ijab/2025.040
https://doi.org/10.47278/journal.ijvs/2024.178
https://doi.org/10.1111/raq.12824
https://doi.org/10.1016/j.oneear.2019.10.018
https://doi.org/10.1016/j.oneear.2019.10.018
https://doi.org/10.1016/j.heliyon.2024.e26573
https://doi.org/10.4014/jmb.2012.12051
https://doi.org/10.1111/gfs.12594
https://doi.org/10.1108/NFS-10-2015-0123
https://doi.org/10.1016/j.jclepro.2020.123085
https://doi.org/10.1111/raq.12678
https://doi.org/10.1021/jf061425t
https://doi.org/10.1021/jf061425t

Plant-derived feed in aquaculture

Aquaculture Nutrition 9(6): 391-396. https://doi.org/10.1046/
j-1365-2095.2003.00268.x

Khan MTS, Z Khan, S Murtaza, M Afzal, A Mahmood, NU Khan.
(2023). Therapeutic effects of medicinal plants on immunology
and growth (a review). Continental Veterinary Journal 3(2): 43-54.

Kleekayai T, Khalesi M, Amigo-Benavent M, Cermefio M, Harnedy-
Rothwell P, FitzGerald RJ. (2023). Enzyme-assisted extraction of
plant proteins. In: Hernandez-Alvarez AJ, Nondor M, Nosworthy
MG, editors, Green protein processing technologies from plants:
Novel extraction and purification methods for product
development. Springer Cham. Pp: 131-178. https://doi.org/
10.1007 /978-3-031-16968-7_6

Krasteva V, Yankova M, Ivanova A. (2023). Efficacy of lemongrass
essential oil as an anesthetic for common carp (Cyprinus carpio,
Linnaeus 1758) stocking material. Bulgarian Journal of Animal
Husbandry / Zivotnov Dni Nauki 60(5). https:/ /doi.org/10.61308 /
UJCv4314

Krogdahl A, Penn M, Thorsen J, Refstie S, Bakke AM. (2010). Important
antinutrients in plant feedstuffs for aquaculture: An update on
recent findings regarding responses in salmonids. Aquaculture
Research 41(3): 333-344. https://doi.org/10.1111/
j-1365-2109.2009.02426.x

Kuebutornye FKA, Roy K, Folorunso EA, Mraz J. (2024). Plant-based
feed additives in Cyprinus carpio aquaculture. Reviews in
Aquaculture 16(1): 309-336. https:/ /doi.org/10.1111/raq.12840

Kumar BP, Ramudu KR, Devi BC. (2014). Mini review on incorporation
of cotton seed meal, an alternative to fish meal in aquaculture
feeds. International Journal of Biological Research 2(2): 99-105.
https:/ /doi.org/10.14419/ijbr.v2i2.3274

Kumar S, Séndor ZJ, Bir6 J, Gyalog G, Sinha AK, De Boeck G. (2022).
Does nutritional history impact on future performance and
utilization of plant based diet in common carp?. Aquaculture 551:
737935. https:/ / doi.org /10.1016 /j.aquaculture.2022.737935

Kumar V, Sinha AK, Makkar HPS, Becker K. (2012). Phytate and
phytase in fish nutrition. Journal of Animal Physiology and
Animal Nutrition 96(3): 335-364. https://doi.org/10.1111/
j-1439-0396.2011.01169.x

Kusuma D, Sari EM, Firmansyah GA, Suryani A , Nugraha N. (2025).
Interactive effects of rhizobium inoculant (legin) application and
apical shoot pruning on nodulation, nitrogen fixation, and
productivity of soybean (glycine max L. Merrill). Medicinal Plant
Letters 1: 38-46. https:/ /doi.org/10.65822 /j.mpl/2025.004

Lam ACY, Can Karaca A, Tyler RT, Nickerson MT. (2018). Pea protein
isolates: Structure, extraction, and functionality. Food Reviews
International 34(2): 126-147. https://doi.org/
10.1080/87559129.2016.1242135

Lemus-Conejo A, Rivero-Pino F, Montserrat-de la Paz S, Millan-Linares
MC. (2023). Nutritional composition and biological activity of
narrow-leafed lupins (Lupinus angustifolius L.) hydrolysates and
seeds. Food Chemistry 420: 136104. https://doi.org/10.1016/
j.foodchem.2023.136104

Li M, Dong H, Wu D, Chen H, Qin W, Liu W. (2020). Nutritional
evaluation of whole soybean curd made from different soybean
materials based on amino acid profiles. Food Quality and Safety
4(1): 41-50. https:/ / doi.org/10.1093/ fqsafe / fyaa011

Lo B, Kasapis S, Farahnaky A. (2021). Lupin protein: Isolation and
techno-functional properties, a review. Food Hydrocolloids 112:
106318. https:/ /doi.org/10.1016/j.foodhyd.2020.106318

Letters in Animal Biology 06(1): 76 - 87

Jamil et al. 2026

Mahmoud HK, Al-Sagheer AA, Reda FM, Mahgoub SA, Ayyat MS.
(2017). Dietary curcumin supplement influence on growth,
immunity, antioxidant status, and resistance to Aeromonas
hydrophila in Oreochromis niloticus. Aquaculture 475: 16-23. https:/ /
doi.org/10.1016/j.aquaculture.2017.03.043

Malarvizhi K, Kalaiselvan P, Ranjan A. (2024). Unlocking the potential
of lupin as a sustainable aquafeed ingredient: a comprehensive
review. Discover Agriculture 2(1): 43. https://doi.org/10.1007/
544279-024-00054-x

Mamone G, Sciammaro L, De Caro S, Di Stasio L, Siano F, Picariello G,
Puppo MC. (2019). Comparative analysis of protein composition
and digestibility of Ceratonia siliqua L. and Prosopis spp. seed germ
flour. Food Research International 120: 188-195. https:/ /doi.org/
10.1016/j.foodres.2019.02.035

Manikandan K, Felix N, Prabu E, Bharathi S, Tamilarasu A. (2020). An
essential review on the challenges with plantbased ingredients
with respect to phytic acid and phytase activities in the aquafeeds.
Journal of Aquaculture in the Tropics 35(1-4): 93-105. http://
doi.org/10.32381/JAT.2020.35.1-4.10

Mao X, Wang Y, Zhang T, Ma ], Zhao J, Xu D. (2024). Dietary arginine
regulates the growth performance, antioxidant capacity, and
immune response in Culter alburnus. Fish Physiology and
Biochemistry 50(3): 1251-1264. https://doi.org/10.1007/
510695-024-01334-5

Mehta H. (2025). Aquaculture: Nurturing Aquatic Plants and Animals.
Educohack Press (https:/ /educohackpress.com).

Mitra A. (2021). Thought of alternate aquafeed: Conundrum in
aquaculture sustainability? In: Proceedings of the Zoological
Society, New Delhi. Springer India. Pp. 1-18. https://doi.org/
10.1007 / s12595-020-00352-4

Morales GA, Mdrquez L, Herndndez AJ, Moyano FJ. (2022). Enzyme
use in aquaculture. In: Bedford MR, Partridge G, Walk CL, Hruby
M, editors, Enzymes in Farm Animal Nutrition. CABI Digital
Library. Pp. 170-192. https:/ / doi.org/10.1079 /9781789241563.0010

Napier JA, Betancor MB. (2023). Engineering plant-based feedstocks for
sustainable aquaculture. Current Opinion in Plant Biology 71:
102323. https:/ /doi.org/10.1016/j.pbi.2022.102323

Naylor RL, Hardy RW, Buschmann AH, Bush SR, Cao L, Klinger DH,
Troell M. (2021). A 20-year retrospective review of global
aquaculture. Nature 591(7851): 551-563. https:/ /doi.org/10.1038/
541586-021-03308-6

Noor E, Alisha. (2026). Jamun (Syzygium cumini) and by products:
Nutritional composition, processing technologies, and food
applications. Plant Crop Letters 5: 48-65. https://doi.org/
10.65822 /j.pcl /2026.04

Novriadi R. (2018). Evaluation of advanced soy products in diets fed to
Florida pompano (Trachinotus carolinus). Ph.D. thesis, Auburn
University, Auburn, AL, USA. http:/ /hdlhandle.net/10415/6445

Nya EJ, Austin B. (2009). Use of garlic, Allium sativum, to control
Aeromonas hydrophila infection in rainbow trout, Oncorhynchus
mykiss (Walbaum). Journal of Fish Diseases 32(11): 963-970.
https:/ /doi.org/lO.llll /j‘l365—2761.2009.01100.x

Oleinikova Y, Badryzlova N, Alybayeva A, Yermekbay Z, Amangeldi A,
Sadanov AMA. (2024). Effect of a probiotic preparation based on
lactic and propionic acid bacteria on the growth of young rainbow
trout Oncorhynchus mykiss in aquaculture. International Journal of
Veterinary Science 13(3): 319-327. https://doi.org/10.47278/
journal.ijvs/2023.107

ISSN: 2584-0479


https://doi.org/10.1046/j.1365-2095.2003.00268.x
https://doi.org/10.1046/j.1365-2095.2003.00268.x
https://doi.org/10.1007/978-3-031-16968-7_6
https://doi.org/10.1007/978-3-031-16968-7_6
https://doi.org/10.61308/UJCV4314
https://doi.org/10.61308/UJCV4314
https://doi.org/10.1111/j.1365-2109.2009.02426.x
https://doi.org/10.1111/j.1365-2109.2009.02426.x
https://doi.org/10.1111/raq.12840
https://doi.org/10.14419/ijbr.v2i2.3274
https://doi.org/10.1016/j.aquaculture.2022.737935
https://doi.org/10.1111/j.1439-0396.2011.01169.x
https://doi.org/10.1111/j.1439-0396.2011.01169.x
https://doi.org/10.65822/j.mpl/2025.004
https://doi.org/10.1080/87559129.2016.1242135
https://doi.org/10.1080/87559129.2016.1242135
https://doi.org/10.1016/j.foodchem.2023.136104
https://doi.org/10.1016/j.foodchem.2023.136104
https://doi.org/10.1093/fqsafe/fyaa011
https://doi.org/10.1016/j.foodhyd.2020.106318
https://doi.org/10.1016/j.aquaculture.2017.03.043
https://doi.org/10.1016/j.aquaculture.2017.03.043
https://doi.org/10.1007/s44279-024-00054-x
https://doi.org/10.1007/s44279-024-00054-x
https://doi.org/10.1016/j.foodres.2019.02.035
https://doi.org/10.1016/j.foodres.2019.02.035
http://doi.org/10.32381/JAT.2020.35.1-4.10
http://doi.org/10.32381/JAT.2020.35.1-4.10
https://doi.org/10.1007/s10695-024-01334-5
https://doi.org/10.1007/s10695-024-01334-5
https://educohackpress.com
https://doi.org/10.1007/s12595-020-00352-4
https://doi.org/10.1007/s12595-020-00352-4
https://doi.org/10.1079/9781789241563.0010
https://doi.org/10.1016/j.pbi.2022.102323
https://doi.org/10.1038/s41586-021-03308-6
https://doi.org/10.1038/s41586-021-03308-6
https://doi.org/10.65822/j.pcl/2026.04
https://doi.org/10.65822/j.pcl/2026.04
http://hdl.handle.net/10415/6445
https://doi.org/10.1111/j.1365-2761.2009.01100.x
https://doi.org/10.47278/journal.ijvs/2023.107
https://doi.org/10.47278/journal.ijvs/2023.107

Plant-derived feed in aquaculture

Oliva-Teles A, Enes P, Couto A, Peres H. (2022). Replacing fish meal and
fish oil in industrial fish feeds. In: Davis DA, editor, Feed and
feeding practices in aquaculture. Woodhead Publishing, New
Delhi, India. Pp. 231-268. https://doi.org/10.1016/
B978-0-12-821598-2.00011-4

Oliva-Teles A, Gouveia AJ, Gomes E, Rema P. (1994). The effect of
different processing treatments on soybean meal utilization by
rainbow trout, Oncorhynchus mykiss. Aquaculture 124(1-4): 343-349.
https:/ /doi.org/10.1016 /0044-8486(94)90407-3

Omnes MH, Le Goasduff ], Le Delliou H, Le Bayon N, Quazuguel P,
Robin JH. (2017). Effects of dietary tannin on growth, feed
utilization and digestibility, and carcass composition in juvenile
European seabass (Dicentrarchus labrax L.). Aquaculture Reports 6:
21-27. https:/ /doi.org/10.1016 /j.aqrep.2017.01.004

Ouedraogo TMP, Kassankogno Al, Sanon E, Kafando A, Barro S,
Nikiema BC, Sohoro H, Wonni 1. (2024). Identification of the
pathogens responsible for the primary fungal infections linked to
soy seeds in Burkina Faso. International Journal of Agriculture
and Biosciences 13(4): 639-648. https://doi.org/10.47278/
journal.ijab/2024.171

Paritova AY, Balji YA, Murzakayeva GK, Aytkozhina BZ, Zhanabayev
AA, Kuzembekova GB, Ashimova KK, Abulgazimova GA,
Kuanchaleyev ZB, Askambayeva D, Mayer Y. (2025). Isolation of
Lactobacillus strains with probiotic activity to be used as a fish feed
supplement. International Journal of Veterinary Science 14(3):
527-534. https:/ / doi.org/10.47278 /journal.ijvs / 2024.268

Peng K, Fu B, Li ], Zhao H, Cao J, Huang W, Chen B, Li X, Peng Z, Wei
M. (2022). Effects of replacing soybean meal and rapeseed meal
with faba bean meal on growth performance and muscle quality of
tilapia (Oreochromis niloticus). Aquaculture Reports 26: 101328.
https:/ /doi.org/10.1016/j.aqrep.2022.101328

Penn MH. (2005). The effects of dietary soybean saponins on growth
and performance, intestinal histology and immune response of
first feeding rainbow trout Oncorhynchus mykiss. Ph.D. Thesis, The
Ohio State University. http:/ /rave.ohiolink.edu/etdc/view

Pereira A, Ramos F, Sanches Silva A. (2022). Lupin (Lupinus albus L.)
seeds: balancing the good and the bad and addressing future
challenges. Molecules 27(23): 8557. https://doi.org/10.3390/
molecules27238557

Pietsch C. (2025). Effects of mycotoxins in fish. In: Santos RR, editor,
Mycotoxins. Wageningen Academic Pubishers, Netherlands. Pp
158-190. https:/ / doi.org/10.1163/9789004703278_008

Prakash S, Maas RM, Bergersen A, Kals J, Kokou F, Schrama JW, Philip
AJP. (2025). Dietary starch, non-starch polysaccharides and their
interactions affect nutrient digestibility, faecal waste production
and characteristics differentially in three salmonids: Rainbow
trout, Atlantic salmon and Arctic charr. Aquaculture 595(1):
741506. https:/ / doi.org/10.1016 /j.aquaculture.2024.741506

Priyadarshini M, Manissery JK, Gangadhara B, Rao LM, Keshavanath P.
(2011). Growth response of Catla catla (Actinopterygii:
Cypriniformes: Cyprinidae) to soya and maize supplemented
traditional feed mixture. Acta Ichthyologica et Piscatoria 41(3):
159-164. https:/ /doi.org/10.3750/ AIP2011.41.3.02

Radwan M, Abbas MMM, Fares M, Moussa MA, Mohammadein A, Al
Malki JS, Elraey SM. (2024). Evaluation of Azadirachta indica leaf
extracts efficacy against gill flukes parasites with a focus on
oxidative stress, pathological changes, and immune gene response
in infected Nile tilapia. Aquaculture International 32(7):
10029-10051. https:/ / doi.org/10.1007 / s10499-024-01648-4

Letters in Animal Biology 06(1): 76 - 87

86

Jamil et al. 2026

Rakhmonov V, Turdalieva K, Bobokandov N, Isomov E, Tashmanov R,
Pulatov I, Kobulova B, Dustov B, Shernazarov S, Nurimov P,
Mamadiyarova D, Kuvvatov K, Tashpulatov Y. (2025). Intensive
cultivation of vascular aquatic plants in the conditions of the
central regions of Uzbekistan and preparation of feed for
herbivorous fish. International Journal of Agriculture and
Biosciences 14(6): 1088-1097. https://doi.org/10.47278/
journal.ijab/2025.131

Ramamurthy V, Rajakumar R. (2016). Studies on ethanolic leaf extract
of Phyllanthus niruri and its effect on aflatoxin intoxicated male
albino rats. International Journal of Zoology and Applied
Biosciences 1(1): 1-6. https:/ /doi.org/10.5281/ zenod0.1306371

Ranjan A, Kumar S, Sahu NP, Jain KK, Deo AD. (2022). Strategies for
maximizing utilization of de-oiled rice bran (DORB) in the fish
feed. Aquaculture International 30: 99-114. https://doi.org/
10.1007 /s10499-021-00791-6

Rao DP, Kumar A. (2023). Ocimum tenuiflorum's impact as an
immunostimulant in Labeo rohita (Hamilton). Journal of
Experimental Zoology India 26(2): 1653. https://doi.org/

10.51470/jez.2023.26.2.1653

Rashid MHU, Mehwish, Wahab H, Ahmad S, Ali L, Ahmad N, Ali M,
Fazal H. (2024a). Unraveling the combinational approach for the
antibacterial efficacy against infectious pathogens using the herbal
extracts of the leaves of Dodonaea viscosa and fruits of Rubus
fruticosus. Agrobiological Records 16: 57-66. https://doi.org/
10.47278 /journal.abr /2024.012

Rashid S, F Hafeez, R Ashraf, A Shoukat, A Nawaz, K Hassan. (2024b).
Phytomedicine efficacy and prospects in poultry; a new insight to
old anthelmintic resistance. Continental Veterinary Journal 4(1):
62-75. http:/ /dx.doi.org/10‘71081 /Cvj/2024.009

Rasskazova I, Kirse-Ozolina A. (2020). Field pea Pisum sativum L. as a
perspective ingredient for vegan foods: A review. Research for
Rural Development 35: 125-131. https://doi.org/10.22616/
rrd.26.2020.019

Ritter SW, Gastl MI, Becker TM. (2022). The modification of volatile and
nonvolatile compounds in lupines and faba beans by substrate
modulation and lactic acid fermentation to facilitate their use for
legume-based beverages. Comprehensive Reviews in Food Science
and Food Safety 21(5): 4018-4055. https://doi.org/
10.1111/1541-4337.13002

Sahni P, Sharma S, Surasani VKR. (2020). Influence of processing and
pH on amino acid profile, morphology, electrophoretic pattern,
bioactive potential and functional characteristics of alfalfa protein
isolates. Food Chemistry 333: 127503. https://doi.org/10.1016/
j-foodchem.2020.127503

Serrano E, Storebakken T, Penn M, @verland M, Hansen J&, Mydland
LT. (2011). Responses in rainbow trout (Oncorhynchus mykiss) to
increasing dietary doses of lupinine, the main quinolizidine
alkaloid found in yellow lupins (Lupinus luteus). Aquaculture
318(1-2): 122-127. https://doi.org/10.1016/
j-aquaculture.2011.05.004

Siddik MA, Julien BB, Islam SM, Francis DS. (2024). Fermentation in
aquafeed processing: Achieving sustainability in feeds for global
aquaculture production. Reviews in Aquaculture 16(3): 1244-1265.
https:/ /doi.org/10.1111 /raq.12894

Sukumaran V, Park SC, Giri SS. (2016). Role of dietary ginger Zingiber
officinale in improving growth performances and immune
functions of Labeo rohita fingerlings. Fish & Shellfish Immunology
57: 362-370. https:/ / doi.org/10.1016/].fs1.2016.08.056

ISSN: 2584-0479


https://doi.org/10.1016/B978-0-12-821598-2.00011-4
https://doi.org/10.1016/B978-0-12-821598-2.00011-4
https://doi.org/10.1016/0044-8486(94)90407-3
https://doi.org/10.1016/j.aqrep.2017.01.004
https://doi.org/10.47278/journal.ijab/2024.171
https://doi.org/10.47278/journal.ijab/2024.171
https://doi.org/10.47278/journal.ijvs/2024.268
https://doi.org/10.1016/j.aqrep.2022.101328
http://rave.ohiolink.edu/etdc/view?acc_num=osu1119027556
https://doi.org/10.3390/molecules27238557
https://doi.org/10.3390/molecules27238557
https://doi.org/10.1163/9789004703278_008
https://doi.org/10.1016/j.aquaculture.2024.741506
https://doi.org/10.3750/AIP2011.41.3.02
https://doi.org/10.1007/s10499-024-01648-4
https://doi.org/10.47278/journal.ijab/2025.131
https://doi.org/10.47278/journal.ijab/2025.131
https://doi.org/10.5281/zenodo.1306371
https://doi.org/10.1007/s10499-021-00791-6
https://doi.org/10.1007/s10499-021-00791-6
https://doi.org/10.51470/jez.2023.26.2.1653
https://doi.org/10.51470/jez.2023.26.2.1653
https://doi.org/10.47278/journal.abr/2024.012
https://doi.org/10.47278/journal.abr/2024.012
http://dx.doi.org/10.71081/cvj/2024.009
https://doi.org/10.22616/rrd.26.2020.019
https://doi.org/10.22616/rrd.26.2020.019
https://doi.org/10.1016/j.foodchem.2020.127503
https://doi.org/10.1016/j.foodchem.2020.127503
https://doi.org/10.1016/j.aquaculture.2011.05.004
https://doi.org/10.1016/j.aquaculture.2011.05.004
https://doi.org/10.1111/raq.12894
https://doi.org/10.1016/j.fsi.2016.08.056

Plant-derived feed in aquaculture

Sultana N, Noor P, Abdullah ATM, Hasan MR, Ahmed KM, Naser MN.
(2012). Growth performance and nutrient composition of juvenile
Nile tilapia (Oreochromis niloticus) fed Spirulina flakes, rice bran,
and mustard oil cake. Malaysian Journal of Nutrition 18(2): 275-
282.

Tachie C, Nwachukwu ID, Aryee AN. (2023). Trends and innovations in
the formulation of plant-based foods. Food Production, Processing
and Nutrition 5(1): 16. https://doi.org/10.1186/
s43014-023-00129-0

Tacon AG, Hasan MR, Metian M. (2011). Demand and supply of feed
ingredients for farmed fish and crustaceans: trends and prospects.
Fisheries and Aquaculture Technical Paper 564: 87. https://
openknowledge.fao.org/handle/

Tacon AG, Metian M, McNevin AA. (2022). Future feeds: suggested
guidelines for sustainable development. Reviews in Fisheries
Science & Aquaculture 30(2): 135-142. https://doi.org/
10.1080/23308249.2020.1860474

Tacon AG, Metian M. (2015). Feed matters: satisfying the feed demand
of aquaculture. Reviews in Fisheries Science & Aquaculture 23(1):
1-10. https:/ / doi.org/10.1080/23308249.2014.987209

Tadese DA, Song C, Sun C, Liu B, Liu B, Zhou Q, Kevin NT. (2022). The
role of currently used medicinal plants in aquaculture and their
action mechanisms: A review. Reviews in Aquaculture 14(2):
816-847. https:/ /doi.org/10.1111/raq.12626

Tan XL, Azam-Ali S, Goh EV, Mustafa M, Chai HH, Ho WK, Mayes S,
Mabhaudhi T, Azal-Ali S, Massawe F. (2020). Bambara groundnut:
An underutilized leguminous crop for global food security and
nutrition. Frontiers in Nutrition 7: 601496. https://doi.org/
10.3389/ fnut.2020.601496

Turchini GM, Trushenski JT, Glencross BD. (2019). Thoughts for the
future of aquaculture nutrition: realigning perspectives to reflect
contemporary issues related to judicious use of marine resources
in aquafeeds. North American Journal of Aquaculture 81(1): 13-39.
https:/ /doi.org/10.1002 /naaq.10067

Ullah R. (2024). The therapeutic potential of aromatic plants: a new
frontier in bioactive compound research. Trends in Animal and
Plant Sciences 4: 112-117. https://doi.org/10.62324/TAPS/
2024.053

Van den Berg LA, Mes JJ, Mensink M, Wanders A]J. (2022). Protein
quality of soy and the effect of processing: A quantitative review.
Frontiers in Nutrition 9: 1004754. https://doi.org/10.3389/
fnut.2022.1004754

Vieira L, Filipe D, Amaral D, Magalhdes R, Martins N, Ferreira M, Peres
H. (2023). Solid-state fermentation as green technology to improve
the use of plant feedstuffs as ingredients in diets for European sea
bass (Dicentrarchus labrax) juveniles. Animals 13(17): 2692. https:/ /
doi.org/10.3390/ani13172692

Villegas AM, Menconi A, Yacoubi N, Applegate TJ. (2024). Effects of
expeller soybean on growth performance, amino acid digestibility
and intestinal integrity. Poultry Science 103(4): 103526. https://
doi.org/10.1016/j.psj.2024.103526

Wang KZ, Feng L, Jiang WD, Wu P, Liu Y, Jiang J, Zhou XQ. (2019).
Dietary gossypol reduced intestinal immunity and aggravated
inflammation in on-growing grass carp (Ctenopharyngodon idella).
Fish & Shellfish Immunology 86: 814-831. https://doi.org/
10.1016/j.£51.2018.12.014

Wang MengLe WM, Chen NaiSong CN, Li SongLin LS, Lian XueYuan
LX, Yan ChunWei YC. (2018). Study on replacement of fish meal

Letters in Animal Biology 06(1): 76 - 87

Jamil et al. 2026

by two plant protein mixtures in diets for largemouth bass
(Micropterus salmoides). Journal of Shanghai Ocean University 27
(1): 37-47. http:/ / dx.doi.org/10.12024 /jsou.20170602076

Warwas N. (2023). Novel marine ingredients for aquaculture — Fish
nutrition, physiology and intestinal health. Ph.D thesis.
Department of Biological and Environmental Sciences, Faculty of
Science, University of Gothenburg, Sweden. https://
hdl.handle.net/2077 /78650

Wassef EA, Saleh NE, Ashry AM, Abdel-Momen S, Al-Zayat AM.
(2019). European seabass (Dicentrarchus labrax) performance,
health status, immune response and intestinal morphology after
feeding a mixture of plant proteins-containing diets. Egyptian
Journal of Aquatic Biology and Fisheries 23(4): 77-91. https://
doi.org/ 10.21608/ejabf.2019.52408

Wei C, Wang X, Li C, Zhou H, Liu C, Mai K, He G. (2021). Replacement
of fishmeal with Shewanella sp. MR-7 fermented soya bean meal
in Pacific white shrimp. Aquaculture Research 52(5): 2110-2120.
https:/ /doi.org/10.1111/ are.15063

Xing S, Liang X, Zhang X, Oliva-Teles A, Peres H, Li M, Xue M. (2024).
Essential amino acid requirements of fish and crustaceans, a meta-
analysis. Reviews in Aquaculture 16(3): 1069-1086. https://
doi.org/10.1111/raq.12886

Yang H, Bian Y, Huang L, Lan Q, Ma L, Li X, Leng X. (2022). Effects of
replacing fish meal with fermented soybean meal on the growth
performance, intestinal microbiota, morphology and disease
resistance of largemouth bass (Micropterus salmoides). Aquaculture
Reports 22: 100954. https:/ / doi.org/10.1016 /j.aqrep.2021.100954

Zafar A, Sadia B, Azam I, Khalil MA, Perveen Z, Batool A, Asif M,
Ameen R, Tahir S. (2025). Evaluation of soybean for nutritional
and physical traits. Trends in Animal and Plant Sciences 6: 35-45.
https:/ /doi.org/10.62324 / TAPS /2025.078

Zhang Q, Yang Q, Guo M, Li F, Qin M, Xie Y, Tong T. (2023). The effects
of dietary fermented soybean meal supplementation on the
growth, antioxidation, immunity, and mTOR signaling pathway of
juvenile coho salmon (Oncorhynchus kisutch). Fishes 8(9): 448.
https:/ /doi.org/10.3390/ fishes8090448

Zhang X, Sun Z, Cai ], Wang J, Wang G, Zhu Z, Cao F. (2020). Effects of
dietary fish meal replacement by fermented moringa (Moringa
oleifera Lam.) leaves on growth performance, nonspecific
immunity and disease resistance against Aeromonas hydrophila in
juvenile gibel carp (Carassius auratus gibelio var. CAS 1II). Fish &
Shellfish Immunology 102: 430-439. https://doi.org/10.1016/
j-£s1.2020.04.051

Zheng L, Regenstein JM, Zhou L, Wang Z. (2022). Soy protein isolates:
A review of their composition, aggregation, and gelation.
Comprehensive Reviews in Food Science and Food Safety 21(2):
1940-1957. https:/ / doi.org/10.1111 /1541-4337.12925

Citation

Jamil R, Sajid M, Rasool K, Imran M, Sonia B, Muzafar A, Noor R, Igbal L, Shafiq S,
Shabeer A, Khan AMA. (2026). Plant-derived feed ingredients in aquaculture: A
comprehensive review of their effects on fish growth performance and nutritional
outcomes. Letters in Animal Biology 06(1): 76 — 87. https://doi.org/10.62310/liab.v6i1.285

ISSN: 2584-0479


https://doi.org/10.1186/s43014-023-00129-0
https://doi.org/10.1186/s43014-023-00129-0
https://openknowledge.fao.org/handle/20.500.14283/ba0002e
https://openknowledge.fao.org/handle/20.500.14283/ba0002e
https://doi.org/10.1080/23308249.2020.1860474
https://doi.org/10.1080/23308249.2020.1860474
https://doi.org/10.1080/23308249.2014.987209
https://doi.org/10.1111/raq.12626
https://doi.org/10.3389/fnut.2020.601496
https://doi.org/10.3389/fnut.2020.601496
https://doi.org/10.1002/naaq.10067
https://doi.org/10.62324/TAPS/2024.053
https://doi.org/10.62324/TAPS/2024.053
https://doi.org/10.3389/fnut.2022.1004754
https://doi.org/10.3389/fnut.2022.1004754
https://doi.org/10.3390/ani13172692
https://doi.org/10.3390/ani13172692
https://doi.org/10.1016/j.psj.2024.103526
https://doi.org/10.1016/j.psj.2024.103526
https://doi.org/10.1016/j.fsi.2018.12.014
https://doi.org/10.1016/j.fsi.2018.12.014
http://dx.doi.org/10.12024/jsou.20170602076
https://hdl.handle.net/2077/78650
https://hdl.handle.net/2077/78650
https://doi.org/10.21608/ejabf.2019.52408
https://doi.org/10.21608/ejabf.2019.52408
https://doi.org/10.1111/are.15063
https://doi.org/10.1111/raq.12886
https://doi.org/10.1111/raq.12886
https://doi.org/10.1016/j.aqrep.2021.100954
https://doi.org/10.62324/TAPS/2025.078
https://doi.org/10.3390/fishes8090448
https://doi.org/10.1016/j.fsi.2020.04.051
https://doi.org/10.1016/j.fsi.2020.04.051
https://doi.org/10.1111/1541-4337.12925
https://doi.org/10.62310/liab.v6i1.285

