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The rapid expansion of aquaculture in Bangladesh has played a vital role in meeting the increasing demand for fish protein.
However, the industry faces significant challenges due to the high cost and environmental impact of fishmeal (FM), a primary
protein source in aquafeeds. This review critically evaluates alternative protein sources for aquafeeds, including plant-based
proteins, insect meals, agricultural by-products, and single-cell protein (SCP), with a focus on their applicability in the Bangladesh
context. Using the Joanna Briggs Institute (JBI) methodology, we synthesized evidence from peer-reviewed studies and institu-
tional reports to assess the nutritional profiles of these alternatives. Results show that while plant-based proteins are affordable and
locally available, they require processing to reduce antinutritional factors (ANFs). Insect meals exhibit high protein content and
feed efficiency, with a primary focus on their essential amino acids (EAAs) profiles, which are crucial for optimal fish growth,
immunity, and metabolic performance. Agricultural wastes such as fruit peels and vegetable residues offer cost-effective and
immune-boosting properties, while SCP derived from algae, fungi, yeast, and bacteria emerge as a nutritionally robust and
environmentally sustainable option. Despite the promise of these alternatives, limitations persist in terms of nutrient imbalances,
processing requirements, and scalability. Overcoming these barriers demands targeted research and development, policy support,
and investment in local feed innovation to ensure sustainable aquaculture growth. This study underscores the critical need for
further research and strategic implementation of alternative feed resources to enhance the sustainability, profitability, and resil-
ience of aquaculture in Bangladesh, with a focus on optimizing inclusion levels, improving digestibility, and utilizing locally
available ingredients to ensure nutritional balance and food security.
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1. Introduction

The rapid growth of the global human population has exerted
tremendous pressure on the food production sector [1, 2].
Consequently, aquaculture has emerged as a crucial source of
protein to meet the increasing demands of the growing popu-
lation [3–5]. Since 1990, aquaculture production has increased
by more than 650% [6–8]. In 2022, global aquaculture produc-
tion reached a record high of 130.9millionMT,marking a 6.6%
increase compared to 2020. Of this total, 94.4millionMT com-
prised aquatic animals, with Asia remaining the dominant
contributor by accounting for 91.4% of global production [7].

Within this context, Bangladesh is a key player in global fish
production, achieving a total output of 4.91million MT in
2022–2023 [9]. Aquaculture has been instrumental in this suc-
cess, accounting for 58.03% of the total fish production of the
country [9]. Over the past three decades, aquaculture has
emerged as the fastest-growing agro-food sector in Bangladesh.
The inland aquaculture sector, in particular, has demonstrated
a consistent upward trend, with production more than dou-
bling from 1.006millionMT in 2007–08 to 2.852millionMT in
2022–23 [9, 10]. During the period of 2022–2023, carp species,
including Indian major carps, indigenous carps, exotic carps,
and catfish, contributed significantly to the total aquaculture
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production. The key species contributing to aquaculture pro-
duction include tilapia/nilotica (Oreochromis Mosambicus/
O. Niloticus), pangas (Pangasius pangasius), rohu (Labeo
rohita), catla (Catla catla), mrigal (Cirrhinus cirrhosus), kali-
baus (L. calbasu), bata (L. bata), gonia (L. gonius), silver carp
(Hypophthalmichthys molitrix), grass carp (Ctenopharyngodon
idella), common carp (Cyprinus carpio), and various other
exotic carps. Among these species, the major contributors to
national fish production are major carp (22.06%), Pangasius
(8.21%), tilapia (8.57%), and shrimp/prawn (5.52%). The pro-
duction of major carps, exotic carps, and other exotic fish has
steadily increased from 2002 to 2022, with average growth rates
of 5.05%, 5.26%, and 4.29%, respectively [11]. Among the
major aquaculture crustacean species, Penaeus monodon,
locally known as bagda, and Macrobrachium rosenbergii,
known as golda, are the two primary export commodities of
Bangladesh. These species are cultivated in various aquaculture
systems, either intensive or semi-intensive, to meet the demand
for farmed fish [9]. However, the sustainability of these systems
is increasingly threatened by input-related challenges. Rising
prices of commercial fish feed, particularly meat meal, fishmeal
(FM), and soybean meal (SM), which make up 60%–70% of
total production costs, have become a major challenge for
intensive aquaculture systems and are limiting the sector’s
growth [3, 12]. FM is widely used as the primary and most
expensive protein source in formulated fish diets. It is highly
valued for its rich protein content, well-balanced essential
amino acids (EAAs) profile, excellent nutrient digestibility,
and low levels of antinutritional factors (ANFs) [4, 13]. Cur-
rently, approximately 90% of FMproduction comes from small
pelagic fish species such as anchovies, sardines, mackerel, cap-
elin, and menhaden [14]. However, ongoing concerns persist
about the effects of fishing pressure on predator–prey dynamics
within vulnerable marine ecosystems [15]. This situation
necessitates the replacement of FM with more affordable alter-
native protein sources.

Adopting cost-effective and sustainable alternative protein
sources can lower production costs, enhancing profitability and
competitiveness in developing countries such as Bangladesh
[16–18]. High feed costs impose a substantial economic burden
on rural farmers, restricting their active participation in aqua-
culture and driving up market fish prices. While notable prog-
ress has been made in Bangladesh’s aquaculture sector, the
industry remains heavily reliant on imported feed ingredients,
with feed expenditures accounting for approximately
70%–75% of total fish farming costs [19]. To enhance cost-
efficiency while maintaining high nutritional quality, it is cru-
cial to identify and incorporate low-cost alternative raw mate-
rials into feed formulations. Consequently, fish nutritionists
and aquaculture researchers worldwide have increasingly
focused on substituting FM with affordable and sustainable
alternatives, such as plant protein ingredients (PPIs), insect-
based proteins, agricultural by-products, single-cell protein
(SCP), and other novel feedstuffs [4, 20–25]. Despite these
promising options, research on alternative protein-based feed
ingredients in Bangladesh remains limited, even though the
country ranks fifth globally in aquaculture production [7].

Therefore, this study aims to evaluate conventional aquafeeds
alongside the nutritional effectiveness and feasibility of alterna-
tive ingredients, such as plant proteins, insect-based proteins,
agricultural by-products, and SCP as sustainable replacements
for FM in Bangladesh’s aquaculture industry. It also seeks to
identify challenges and explore prospects for scaling these alter-
natives to support sustainable aquaculture practices.

2. Methodology

We applied the methodology outlined by the Joanna Briggs
Institute (JBI) [26]. This approach was used to collect relevant
data, including the defined inclusion and exclusion criteria,
specifically focusing on the innovative fish feed alternatives
for sustainable aquaculture in Bangladesh, following the search
strategy [6]. Following conservative estimation norms, data on
various fish culture methods, including production range, total
production, and total cultured area, were obtained from the
Fisheries Resources Survey System (FRSS) of the Department
of Fisheries (DoF). Information on feed requirements per hect-
are for different culture methods was sourced fromWorldFish
reports [27]. The total feed requirement for each method was
then calculated bymultiplying the total fish farming area by the
feed requirement per hectare, providing an estimate of the feed
needed for fish production in Bangladesh.

2.1. Literature Search Strategy. A comprehensive literature
search was conducted using databases such as PubMed, Scien-
ceDirect, MedLine, Scopus, and Google Scholar to identify
relevant literature. Different Boolean operators and keywords
viz., “innovative fish feed,” “alternative fish feed ingredients,”
“sustainable aquaculture,” “Bangladesh aquaculture,” “fish
nutrition,” “feed formulation,” “plant-based feed,” “insect-
based feed,” “single-cell protein,” “agricultural waste-based
feed,” and “fish feed sustainability” are used to find out infor-
mation on the websites.

2.2. Inclusion and Exclusion Criteria. To ensure relevance and
quality, studies were selected based on the following criteria.

2.2.1. Inclusion Criteria. Studies published within the last two
decades (2005–present) to ensure relevance and recent
advancements.

• Published in peer-reviewed journals, government
reports, and organizational publications, all available in
English.

• Focused on major aquaculture-producing countries
worldwide, including both developed and developing
nations, to ensure a comprehensive understanding of
innovative fish feed alternatives and their global
applicability.

• Studies that analyze the efficiency, cost-effectiveness, and
sustainability of plant-based, insect-based, or other inno-
vative feed ingredients.

• Clear outcomes related to feed ingredients used in
aquaculture.
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2.2.2. Exclusion Criteria

• Documents not written in English.

• Duplicated studies are already included in other reviews.

• Research lacks empirical or analytical data.

2.3. Data Extraction. Data were systematically extracted from
selected studies to evaluate innovative fish feed alternatives for
sustainable aquaculture in Bangladesh. The extracted informa-
tion included study identification details such as authors, publi-
cation year, journal, and title. The study design and methods
were also analyzed, focusing on whether the study was experi-
mental or observational, the species of aquaculture organisms
examined, the type and source of alternative fish feed ingredi-
ents, and themethods used for feed formulation and application.
Experimental details encompassed feed composition, inclusion
levels of alternative ingredients, duration of feeding trials, and
the control measures implemented to ensure accurate compar-
isons. Furthermore, key outcomes measured included growth
rates, feed conversion ratios, survival rates, nutrient utilization,
environmental impact, and cost-effectiveness of alternative feed
ingredients. The results were synthesized by assessing both
quantitative data, such as growth performance metrics and
feed efficiency ratios, and qualitative findings, including
observed behavioral responses, feed acceptance, and overall sus-
tainability aspects of the alternative feed solutions.

2.4. Categorization and Synthesis. Extracted data were catego-
rized based on the primary application areas of innovative
protein-based fish feed alternatives in aquaculture, including
plant-based proteins, insect-based feeds, microbial and algal-
derived ingredients, and agro-industrial by-products. The syn-
thesis process involved summarizing data to evaluate the over-
all effectiveness of various alternative feed ingredients for
sustainable aquaculture in Bangladesh.

2.5. Critical Analysis and Interpretation. The critical analysis
examined the effectiveness of innovative fish feed alternatives
by assessing their nutritional value, cost-efficiency, and envi-
ronmental impact. Findings were interpreted to identify the
most sustainable options, highlighting benefits and challenges
for aquaculture in Bangladesh.

3. Results and Discussion

3.1. Aquaculture Production and Estimated Total Amount of
Feed Required. Inland aquaculture is themost prominent form
of farming in Bangladesh, primarily due to the vast freshwater

resources of the country. Notably, Bangladesh possesses a total
of 846.3 thousand hectares dedicated to inland aquaculture [9].
Aquaculture methods in Bangladesh can be broadly catego-
rized into four groups based on production intensity and input
use: extensive, semi-intensive, intensive, and highly intensive
[9, 11]. Understanding the distribution of these culture systems
is essential for assessing input demand, particularly feed, which
represents a major cost and sustainability challenge. As aqua-
culture continues to expand, improving feed efficiency and
management will remain central to achieving sustainable
growth. Inputs typically include external fish feed, stocking
density, and chemical use, which increase progressively from
extensive to highly intensive systems. Extensive and semi-
intensive farms generally follow polyculture practices, whereas
intensive and highly intensive systems predominantly rely on
monoculture [28]. Extensive fish culture, with the lowest pro-
duction rate (<1.5MT/ha) (Table 1), contributes only 44,408
MT of total fish production across the area of 31,124 ha. This
method has minimal feed requirements, estimated at 6412MT,
due to its reliance on natural productivity. In contrast, semi-
intensive farming, which yields 1.5–4MT/ha, significantly
enhances production to 905,351MT over 239,591 ha. This
method requires 573,580MT of feed, reflecting a moderate
dependence on supplementary inputs.

Intensive and highly intensive fish culture methods dem-
onstrate further production increases, but with substantial feed
demands. Intensive culture, producing 4–10MT/ha, contri-
butes the highest total fish production (969,292MT) from
126,306 ha, requiring 1,624,421MT of feed. Highly intensive
methods, with production exceeding 10MT/ha, generate
353,616MT from just 18,851 ha, yet have the highest feed
requirement per hectare (62,063 kg), totaling 1,169,950MT.
Overall, the total fish production across all methods is
2,272,667MT over 415,872 ha, with an estimated total feed
demand of 3.37millionMT. These results emphasize the grow-
ing reliance on external feed as production intensifies, under-
scoring the need for efficient feed management and sustainable
aquaculture practices. To enhance sustainable aquaculture
practices, research and development efforts should focus on
optimizing fish culture methods to improve productivity while
minimizing feed dependency. Given the significant trade-offs
between production intensity and feed requirements, priority
should be given to developing efficient feed formulations,
enhancing natural productivity in extensive and semi-intensive
systems, and adopting advanced technologies for feed utiliza-
tion in intensive and highly intensive farming.

TABLE 1: Estimated feed requirements across different aquaculture methods in Bangladesh.

Culture methods
Production range

(MT/ha)
Total production

(MT)
Total area

(ha)
Required feed

(kg/ha)
Estimated total

feed (kg)
Estimated total feed

(MT)

Extensive <1.5 44,408 31,124 206 6,411,544 6412

Semi-intensive 1.5–4 905,351 239,591 2394 573,580,854 573,580

Intensive >4–10 969,292 126,306 12,861 1,624,421,466 1,624,421

Highly intensive >10 353,616 18,851 62,063 1,169,949,613 1,169,950

Total — 2,272,667 415,872 77,524 3,374,363,477 33,74,363
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3.2. Conventional Aquafeeds in Bangladesh. Based on favor-
able temperatures and water availability, the main season for
commercial fish culture in Bangladesh generally starts in
March and continues until November, with the greatest
volumes of aquafeeds being produced between April and Sep-
tember [29]. In 2020, nearly all farmers (95%) in Bangladesh
used supplementary feeds in aquaculture [30]. Among them,
59% used both formulated and nonformulated feed types,
while only 4% exclusively relied on formulated feed. Formu-
lated feed accounted for 37% of the total feed usage, whereas
nonformulated feed made up the remaining 63%. Notably,
floating feed constituted 22% of the overall feed usage [30].
The supply chain of aquafeed in Bangladesh experiences a
progressive increase in feed price at various stages from impor-
tation to the endmarket. Imported rawmaterials and additives
contribute to a 10%–15% price increase at the feed processing
factory level. Feed dealers further raise the price by 5%–6%,
and traders add 1.5%–2.5% (Figure 1). By the time feed reaches
farmers, these cumulative price additions result in a significant
cost escalation. The average feed use rate in 2020 was 3.25MT/
ha, reflecting a 30%–38% increase since 2013 [27, 30]. The
aquafeed sector in Bangladesh, despite its rapid growth, faces
several limitations that require research and development
interventions. One of the major challenges is the escalating
cost of aquafeed driven by cumulative price increases along
the supply chain, starting from imported rawmaterials to final

retail prices. Dependency on imported ingredients makes the
sector vulnerable to global price fluctuations, policy changes,
and international trade dynamics. With the expansion of the
aquaculture industry, the number of feed producers, impor-
ters, and retailers in Bangladesh has been rapidly increasing.
Raw materials for aquafeed production are primarily supplied
to feed mills through a network of distributors. The prices of
the aquafeed ingredients fluctuate due to various factors,
including global commodity price trends, changes in import
policies, and foreign relations with exporting countries. To
mitigate these fluctuations, locally available ingredients with
high crude protein content are extensively used in aquafeed
formulations across the country. Key components include
mustard oil cake, broken rice, canola meal, blood meal, sor-
ghum meal, copra meal, wheat bran, maize, and locally pro-
duced FM derived from trash fish, crabs, shrimp shells, dried
fish offal from processing plants, and other aquatic animals
[18, 29, 31]. Although locally available ingredients are increas-
ingly used to mitigate these issues, their nutritional adequacy
and consistency remain under-researched.

Additionally, while the use of supplementary feeds is wide-
spread, there is still a high reliance on nonformulated feed,
indicating gaps in farmers’ access to affordable, high-quality
formulated feeds. The growing demand for aquafeed, reflected
in the rising feed use rates, further underscores the need for
improved feed efficiency and cost-effective alternatives.

Farmer (end market)

Feed additives Raw material

Trader

Feed dealer

Feed processing factory (feed mill)

Machine and
hardware

5%–6% price addition

1.5%–2.5% price addition5%–10%

100%
6%–7% price
addition

90%–95%
8%–10% price
addition

96%–98% 5%–6% price addition
1%–2% price add to dealer

Supplier

Processor

Importation

Traders

Production

50%–55%
10%–15%

Importation Importation

35%–40%

Importer and
supplier

Importer and
supplier

10%–15% 100%

2%–4%

FIGURE 1: Feed value chain in Bangladesh (adapted from [19]).
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Therefore, future research and development should focus on
optimizing locally sourced feed formulations, enhancing feed
processing technologies, improving the supply chain to reduce
costs, and ensuring consistent feed quality to support sustain-
able aquaculture growth.

3.3. Alternative Fish Feed for Sustainable Aquaculture. In
Bangladesh, fish play a crucial role in food and nutritional
security, contributing approximately 60% of the daily animal
protein intake (67.8 g/day). More than 98% of this comes from
domestic production, highlighting the nation’s strong reliance
on aquaculture [9]. This rapid expansion has contributed to
food security and economic development. However, despite the
remarkable growth of aquaculture, this sector faces significant
challenges, with high feed costs being one of the most critical
constraints [30]. The sustainability of aquaculture depends on
innovative and cost-effective feeding strategies that address
ecological, economic, and ethical concerns [2]. Partial and
complete FM replacement strategies are being adopted world-
wide to make aquaculture more viable and sustainable [20].
The EAAs requirements of fish in dietary protein are critical
for ensuring optimal growth, health, and metabolic function.
The required levels are as lysine (5.18%� 0.16%), methionine
(3.04%� 0.20%), threonine (3.22%� 0.35%), arginine (4.66%
� 0.18%), histidine (1.88%� 0.06%), valine (3.43%� 0.09%),

phenylalanine (5.16%� 0.51%), isoleucine (2.91%� 0.18%),
leucine (4.20%� 0.22%), and tryptophan (0.68%� 0.06%)
[32–34]. These amino acids must be supplied through feed,
as fish cannot synthesize them endogenously. Their balanced
inclusion is essential for efficient protein synthesis, immune
responses, and overall physiological performance in aquacul-
ture species.

To address the challenges of high feed costs, Bangladesh
should prioritize the use of locally available ingredients rich in
EAAs and explore alternative raw materials for sustainable fish
feed formulation. Dependence on imported feed ingredients
not only increases production costs but also raises concerns
about environmental sustainability due to long-distance trans-
portation.Novel ingredients and locally sourced aquafeedsmay
offer a viable solution to reduce costs and enhance self-
sufficiency in the sector. Several alternative feed sources,
including various grasses, insects, vegetable waste, aquatic
weeds, plant leaves, seeds, SCP, and seed extracts, have been
explored for fish feed formulations [16, 20, 35–38]. Among
these, plant-based protein sources have gained particular atten-
tion due to their sustainability, environmental benefits, and
cost-effectiveness [39]. Insects can be farmed on organic waste
materials, promoting a circular economy and reducing the
environmental impact of aquaculture operations [40] (Table 2).
Whole insects offer a rich protein source, containing about

TABLE 2: Comparative analysis of the studied fish feed ingredients.

Aquafeed Availability Potential benefits References

Plant-based High

• Readily available ingredients.
• Sustainable fishing reduces pressure on
fish stocks.

• Safer for human consumption.
• Cost-effective.
• Contain essential and nonessential
amino acids.

[24, 41–46]

Insect-based Moderate

• High protein content.
• Larvae contain natural antibiotics.
• Sustainable, uses organic waste.
• Good source of vitamins and minerals.
• Contain beneficial unsaturated fatty
acids.

• High feed conversion efficiency.

[3, 40, 47–50]

Agricultural waste-based High

• Contain antibacterial, antioxidative, and
neuroprotective properties.

• Waste utilization and environmental
sustainability.

• Budget-friendly alternative to
conventional fish feed.

• Contain natural probiotics that help
boost the immune system.

[24, 51–53]

Single-cell protein-based Low

• Highly nutritious.
•Have a very fast growth rate that yields a
high amount of production.

• Require minimal water and arable land.
• Improves growth rates and overall
animal health.

• Rich source of protein, vitamins,
enzymes, minerals, and well-balanced
amino acids.

[54–58]
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42%–63.3% crude protein on a dry matter basis, while defatted
insect meal can contain up to 74% crude protein [3]. Addition-
ally, fruit processing wastes and by-products present promising
alternative feed options for aquaculture species, as they contain
bioactive compounds and exogenous enzymes that improve
nutritional value and enhance digestibility [52, 59]. SCP
derived from various microbes also serves as a highly efficient
protein source, containing 30%–70% protein, which is signifi-
cantly higher than many plant and animal-based alternatives.
Moreover, SCP is nutritionally superior due to its well-balanced
amino acid profile, making it a more effective substitute for
conventional protein sources in aquafeeds [60]. The integration
of these alternative ingredients into aquafeeds can play a crucial
role in addressing the challenges posed by rising FM prices
while promoting sustainable and cost-effective aquaculture
practices in Bangladesh.

3.3.1. Plant-Based Feed Ingredients. Plant-based sources are
considered a potential alternative for fish feed, offering a nutri-
tional solution without compromising feed quality [22, 36].
These feeds are rich in proteins, a variety of amino acids, and
fatty acids that are often absent in animal proteins [35]. The use
of plant protein sources in the feed industry is also recognized
as sustainable, environmentally friendly, and cost-effective
[39], making them a viable substitute for conventional feed
ingredients. However, despite these benefits, plant-based feeds
have certain limitations, such as antinutritional elements and
imbalances in essential nutrients [61]. To enhance their nutri-
tional value, these plant materials undergo processing methods
such as soaking, drying, and grinding, which help reduce the
presence of ANFs before being added to fish diets [62]. Numer-
ous studies have demonstrated that using plant ingredients or
protein enhances fish productivity and overall health condition
[63–65] (Table 3). Iskandar et al. [81] reported that incorpo-
rating 40% fermented Lemna spp. in artificial feed resulted in
the highest growth of carp. Similarly, Mandal and Ghosh [82]
found that the inclusion of 20% water lettuce in a low-cost,
nonconventional diet for L. rohita led to better growth perfor-
mance compared to the control diet. Additionally, Yousif et al.
[75] observed that substituting 20% of FM with water spinach
(Ipomoea aquatica) in the diet of Nile tilapia fry not only
enhanced productivity but also reduced production costs.
Beyond these specific examples, various plant-based ingredi-
ents, including grasses, vegetables, aquatic weeds, and their
parts such as leaves, stems, seeds, and extracts, are commonly
used in the fish feed industry [35]. Asian water grass, known for
its soft texture, is a preferred diet of grass carp, while its roots
are favored by tilapia (O. niloticus) and silver barb (Puntius
gonionotus), contributing to lower fish production costs [83,
84]. Similarly, Refaey et al. [85] reported increased crude pro-
tein content in the whole body of O. niloticus when supple-
mented with 20% Azolla meal. These findings highlight the
potential of plant-based feeds in promoting sustainable and
cost-effective aquaculture practice.

Research and development initiatives are required to fully
explore the potential of these plant-based sources as alterna-
tives for fish feed in Bangladesh aquaculture. Although plant-
based feeds are sustainable, cost-effective, and rich in essential

nutrients. Therefore, further research is needed to identify
locally available plantmaterials, improve processing techniques
to enhance their nutritional value, and develop balanced for-
mulations. Expanding such research will help ensure that
plant-based feeds can effectively support fish growth, reduce
production costs, and promote sustainable aquaculture prac-
tices in Bangladesh.

3.3.2. Insect-Based Feed Ingredients. For the past two decades,
research on insect meals as alternatives to FM and SM has been
progressing steadily, with production rapidly increasing in
regions such as China, Europe, North America, Australia,
and Southeast Asia [86, 87]. Among the nearly one million
recognized insect species worldwide, at least 16 have been eval-
uated as alternative protein sources for aquaculture [86, 87].
However, according to Alfiko et al. [3], only eight of these
species have been scientifically reported to yield promising
results. Black soldier fly (BSF) (Hermetia illucens) larvae con-
tain a moderate amount of key EAAs, with lysine (3.60%),
leucine (3.62%), valine (3.09%), and arginine (2.55%) being
particularly notable. However, the methionine content
(1.07%) is relatively low, which may limit its suitability as a
sole protein source unless supplemented [88]. In contrast,
mealworms (Tenebriomolitor) demonstrate a richer EAAs pro-
file, especially in arginine (3.60%), alanine (4.53%), and gluta-
mic acid (6.44%), along with reasonable levels of leucine
(2.96%), isoleucine (4.12%), and methionine (1.76%) [89].
These values suggest that mealworms offer a more balanced
protein source. Crickets (Gryllus bimaculatus) also exhibit
strong concentrations of EAAs, including leucine (3.80%),
lysine (3.22%), valine (4.50%), and arginine (3.92%), indicating
their potential as a high-quality feed ingredient [90]. Likewise,
superworms (Zophobasmorio) present a rich and diverse EAAs
composition, with leucine ranging from 3.4% to 4.5%, lysine
from 2.4% to 2.9%, histidine from 1.4% to 2.3%, and arginine
from 2.2% to 3.5%. However, as with other insect meals, methi-
onine (0.5%–1.0%) and tryptophan (0.4%–0.5%) levels remain
relatively low, highlighting the need for amino acid supplemen-
tation in feed formulations [91]. Studies indicate that insects
can efficiently convert organic materials, such as food waste
and manure, into valuable nutrient sources for livestock and
aquaculture feed. This approach offers dual benefits by reduc-
ing waste and promoting environmental sustainability through
nutrient recycling [92, 93] (Figure 2). The complete substitu-
tion of conventional feed ingredients in the diets of various
aquaculture species has yielded promising results, particularly
due to the high protein content of alternative ingredients [3, 94,
95] (Table 4). Insects not only provide high-quality protein but
also contain EAAs, and are an excellent source of fatty acids
and minerals [3, 97]. Also, they do not contain ANFs that can
hamper feed utilization when fed to animals [101, 102].

Insects grow and reproduce rapidly, exhibit high feed con-
version efficiency, and can be reared on biowaste, making them
a promising component of sustainable aquaculture [103, 104].
In natural ecosystems, many fish species consume insects as
part of their diet: omnivorous fish feed on insects at the bottom
of water bodies, while juvenile carnivorous fish often begin life
feeding on insects before transitioning to a fish-based diet

6 Aquaculture Nutrition



TABLE 3: Effects of plant-based diets on fish and shellfish.

Plants Fish species Inclusion (%)
Culture
period

CP
(%)

Initial
B. W (g)

Final
B. W
(g)

Effect References

Moringa leaf (M. oleifera) Mrigal carp (C. mrigala)
0, 10, 20,30,

40,50
90 days 30 6.35 20.63

Optimal growth and nutrient digestibility at
10% inclusion.

Tabassum et al. [66]

Moringa leaf (M. oleifera) Nile tilapia (O. niloticus) 0, 10, 20 60 days — 29.06 56.14
FCR and SGR were found to be the highest at
20%.

Nadia et al. [67]

Moringa leaf (M. oleifera)
Silver barb

(P. gonionotus)
0, 10, 30, 50 60 days 30 5.70 20.85

50% inclusion exhibited the highest stress
tolerance, with RBC, WBC, and hemoglobin
increasing gradually.

Farhad et al. [68]

Moringa leaf (M. oleifera)
Gibel carp (Carassius auratus

gibelio)
20, 40, 60 50 days 35 19.35 39.51

Enhanced growth, antioxidant and immune
response, and resistance to A. hydrophila in a
40% inclusion level.

Zhang et al. [69]

Moringa leaf (M. oleifera)
Common carp
(C. carpio)

0, 5, 10, 15 56 days — 8.55 16.59
The best feed conversion rate and better
growth were observed in fish fed with 5%
moringa leaf meal.

Al-Dubakel and Taher
[70]

Alfalfa leaf (Medicago sativa)
Goldfish

(C. auratus)
0, 5, 10, 15, 25,

40
60 days 40–41 10.24 23.70

A 15% dietary inclusion of alfalfa is suitable
for ensuring good pigmentation, acceptable
growth, and efficient feed utilization.

Yanar et al. [71]

Cassava leaf (Manihot esculenta) Nile tilapia (O. niloticus) 30 60 days 30 11.4–12.2 101.4

Diets with 30% fermented cassava leaves had
overall acceptable growth performance with
better production outcomes for Nile tilapia
farming.

Amare et al. [37]

Subabul leaf (Leucaena
leucocephala)

African catfish (C. gariepinus) 0, 5, 10, 15, 20 8 weeks 35 7.50 15.16
Fish-fed 20% meal had the best performance
in terms of weight gain, SGR, and FCR.

Tiamiyu et al. [72]

Duckweed (Lemna minor)
Nile tilapia (O.

niloticus)
25, 50, 75, 100 56 days 30 4.10 28.70

25% inclusion showed the best growth
performance and feed utilization.

Ibrahim et al. [73]

Duckweed (L. minor) Common carp (C. carpio) 15, 30, 45 60 days 32 16.25 23.01
Up to 15% inclusion demonstrated better
growth performance.

Asimi et al. [74]

Water spinach (Ipomoea
aquatica)

Nile tilapia (O.
niloticus)

25, 50, 75, 100 7 weeks 30 3.60 40.4
25% inclusion showed better growth
performance and feed efficiency.

Yousif et al. [75]

Water hyacinth (Eichhornia
crassipes)

Common carp (C. carpio) 10, 20, 30, 40 70 days 35–38 1.20 5.06
40% replacement showed better growth
performance and cost-effectiveness.

Mohapatra [76]

Aquatic fern (Azolla pinnata)
Thai silver barb (Barbonymus

gonionotus)
25, 50, 75, 100 56 days 35 3.90 30.93

25% fresh Azolla inclusion resulted in better
growth performance, a higher protein
efficiency ratio (PER), and cost-effectiveness.

Das et al. [77]

Water lettuce (Pistia tratiotes) Rohu (L. rohita) 10, 20, 30, 40, 50 80 days 25–35 1.23 2.75
30% showed better growth performance and
FCR.

Nisha and Geetha [78]

Water lily (Nymphaea sp.) Common carp (C. carpio) 30, 40, 50 45 days 27–32 1.50 36.7
40% showed the best growth performance
and survival.

Sivani et al. [79]

Taro leaves (Colocasia
esculenta)

Nile tilapia (O.
niloticus)

33, 67, 100 84 days 23 73 160.5
33% showed better survival, growth
performance, and cost-effectiveness.

Mathia and Fotedar [80]

Abbreviations: B.W, body weight; CP, crude protein.
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[105]. Insects are capable of converting organic matter into
high-quality protein, fat, and energy by efficiently assimilating
and integrating amino acids and fatty acids from decomposing
substrates into their biomass, thereby enhancing their nutri-
tional value as feed for fish [106]. Numerous insect meals have
been reported for use as supplementary feeds in fish culture,
incorporated into the diet for preparing inexpensive aquafeed
formulations (Table 5). Silkworm pupae meal seems to be a
good protein source to replace part of FM in aquafeeds [122],
applied in mirror carp (C. carpio) [123], rainbow shark (Epal-
zeorhynchos frenatum) [112], with benefits in terms of improv-
ing growth performance and particular physiological
parameters. BSF larvae can be included in trout diets at up to
40% without negatively impacting growth, survival rate, condi-
tion factor, somatic indexes, fillet quality parameters, or intes-
tinal morphology [124]. Another feeding experiment showed
that replacing FM with defatted mealworm meal up to 80% in
diets did not impact food intake or central homeostatic regula-
tion, suggesting that defatted mealworm meal can serve as an

FM substitute in European sea bass diets [125]. Additionally,
mealworm meal may partially replace FM (up to 50%) in the
feeds of rainbow trout [126].

There is a strong potential for research and development
for using insect-based feed ingredients in Bangladesh aqua-
culture as sustainable alternatives to FM and SM. Insects
such as BSFL, silkworm pupae, and mealworms are rich in
high-quality protein, EAAs, fatty acids, and minerals, and
they lack ANFs, making them suitable for fish diets. Globally,
insects have been successfully used to replace a significant
portion of FM in aquafeeds without compromising fish
growth and health. Moreover, insects can be reared on
organic waste, supporting nutrient recycling and reducing
environmental pollution. Given their rapid growth, high
feed conversion efficiency, and natural role in fish diets,
further research in Bangladesh is needed to identify suitable
insect species, optimize production methods, and develop
cost-effective insect-based feeds to enhance sustainable
aquaculture.

Home

Farm

Food waste

Restaurant

Waste
collection Waste processing Insect feed Feeding Insects growing

Insects
harvesting

Sun dryingGrindingProcessing
pelleted feed

Pelleted
fish feed

Feed servingYammy

Preparation of fish feed from insects

FIGURE 2: Conversion of food waste into insect-based fish feed for aquaculture (modified from [3]).

TABLE 4: Main nutritional components (%) of commonly used insects in aquaculture.

Insect species Protein (%) Lipid (%)
Ash
(%)

Fiber (%) References

Superworm (Z. morio) 53.32 40 0.23 2.30 Wadje et al. [96]

Mealworm (T. molitor) 49.1 38.3 4.1 8.5 Liu et al. [97]

Black soldier fly (H. illucens) 48.20 25.69 8.27 9.96 Zulkifli et al. [88]

Cricket (G. bimaculatus) 54.10 26.90 2.2 6.90 Jayanegara et al. [98]

Silkworm (Bombyx mori) 57.21 31.29 4.01 2.39 Bhagat and Barat [99]

Housefly maggots (Musca domestica) 56.96 24.56 6.80 5.54 Obeng et al. [100]
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TABLE 5: Use of insects as feed ingredients in different aquaculture species.

Insects Fish species
Inclusion

(%)
Culture period CP (%)

Initial
B. W (g)

Final
B. W (g)

Effect References

Housefly maggots
(M. domestica)

Tilapia (O. niloticus) 66% dried and fresh 56 days 35 10.39 52.24
The dried form of the housefly maggot exhibited
superior growth performance compared to the live
form.

[107]

BSF
(H. illucens)

African catfish
(C. gariepinus)

0, 25, 50, 75, 100 12 weeks 40 0.46 14.37
BSFL meal can replace up to 25% of fishmeal without
significantly affecting growth performance and feed
utilization indices.

[108]

Cricket
(G. bimaculatus)

Striped snakehead (Channa striata) 0, 50, 100 10 weeks 42.50 15 57
Growth performance and protein retention
improved with higher inclusion levels of dietary
cricket meal.

[109]

Cricket
(G. bimaculatus)

Nile Tilapia (O. niloticus) 0, 25, 50, 75, 100 8 weeks 35.5 0.26 1.16 25% cricket meal inclusion improves feed efficiency. [110]

Cricket
(G. bimaculatus)

Largemouth bass (Micropterus salmoides) 0, 15, 30, 45, 60 8 weeks 53 19.87 56.51

There were significant differences in final body
weight, SGR, FCR, viscerosomatic index, and survival
rate among fish fed 15%, 30%, and 45% inclusion
levels compared to the control diet.

[111]

Silkworm
(B. mori)

Rainbow shark
(E. frenatum)

30, 40, 50 8.5 weeks 35 1.44 6.62
A significant increase in SGR and PER was observed
at 30% inclusion, while the FCR decreased.

[112]

Mealworm
(T. molitor)

Rainbow trout
(O. mykiss)

20, 30, 60, 100 90 days 48.5 5.1 55.9
100% replacement led to the highest weight gain and
the most efficient FCR.

[94]

Mealworm
(T. molitor)

Pacific white shrimp
(L. vannamei)

0, 25, 50, 75, 100 8 weeks 35 1.5–1.6 5.27
The highest weight gain and optimal FCR were
observed when 50% of fishmeal was replaced with
mealworm.

[113]

Silkworm
(B. mori)

Pacific white shrimp
(L. vannamei)

25, 50, 75, 100 8 weeks 40 0.2 5.38
The complete replacement of fishmeal had no impact
on shrimp growth but positively affected diet
digestibility, antioxidant capacity, and molting time.

[114]

BSF
(H. illucens)

Nile tilapia
(O. niloticus)

0, 25, 50, 75, 100 56 days 30 3 11.83
The FCR and PER values at 50% inclusion were
superior to those observed with other diets.

[115]

BSF
(H. illucens)

Pacific white shrimp
(L. vannamei)

7, 14, 21, 28, 36 63 days 35 1.24 15.95
Final weight, weight gain, SGR, and FCR were
maintained when fishmeal replacement with BSFL
meal was limited to less than 25% of the diet.

[116]

Mealworm
(T. molitor)

Gilthead sea bream (Sparus aurata) 25, 50 163 days 43 105 294
Live weight gain, FCR, and PER were highest at 25%
and 50% inclusion levels.

[117]

BSF
(H. illucens)

Yellow catfish (Peltobagrus fluvidraco) 0, 10, 15, 20, 25, 30 8 weeks 42 1.17 20.7
Replacing 20% of fishmeal in the control diet with
BSF did not significantly affect weight gain, FCR, and
muscle proximate composition.

[118]

Silkworm
(B. mori)

African catfish
(C. gariepinus)

0, 25, 50, 75, 100 40 days 40 1.96 9
Fish growth rate and feed utilization parameters were
higher in fingerlings fed diets containing 50%
silkworm pupa.

[119]

Housefly maggots
(M. domestica)

Red sea bream
(P. major)

0.05, 0.5, 5 6 months 47–48 26.06 41.38
Red sea bream growth improved with increasing
dietary housefly meal, with the lowest FCR observed
at a 5% inclusion level.

[120]

Superworm
(Z. morio)

Nile tilapia
(O. niloticus)

0, 25, 50, 75, 100 8 weeks 32 5.57 10.24
Live weight gain, SGR, FCR, and PER were highest at
25% and 50% fishmeal replacement levels.

[121]

Abbreviations: B.W, body weight; CP, crude protein.
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3.3.3. Agricultural Waste-Based Feed Ingredients. Modern
agricultural technologies have significantly increased global
food production; however, they have also contributed to high
levels of waste generation [127, 128]. Agricultural waste, which
includes residues from plantation crops, livestock, fruit, and
vegetable farming, poses environmental challenges when not
managed properly [24]. Improper disposal can disrupt soil
biological metabolisms, alter nutrient cycles, and generate
greenhouse gases such as N2O, SO2, and CH4 [129]. Globally,
an estimated 1.3 billion MT of food is wasted annually,
accounting for 30% of all food produced [130]. This wastage
has severe food security implications, as the lost food could feed
over four times the 800million people suffering from hunger
[131]. In response to this issue, the United States Environmen-
tal Protection Agency (USEPA) introduced the food recovery
hierarchy, which ranks waste management strategies by
priority. Among these strategies, converting food waste into
animal feed is considered one of the most effective and
sustainable options. Agricultural waste is rich in nutrients but
is not directly suitable for human consumption. Over the past
two decades, researchers and animal feed manufacturers have
explored its use in aquafeed formulations as a cost-effective
alternative to traditional fish feed ingredients [132].
Vegetable waste, for instance, is a valuable raw material for
fish feed due to its high protein content, and it is widely
available, inexpensive, and does not compete with human
dietary needs. Incorporating vegetable waste into aquafeeds
not only reduces environmental pollution but also enhances
sustainability in aquaculture [24]. Moreover, fruit processing
by-products, such as banana peels, citrus fruit waste, and
papaya waste, have been identified as promising feed
ingredients due to their high content of bioactive compounds
and exogenous enzymes [52, 59]. Banana peels, for example,
are rich in potassium, polyphenols, flavonoids, catecholamines,
fiber, and EAAs [51]. Interestingly, they contain higher
polyphenol content than the fruit’s flesh, offering
antibacterial, antioxidative, and neuroprotective benefits [133,
134]. Studies have shown that incorporating banana peel flour
into fish feed at a 5% inclusion level improves the health of
rohu (L. rohita) [135]. Additionally, a 15% inclusion in
common carp (C. carpio) for 8 weeks significantly enhanced
growth performance, feed utilization, and nutrient retention
[136]. Similarly, a 30% dietary inclusion in Nile tilapia
(O. niloticus) improved growth performance, feed utilization,
hepatosomatic index (HSI), and gonadosomatic index (GSI),
although it slightly reduced the apparent digestibility
coefficients (ADCs) of dry matter, CP, total carbohydrate,
and gross energy [137]. Furthermore, African catfish
(C. gariepinus) fed a 10% banana peel diet for 10 weeks
exhibited improved FCR and PER [138]. In addition to
banana peels, citrus fruit waste, including lemon and orange
peels, has shown significant potential in fish feed. These by-
products are rich in polyphenols, flavonoids, limonin, and
triterpenoids, which contribute to improved fish health [139].
Fermented lemon peel, when included in the diet for 8 weeks,
was found to enhance microvilli structure and lysozyme
activity in Asian sea bass (L. calcarifer) [140]. Similarly, dried
lemon peel inclusion at 2.5–5 g/kg for 60 days significantly

increased growth performance, white blood cell count, and
total protein content in L. rohita [141]. Likewise, orange
peels, when incorporated at 2 g/kg for 60 days in Nile tilapia,
resulted in significant growth improvement, increased
intestinal villi height, and reduced FCR, thereby indicating
better feed efficiency [142]. Additionally, Salem et al. [143]
reported that supplementing the diet of gilthead seabream
(S. aurata) with orange peel at concentrations ranging from
2.9 to 5.5 ppm of body weight for 60 consecutive days
contributed to maintaining overall fish health. Besides fruit
waste, other agricultural by-products such as yam peels,
pineapple waste, and papaya waste have also been evaluated
for their potential use in aquafeeds [144–146]. Yam peels
contain bioactive compounds known as yam polysaccharides,
which promote beneficial microbial growth while inhibiting
pathogenic bacteria like Vibrio and Pseudomonas [145].
Pineapple waste, including the crown, skin, and core, is rich
in bromelain, a proteolytic enzyme that enhances digestion and
supports immune function in tilapia [147]. Similarly, papaya
waste contains papain, another proteolytic enzyme unique to
Carica papaya, which has demonstrated positive effects on fish
growth and health, and various studies have shown that
extracts from papaya leaves, skin, and seeds significantly
improve growth performance and blood parameters in
multiple fish species [24, 148]. For instance, feeding common
carp fingerlings a diet containing 2.5% papaya leaf led to
enhanced growth performance [144]. Furthermore, vegetable
waste powder, derived from a mix of dried potato peels,
cabbage, carrot peels, beetroot, and cauliflower, has also
shown promising results in aquafeed. Rebecca and Bhavan
[149] found that incorporating 15% VWP into the diet of
M. rosenbergii postlarvae significantly enhanced weight gain,
survival rates, and protein utilization. These findings suggest
that incorporating agricultural waste in aquafeed not only
provides a sustainable solution for food waste management
but also enhances fish health and productivity. In the future,
the utilization of agricultural waste as an alternative protein
source in aquafeeds could become a sustainable and cost-
effective solution for addressing food waste in Bangladesh
while enhancing fish growth, immune function, and feed
efficiency. By-products such as banana peels, citrus peels,
yam peels, pineapple waste, papaya waste, and vegetable
waste have the potential to provide bioactive compounds,
proteolytic enzymes, and essential nutrients that support fish
health. As the demand for sustainable aquaculture is expected
to rise in Bangladesh, incorporating fruit and vegetable by-
products into fish feed could play a crucial role in
minimizing environmental pollution, reducing feed costs,
and improving resource efficiency in aquaculture.

3.3.4. SCP-Based Feed Ingredients. SCP is considered themost
appropriate as it is produced from single-celled organisms. SCP
is derived from various microbial species, including algae, bac-
teria, fungi, and yeast, and has the highest potential as an
alternative aquaculture feed ingredient [150, 151]. SCP derived
from different microbes contains a high protein content
(30%–70%), surpassing many green plants and animal protein
sources [60, 152, 153] (Table 6). Furthermore, SCP proteins
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possess an excellent amino acid profile, making themnutrition-
ally superior to conventional protein sources [60]. It derived
from bacterial and algal sources, offers a well-balanced EAAs
profile, positioning it as a promising alternative protein source
for aquaculture feeds. Bacterial SCP, for example, contains
substantial levels of key amino acids such as arginine
(3.67%), lysine (4.30%), leucine (5.43%), valine (4.16%), and
isoleucine (3.34%), which together form a significant part of its
nutritional composition. Likewise, algal SCP, particularly Spi-
rulinamaxima, exhibits a similarly favorable profile, withmean
concentrations of arginine (4.09%), lysine (2.87%), leucine
(5.12%), valine (3.84%), and isoleucine (3.72%) [165]. The
presence of these EAAs in balanced proportions suggests that
SCP can effectively meet the dietary requirements of farmed
fish species. Moreover, SCP contains various essential vitamins,
including riboflavin, thiamine, pyridoxine, niacin, choline, folic
acid, pantothenic acid, biotin, para-aminobenzoic acid, inosi-
tol, and vitamin B12 [166, 167]. SCP is produced when micro-
organisms utilize available waste materials as growth media,
increasing their cell mass, which consists of SCP [168]. Several
bacterial species have long been used in animal feed production
due to their ability to generate SCP in large quantities. These
include Methylophilus methylotrophus, Bacillus megaterium,
Acinetobacter calcoaceticus, Aeromonas hydrophila, Cellulomo-
nas spp., Bacillus subtilis, Methylomonas methylotrophus,
Achromobacter delvaevate, Thermomonospora fusca, Lactoba-
cillus spp., Rhodopseudomonas capsulata, Flavobacterium spp.,
and Pseudomonas fluorescens [169]. Recent studies have shown
promising results when methanotrophic bacteria are used as a
fish meal replacement, leading to increased growth efficiency,
improved FCR, and enhanced gut health in Atlantic salmon
and rainbow trout. Various fungal species also contribute to
SCP production. Fungal SCP is typically rich in lysine and
threonine, but deficient in cysteine and methionine, which

are sulfur-containing amino acids mainly derived from plant
sources [170]. Yeast-based SCP typically contains 55%–60%
protein and around 15% nucleic acids on a dry weight basis
[152]. Yeast-based SCP also serves as a potential protein
replacement in animal feed, providing antioxidant and immu-
nomodulatory effects [166]. A commercial example is Novacq,
a potent microbial bioactive that reduces the quantity of fish
meal required in black tiger prawn (P. monodon) feed while
maintaining growth rates [171, 172]. Microalgae are widely
cultivated and used as a feed resource in aquaculture, particu-
larly during the larval rearing stage of many species [173].
Though water makes up nearly 99.8%–99.9% of microalgae-
biomass [164], and microfiltration and centrifuge technologies
are commonly used in such dewatering infrastructure [174]
(Figure 3), dried algal meal can be used directly in fish feed,
especially if the algae cell wall is fractured to maximize nutrient
accessibility [175].

The nutritional quality of microalgae is exceptionally high,
with a crude protein content of up to 71% and lipid content of
up to 40% (Table 6), comparable to terrestrial plant and animal
sources [176, 177]. Microalgae contain polyunsaturated fatty
acids (PUFAs), such as docosahexaenoic acid (DHA), eicosa-
pentaenoic acid (EPA), alpha-linolenic acid (ALA), and arachi-
donic acid (AA). These essential fatty acids are critical for fish
development. Additionally, microalgal pigments, growth-
promoting compounds, and hormones exhibit antioxidant,
antibacterial, anti-inflammatory, and immune-stimulant prop-
erties, benefiting bothmarine and freshwater species [178, 179].
Numerous studies have demonstrated the successful use of
microalgal biomass as a feed additive or FM replacement for
a variety of aquaculture species, generally yielding positive
effects on growth and quality [180–185] (Table 7).

Sherif et al. [205] reported that supplementing tilapia feed
with 5–10 g Spirulina (A. platensis) per kg of feed helped reduce

TABLE 6: Nutritional composition of various microalgae (DM basis).

Microalgae species
Protein
(%)

Lipid
(%)

Carbohydrate (%) References

Arthrospira platensis 57–65 7–23 20–30 [153]

Acutodesmus obliquus 40.6 15.3 17 [154]

Botryococcus brauni 40 34 19 [155]

Chlamydomonas 47–50 20–25 18–20 [156]

Chlorella vulgaris 30–35 10–15 30–45 [157]

C. sorokiniana 50–55 20–25 15–18 [158]

Dunaliella spp. 50–70 25–35 10–25 [159]

D. bioculata 45–50 8–15 5–10 [160]

Euglena gracilis 45–55 25–35 15–20 [161]

Haematococcus pluvialis 48 15 27 [162]

Isochrysis galbana 50–56 12–15 10–20 [161]

Nannochloropsis oceanica 40–45 12–15 25–30 [158]

Nannochloropsis granulata 30–40 20–25 30–40 [163]

Nostoc sphaeroides 50.8 15.1 14.5 [158]

Phaeodactylum tricornutum 38.8 20.5 11 [158]

Synechococcus spp. 63 11 15 [164]

Spirulina maxima 60–70 6–7 13–16 [161]

Tetraselmis chuii 46.3 12.3 25 [163]
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mortality rates and improve immunity in fish exposed to lead
nitrate contamination. Basri et al. [206] replaced FM with
microalgal biomass in the diet of juvenile Pacific white shrimp
(L. vannamei), observing positive effects on growth perfor-
mance. Gong et al. [207] found that intensely compressed
microalgal biomass improved the digestibility of Atlantic
salmon. The optimal inclusion level ofmicroalgalmeal in aqua-
feed varies depending on the microalgal species and aquacul-
ture species being targeted.

In Bangladesh, SCP derived from bacteria, fungi, yeast, and
microalgae presents a promising solution for enhancing aqua-
culture sustainability by providing a high-protein, nutrient-rich
alternative to conventional feed ingredients. With its abundant
EAAs and bioactive compounds, SCP can significantly improve
fish growth, immunity, and nutrient absorption, which is cru-
cial for the country’s expanding aquaculture sector. Moreover,
the ability of SCP-producing microorganisms to utilize agricul-
tural and industrial waste materials aligns with Bangladesh’s
efforts to reduce environmental pollution and promote
resource efficiency. As research and development in sustainable
aquafeed advance, optimizing SCP and microalgae-based diets
will be essential in reducing dependence on FM and SM, ensur-
ing cost-effective, eco-friendly, and resilient aquaculture prac-
tices to support food security and livelihoods.

Although SCP is not yet utilized at the grassroots level in
Bangladesh, research and development on the use of SCP in
aquaculture holds significant potential for enhancing sustain-
ability and reducing reliance on traditional feed ingredients like
FM and SM. SCP, derived from bacteria, fungi, yeast, and
microalgae, offers a high-protein, nutrient-rich alternative,
with EAAs and bioactive compounds that can improve fish
growth, immunity, and nutrient absorption. Moreover, SCP

production from agricultural and industrial waste aligns with
Bangladesh’s goals for environmental sustainability and
resource efficiency. As research progresses, optimizing SCP-
based diets could provide a cost-effective, eco-friendly solution
to support the growth of the aquaculture sector of Bangladesh
while ensuring food security and economic resilience.

3.4. Challenges in Utilizing Alternative Feeds for Sustainable
Aquaculture. Plant-based protein sources have been widely
explored as alternatives to FM in aquafeed due to their avail-
ability and cost-effectiveness. However, they present significant
challenges, including imbalanced amino acid profiles, low pro-
tein content, and the presence of ANFs that reduce nutrient
absorption and affect fish health [208]. Additionally, plant-
derived feeds often lack essential PUFAs and micronutrients
critical for optimal fish growth, particularly in larval and
nursery-stage fish [209]. One of the key challenges in using
plant-based agricultural waste in aquafeeds is the presence of
ANFs such as tannins, phytates, oxalates, saponins, lectins,
alkaloids, protease inhibitors, and cyanogenic glycosides
[210]. While some ANFs can provide beneficial effects at low
concentrations, excessive amounts can negatively affect fish
health and growth. Various techniques, including soaking, ger-
mination, boiling, autoclaving, fermentation, and genetic
manipulation, have been employed to reduce ANFs content
without significantly affecting the nutritional profile of plant-
based proteins [211]. Additionally, incorporating enzymes or
bacteria into plant-based feeds can help improve digestibility by
breaking down ANFs in the fish intestine [36]. Insect meals
have emerged as promising alternatives to FM due to their high
protein content and ability to convert organic waste into bio-
mass. However, certain challenges must be addressed before

Microalgae
cultivation

Harvested microalgae

1. Preconcentration
• Flocculation

2. Primary dewatering

Filtration

Centrifugation

Flotation

Electrocoagulation

3. Secondary dewatering
• Belt press/

vacuum filtrationDewatering
of microalgae

Drying Cell disruption

Feed ingredient processingFinal product

FIGURE 3: Preparation of fish feed from microalgae (modified from [174]).
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TABLE 7: Use of SCP as feed ingredients in different aquaculture species.

Aquaculture species Species
Inclusion

(%)
Effects References

Pacific white shrimp (L. vannamei) Tetraselmis suecica 0.25, 0.50, 0.75
L. vannamei showed the highest weight gain and SGR
when fed a diet supplemented with 0.75% dried
T. suecica.

[186]

Shrimp (P. monodon) Schizochytrium limacinum 0.75, 1.5
0.75% inclusion level in the diet improved the
immune response and intestinal health of
P. monodon.

[187]

Gibel carp (C. gibelio) Scenedesmus ovalternus 0, 4
4% inclusion level enhanced the resistance of gibel
carp against A. hydrophila.

[188]

Giant freshwater prawn (M. rosenbergii) Saccharomyces cerevisiae 0–60
Up to 60% of FM protein could be replaced with
S. cerevisiae in giant freshwater prawn diets.

[189]

Nile tilapia (O. niloticus) Rhodotorula mucilaginosa 0–1
Including R. mucilaginosa in the diet can improve
growth performance, nutrient profile, immune
function, and antioxidant capacity in Nile tilapia.

[190]

Pacific white shrimp (L. vannamei) S. cerevisiae 1
1% inclusion of can enhance growth performance,
boost innate immunity, and improve resistance in
L. vannamei.

[191]

Pacific white shrimp (L. vannamei) Schizochytrium sp. 0, 2, 4, 6
2% and 4% inclusion of Schizochytrium sp. improved
the specific growth rate of L. vannamei.

[184]

Giant freshwater prawn
(M. rosenbergii)

C. vulgaris 0, 2, 4, 6, 8

Enhanced the growth rate and survival of post larvae
compared to the FM-based control diet. Additionally,
it increased the total hemoglobin count and
improved post-larval survival against A. hydrophila
infection compared to other diets.

[192]

Nile tilapia (O. niloticus) Schizochytrium sp. 25, 50, 75, 100
Improved weight gain, FCR, and PER were observed,
particularly when fish oil was fully replaced with
Schizochytrium at 100%

[193]

Giant freshwater prawn (M. rosenbergii) Arthrospira platensis 25, 50, 75, 100

Replacement of fishmeal at 50% significantly
improved growth, feed efficiency, and nutrient
composition in M. rosenbergii. Digestive enzyme
activity also increased, indicating 50% replacement as
the optimal level.

[194]

Gourami (Trichopodus trichopterus) S. platensis 2.5, 5, 10, 20
8.1–9.6% inclusion showed better growth
performance

[195]

Pacific white shrimp (L. vannamei) Biofloc meal 0, 7.5, 15, 30
30% inclusion showed significantly better
performance in weight gain, final weight, SGR, and
PER than all other treatments

[196]

Rainbow trout (O. mykiss) A. platensis 0, 2.5, 5, 7.5, 10
10% inclusion level significantly increased RBC and
WBC counts, along with total protein and albumin
levels, in Rainbow trout

[197]

Pacific white shrimp (L. vannamei) Dunaliella sp. 1, 2
The survival rate of L. vannamei increased with the
inclusion of Dunaliella sp. in the diets

[198]
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TABLE 7: Continued.

Aquaculture species Species
Inclusion

(%)
Effects References

Nile tilapia (O. niloticus) A. platensis 0.5–2
Significantly enhanced the health status of fish and
boosted antioxidant function

[199]

Rainbow trout (O. mykiss) Spirulina sp. 0, 2.5, 5, 7.5, 10
7.5% and 10% inclusion of Spirulina sp. significantly
enhanced weight gain in rainbow trout

[200]

Common carp
(C. carpio)

Nanofrustulum sp. 5–10
5%–10% inclusion ofNanofrustulum sp. in the diet of
C. carpio resulted in superior growth and feed intake
compared to FM

[180]

Gilthead sea bream (S. aurata) Nannochloropsis gaditana 0.5–1
0.5%–1% inclusion of N. gaditana enhanced the
immune system of S. aurata

[201]

Golden barb (P. gelius) S. platensis 0, 5, 10, 20
20% inclusion of S. platensis significantly improved
the growth rates of golden barb

[202]

Atlantic cod (Gadus morhua) Nannochloropsis sp. and Isochrysis sp. 0, 15, 30
Fish fed a diet with 15% FM replacement showed
improved feed intake over time

[203]

Shrimp (P. monodon) Dunaliella salina 0.5, 1, 2

Enhanced immunity, improved antioxidant activity,
and increased survival rates were observed in
P. monodon, indicating its potential as a prophylactic
agent against WSSV infection in shrimp

[204]
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large-scale adoption in aquaculture. Onemajor limitation is the
relatively low levels of PUFAs, making insect meals less suitable
for marine fish species that require high omega-3 fatty acid
content [212]. Additionally, the exoskeletons of insects contain
chitin, an indigestible polysaccharide that can affect protein
digestibility despite the presence of chitinase enzymes in
some fish species [213]. The bioaccumulation of pesticides
and heavy metals in insects fed on organic waste also raises
food safety concerns [214]. The economic viability of insect-
based aquafeeds is influenced by factors such as the production
system, the type of substrate used, and the location of the
production facility [215]. Although large-scale insect farming
is still developing [212], research has demonstrated both posi-
tive and negative effects of insect meal in fish diets. For
instance, replacing more than 75% of FM with defatted BSFL
meal caused intestinal tissue damage in juvenile Jian carp, likely
due to chitin content [216]. Additionally, mealworm larvae
diets resulted in taurine deficiency and EAAs reductions in
rainbow trout [126]. To improve the digestibility and nutri-
tional value of insect meals, enzymatic or bacterial fermenta-
tion methods can be employed. Research has shown that
fermentation with Bacillus subtilis can reduce crude fiber con-
tent in BSFL from 20% to 13%, making it more digestible for
fish [217]. Despite these technological advances, consumer
acceptance remains a challenge, as many people may be hesi-
tant to consume fish raised on insect-based diets, particularly if
waste-fed insects are used [218]. The bioconversion of agricul-
tural and industrial food waste into aquafeed ingredients pre-
sents a potential pathway for achieving a circular economy.
However, certain limitations need to be addressed before wide-
spread implementation. One key concern is the bioaccumula-
tion of heavy metals in waste-fed insects and earthworms,
which could ultimately pose food safety risks in aquaculture
[214]. Several studies have reported negative effects of earth-
worm meal in fish diets, raising concerns about economic and
environmental impacts [218]. Recent research has suggested
that incorporating waste streams into aquafeeds must be care-
fully monitored to avoid food safety risks. Further research is
required to assess the economic feasibility and scalability of
waste valorization processes for aquafeed production. SCP
derived from microbial fermentation offers a sustainable and
low-carbon alternative to conventional protein sources. Unlike
traditional aquafeed ingredients, SCP does not require exten-
sive land, freshwater, or marine resources, making it an attrac-
tive option for reducing the environmental footprint of
aquaculture. However, SCP also presents several challenges,
including high nucleic acid concentrations, which can lead to
increased uric acid levels and potential kidney stone formation
in fish [167]. Additionally, certainmicroorganisms used in SCP
production can generate toxic substances, such as mycotoxins
and cyanotoxins, necessitating careful strain selection and pro-
cessing [167]. To improve SCP digestibility and safety, various
physical and chemical treatments have been explored. For
example, enzymatic processing can reduce nucleic acid content,
improving SCP suitability as an aquafeed ingredient [196]. SCP
aligns well with circular bioeconomy principles, as it can utilize
organic waste streams as substrates for microbial growth,

reducing overall environmental impact [219]. Future research
should focus on optimizing SCP production methods to
enhance cost-efficiency and commercial viability. Microalgae,
a type of SCP, have been explored as an alternative ingredient
in aquafeeds due to their high protein and essential nutrient
content. However, some species contain ANFs that can reduce
enzyme activity in fish, leading to impaired digestion and nutri-
ent absorption. For example, species such as Tetradesmus obli-
quus,Kirchneriella lunaris, and Pseudokirchneriella subcapitata
have been shown to negatively impact liver enzyme activity in
Japanese seabass (Lateolabrax japonicus) [220]. Methods such
as solid-state fermentation using Aspergillus sojae andAspergil-
lus ficuum have been successful in reducing phytic acid content,
thereby improving nutrient availability [221]. Additionally,
microalgae can play a role in mitigating environmental con-
cerns related to heavy metal contamination. For instance, Spi-
rulina supplementation has been shown to reduce metal
toxicity in fish [222]. Due to the presence of nonstarch com-
ponents and tough cell walls, different microalgae species have
low digestibility, necessitating various treatment methods such
as enzymatic hydrolysis and physical processing [207, 223,
224]. Future research should focus on optimizing microalgae
production and processing for aquafeeds to maximize their
benefits. The development of alternative protein sources is cru-
cial for ensuring the long-term sustainability of aquaculture in
Bangladesh. Given the country’s growing aquaculture sector
and dependence on FM, exploring plant-based proteins, insect
meals, agricultural waste bioconversion, and SCP, including
microalgae, presents promising opportunities. However, each
alternative faces specific challenges. Plant proteins require
strategies to reduce ANFs to enhance digestibility, while insect
meals need further research to improve nutrient assimilation
and consumer acceptance. Agricultural waste valorizationmust
address food safety and regulatory concerns, and SCP must
overcome limitations related to high nucleic acid content. In
Bangladesh, extensive research has been conducted on aqua-
culture covering small-scale and commercial practices as well
as the impacts of climate change [225–228] but future research
should focus on optimizing these protein sources through
advancements in biotechnology, feed formulation, and policy
support to achieve an environmentally sustainable and eco-
nomically viable aquaculture industry.

4. Conclusion and Future Directions

Aquaculture has become a cornerstone of Bangladesh’s food
security and economic development. However, the sector faces
critical challenges due to its heavy reliance on FM, which is
both costly and environmentally unsustainable. This study
highlights the potential of protein-based alternative feed ingre-
dients, such as plant-based proteins, insect meals, agricultural
by-products, and SCP, as viable replacements for FM in aqua-
feeds. These alternatives have demonstrated promising results
in improving fish growth, FCR, PER, immune response, and
overall sustainability. Despite their advantages, issues related to
digestibility, ANFs, production scalability, and consumer
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acceptance must be addressed before they can be widely
adopted.

To ensure the long-term sustainability of aquaculture in
Bangladesh, future research should focus on optimizing feed
formulations by combiningmultiple alternative protein sources
to achieve a nutritionally balanced diet with improved digest-
ibility and growth performance. Biotechnological advance-
ments, such as fermentation, enzymatic treatment, and
genetic modifications, could further enhance the nutritional
value of plant-based and SCPs, making them more effective
substitutes for FM. Additionally, large-scale production of
insect-based feeds and microalgae should be explored using
cost-effective farming techniques to ensure economic viability.
The utilization of agro-industrial by-products, such as fruit
peels and vegetable waste, also presents an opportunity for
developing low-cost, sustainable feed ingredients that can
reduce dependency on imported feed components. For wide-
spread adoption of alternative fish feed ingredients in Bangla-
desh, a multistakeholder approach is essential, involving strong
policy interventions, financial incentives, research institutions,
and farmer engagement. Government policies should focus on
providing subsidies and financial assistance to encourage the
production and utilization of alternative feed ingredients while
ensuring quality assurance and regulatory frameworks that
promote their safe and effective use. Establishing certification
and labeling systems for sustainable feed ingredients could
further enhance market acceptance and consumer confidence.

In addition to policy support, academic and research insti-
tutions, particularly universities, play a crucial role in advanc-
ing sustainable aquafeed solutions. Universities should expand
their research on feed formulation, ingredient processing, and
nutritional efficacy, ensuring that alternative feed ingredients
meet the dietary requirements of various aquaculture species.
Collaborative projects between universities, government agen-
cies, and the private sector can facilitate innovation in biotech-
nology, such as fermentation and enzymatic treatments, to
improve the digestibility and bioavailability of plant and
microbe-based proteins. Moreover, universities can contribute
by developing pilot-scale production systems for insect meal
and microalgae cultivation, creating scalable models that farm-
ers and feed industries can adopt.

Beyond research, universities and extension services should
focus on capacity-building initiatives for farmers and aquafeed
producers. Conducting training programs, workshops, and
field demonstrations on the benefits, formulation techniques,
and proper utilization of alternative feeds will be critical in
ensuring widespread adoption. Universities can also develop
farmer advisory services and digital platforms that provide real-
time guidance on cost-effective and nutritionally balanced feed
options.

Furthermore, conducting environmental and economic
assessments through life cycle assessment (LCA) studies is
essential to evaluate the sustainability of alternative feed ingre-
dients. Universities and research institutions should take the
lead in these assessments, ensuring that the transition to alter-
native feeds contributes to reducing carbon footprints and
enhancing resource efficiency in aquaculture. By integrating
these strategies, like policy support, university-driven research

and innovation, farmer training, and sustainability assessments
in Bangladesh can build a more resilient, cost-effective, and
environmentally sustainable aquaculture industry, reducing
dependence on FM while strengthening food security and eco-
nomic growth.

Data Availability Statement

The data will be made available upon request.

Ethics Statement

The authors have nothing to report.

Disclosure

All authors have read and agreed to the published version of the
manuscript. After using ChatGPT, the authors reviewed and
edited the content as needed and take full responsibility for the
content of the published article.

Conflicts of Interest

The authors declare no conflicts of interest.

Author Contributions

Conceptualization: Mohammad Mahfujul Haque. Methodol-
ogy: Md. Naim Mahmud. Data curation, reviewed the litera-
ture: Md. Naim Mahmud and Abu Ayub Ansary. Writing –

original draft, writing – review and editing: Md. Naim
Mahmud, Mohammad Mahfujul Haque, and Farzana Yasmin
Ritu. Supervision: Mohammad Mahfujul Haque.

Funding

No funding was received for this manuscript.

Acknowledgments

The authors used ChatGPT to improve the readability and
language of the manuscript.

References

[1] M. Gras, K. Sven, K. Christoph, P. Andrea, H. Zeynep, and
V. Paris, Scientific, Technical and Economic Committee for
Fisheries (STECF), Monitoring of the Performance of the
Common Fisheries Policy (STECF-adhoc-23-01) (Publications
Office of the European Union, 2023).

[2] R. R. Fantatto, J. Mota, C. Ligeiro et al., “Exploring Sustainable
Alternatives in Aquaculture Feeding: The Role of Insects,”
Aquaculture Reports 37 (2024): 102228.

[3] Y. Alfiko, D. Xie, R. T. Astuti, J.Wong, and L.Wang, “Insects as
a Feed Ingredient for Fish Culture: Status and Trends,”
Aquaculture and Fisheries 7, no. 2 (2022): 166–178.

[4] N. Daniel, “A Review on Replacing Fish Meal in Aqua Feeds
Using Plant Protein Sources,” International Journal of Fisheries
and Aquatic Studies 6, no. 2 (2018): 164–179.

[5] A. Stankus, “State of World Aquaculture 2020 and Regional
Reviews: FAOWebinar Series,” FAOAquaculture Newsletter 63
(2021): 17-18.

16 Aquaculture Nutrition



[6] M. N. Mahmud and M. M. Haque, “Reassessing the Role of
Nanoparticles in Core Fields of Aquaculture: A Comprehensive
Review of Applications and Challenges,” Aquaculture Research
2025, no. 1 (2025): 6897333.

[7] FAO, The State of World Fisheries and Aquaculture: Blue
Transformation in Action (Food and Agriculture Organization
of the United Nations, 2024).

[8] H. Ritchie, “TheWorld now Produces More Seafood from Fish
Farms than Wild Catch,” Our World in Data (2019).

[9] DoF, “Yearbook of Fisheries Statistics of Bangladesh, 2022-2023,”
in Fisheries Resources Survey System (FRSS), 40, (Department of
Fisheries; Ministry of Fisheries and Livestock, 2023).

[10] M. M. Haque and M. N. Mahmud, “Potential Role of
Aquaculture in Advancing Sustainable Development Goals
(SDGs) in Bangladesh,” Aquaculture Research 2025 (2025):
6035730.

[11] C. S. S. Chandan and P. Roy, “Aquaculture Practices in
Bangladesh: A Synopsis on Prospects, Productivity, and
Problems,” Journal of the World Aquaculture Society 55, no. 1
(2024): 4–25.

[12] S. Iqbal, U. Atique, S. Mahboob, et al., “Effect of Supplemental
Selenium in Fish Feed Boosts Growth andGut EnzymeActivity
in Juvenile Tilapia (Oreochromis niloticus),” Journal of King
Saud University - Science 32, no. 5 (2020): 2610–2616.

[13] M. Moniruzzaman and U. K. Fatema, “Proximate Analysis of
Local Ingredients as a Prospective Resource for Feed
Production in Bangladesh,” Journal of Multidisciplinary.
Science 4 (2022): 1–9.

[14] A. G. J. Tacon and M. Metian, “Fishing for Aquaculture: Non-
Food Use of Small Pelagic Forage Fish—AGlobal Perspective,”
Reviews in Fisheries Science 17, no. 3 (2009): 305–317.

[15] G. Savonitto, R. Barkan, S. Harpaz, et al., “Fishmeal Replacement
by Periphyton Reduces the Fish in Fish Out Ratio and
Alimentation Cost in Gilthead Sea Bream Sparus aurata,”
Scientific Reports 11, no. 1 (2021): 20990.

[16] S. Akter, M. A. Haque, M. Al-Amin Sarker, et al., “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 (2024):
1376112.

[17] M. A. S. Jewel, M. A. Haque, M. E. Pervin, et al., “Regulatory
Mechanisms of Nutrient Metabolism and the Impacts of Iron
and Zinc Nanoparticles on Growth and Physiology of Rohu,
Labeo rohita,” Animal Feed Science and Technology 304 (2023):
115759.

[18] M. A. Pervin, H. Jahan, R. Akter, A. Omri, and Z. Hossain,
“Appraisal of Different Levels of Soybean Meal in Diets on
Growth, Digestive Enzyme Activity, Antioxidation, and Gut
Histology of Tilapia (Oreochromis niloticus),” Fish Physiology
and Biochemistry 46, no. 4 (2020): 1397–1407.

[19] Mamun-Ur-Rashid, B. Belton, M. Phillips, and
K. A. Rosentrater, Improving Aquaculture Feed in Bangladesh:
From Feed Ingredients to Farmer Profit to Safe Consumption
(WorldFish, Penang, Malaysia, 2013).

[20] M. M. Hossain, M. Shahjahan, S. Khan, A. S. Juraimi,
M. K. Uddin, and M. Hasan, “Potentialities of the Asian
Watergrass (Hygroryza aristata) as Feed in Aquaculture,”
Sustainability 13, no. 12 (2021): 6559.

[21] A. T. Y. Kishawy, A. F. K. Assi, M. E. Badawi, and I. H. EL-
Sayed, “Performance, and Economic Efficiency of Replacing
Fish Meal With Rice Protein Concentrate in Oreochromis
niloticus Diets,” Advances in Animal and Veterinary Science 9,
no. 2 (2021): 246–252.

[22] A. Aziza and A. A. El-Wahab, “Impact of Partial Replacing of
Dietary Fish Meal by Different Protein Sources on the Growth
Performance of Nile Tilapia (Oreochromis niloticus) andWhole
Body Composition,” Journal of Applied Sciences 19, no. 5
(2019): 384–391.

[23] A. Hameed, W. Majeed, M. Naveed, et al., “Success of
Aquaculture Industry With New Insights of Using Insects as
Feed: A Review,” Fishes 7, no. 6 (2022): 395.

[24] Z. A. Kari, S. A. M. Sukri, N. D. Rusli, et al., “Recent Advances,
Challenges, Opportunities, Product Development and Sustain-
ability of Main Agricultural Wastes for the Aquaculture Feed
Industry—A Review,” Annals of Animal Science 23, no. 1
(2023): 25–38.

[25] A. Ritala, S. T. Häkkinen, M. Toivari, andM. G.Wiebe, “Single
Cell Protein—State-of-the-Art, Industrial Landscape and
Patents 2001–2016,” Frontiers in Microbiology 8 (2017): 2009.

[26] M. D. J. Peters, C. Marnie, A. C. Tricco, et al., “Updated
Methodological Guidance for the Conduct of ScopingReviews,”
JBI Evidence Synthesis 18, no. 10 (2020): 2119–2126.

[27] K. Murshed-e-Jahan, B. Belton, H. Ali, G. C. Dhar, and I. Ara,
“Aquaculture Technologies in Bangladesh: An Assessment of
Technical andEconomic Performance andProducer Behavior,”
(WorldFishProgram: Report: 2015-52, 2015).

[28] A. Deb, C. S. S. Chandan, P. Roy,M. I.Hossain, and S. M. Bari,
“Inland Aquaculture and Fish Health Management: A Case
Study of Sylhet District in Bangladesh,” Aquaculture Studies 21,
no. 3 (2021): 129–137.

[29] Mamun-Ur-Rashid, B. Belton, M. Phillips, andM. Karim, “The
Current Status of Aquaculture and Aquafeed Production in
Bangladesh,” World Aquaculture Magazine 44, no. 4 (2013):
23–27.

[30] H. Ali, B. Belton, M. M. Haque, and K. Murshed-e-Jahan,
“Transformation of the Feed Supply Segment of the
Aquaculture Value Chain in Bangladesh,” Aquaculture 576
(2023): 739897.

[31] M. A. B. Bhuyain, M. I. Hossain, M. A. Haque, M. Abu Sayed
Jewel, J. Hasan, and S. Akter, “Determination of the Proximate
Composition of Available Fish Feed Ingredients in Bangla-
desh,” Asian Journal of Agricultural Research 13 (2019): 13–19.

[32] M. Hăbeanu, A. Gheorghe, G. Dinita, and T. Mihalcea, “An in-
Depth Insight into the Profile, Mechanisms, Functions, and
Transfer of Essential Amino Acids From Mulberry Leaves to
Silkworm Bombyx mori L. Pupae and Fish,” Insects 15, no. 5
(2024): 332.

[33] A. O. Teles, A. Couto, P. Enes, and H. Peres, “Dietary Protein
Requirements of Fish—A Meta-Analysis,” Reviews in
Aquaculture 12, no. 3 (2019): 1445–1477.

[34] G. Radhakrishnan, Shivkumar, V. S. Mannur, et al., “Dietary
Protein Requirement for Maintenance, Growth, and Repro-
duction in Fish: A Review,” Journal of Entomology and Zoology
Studies 8, no. 4 (2020): 208–215.

[35] K. Mondal and P. Payra, “A Review on use of Plant Protein
Sources in Diets for Fish Feed Formulation,” Journal of
International Academic Research for Multidisciplinary 3, no. 5
(2015): 257–264.

[36] M. M.Hossain,M. H. Rahman, F. W. Tina, andM. Shahjahan,
“Present Scenario and Prospects of the use of Aquatic Plants in
Aquaculture: A Review,” Aquaculture International 32, no. 5
(2024): 6791–6825.

[37] T. A. Amare, T. Storebakken, T. Mørkøre, A. Nurfeta, and
Ø. Ahlstrøm, “Potency of Cassava Leaf as Protein Source for
Nile Tilapia (Oreochromis niloticus),” Aquaculture Interna-
tional 32, no. 7 (2024): 10197–10214.

Aquaculture Nutrition 17



[38] S.-M. Jeong, S. Khosravi, I. R. Mauliasari, B.-J. Lee, S.-G. You,
and S.-M. Lee, “Nutritional Evaluation of Cricket, Gryllus
bimaculatus, Meal as Fish Meal Substitute for Olive Flounder,
Paralichthys olivaceus, Juveniles,” Journal of the World
Aquaculture Society 52, no. 4 (2021): 859–880.

[39] M. S. Dorothy, S. Raman, V. Nautiyal, K. Singh, T. Yogananda,
and M. Kamei, “Use of Potential Plant Leaves as Ingredient in
Fish Feed—A Review,” International Journal of Current
Microbiology and Applied Sciences 7, no. 7 (2018): 112–125.

[40] J.Maroušek, O. Strunecký, and A.Maroušková, “Insect Rearing
on Biowaste Represents a Competitive Advantage for Fish
Farming,” Reviews in Aquaculture 15, no. 3 (2023): 965–975.

[41] E. Santillan, F. Yasumaru, R. S. Vethathirri, et al., “Microbial
Community-Based Protein From Soybean-Processing Waste-
water as a Sustainable Alternative Fish Feed Ingredient,”
Scientific Reports 14, no. 1 (2024): 2620.

[42] N. A. Roslan, S. A. M. Sukri, L. S. Wei, et al., “Replacement of
Fishmeal by Fermented Spent Coffee Ground: Effects on
Growth Performance, Feed Stability, Blood Biochemistry, Liver,
and Intestinal Morphology of African Catfish (Clarias
gariepinus),” Aquaculture Reports 36 (2024): 102073.

[43] C. Ragasa, Y. O. Osei-Mensah, and S. Amewu, “Impact of Fish
Feed Formulation Training on Feed use and Farmers’ Income:
Evidence From Ghana,” Aquaculture 558 (2022): 738378.

[44] S. Jatta, J. Fall, M. Diouf, P. M. Ndour, and S. K. L. Fall, “The
Effects of Substituting Fishmeal-Based Diet With Plant-Based
Diet on Nile Tilapia (Oreochromis niloticus) Fish Growth, Feed
Efficiency and Production Cost-Effectiveness,” Journal of
Biology and Life Science 13, no. 2 (2022): 29–39.

[45] A. M. Salter and C. Lopez-Viso, “Role of Novel Protein Sources
in Sustainably Meeting Future Global Requirements,” Proceed-
ings of the Nutrition Society 80, no. 2 (2021): 186–194.

[46] R. Chakrabarti, W. D. Clark, J. G. Sharma, R. K. Goswami,
A. K. Shrivastav, and D. R. Tocher, “Mass Production of
Lemna Minor and Its Amino Acid and Fatty Acid Profiles,”
Frontiers in Chemistry 6 (2018): 479.

[47] H. M. Lisboa, A. Nascimento, A. Arruda, et al., “Unlocking the
Potential of Insect-Based Proteins: Sustainable Solutions for
Global Food Security and Nutrition,” Foods 13, no. 12 (2024):
1846.

[48] L. Gasco, I. Biancarosa, and N. S. Liland, “FromWaste to Feed:
A Review of Recent Knowledge on Insects as Producers of
Protein and Fat for Animal Feeds,” Current Opinion in Green
and Sustainable Chemistry 23 (2020): 67–79.

[49] L. Gasco, I. Biasato, S. Dabbou, A. Schiavone, and F. Gai,
“Animals Fed Insect-Based Diets: State-of-the-Art on Digestibil-
ity, Performance and Product Quality,” Animals 9, no. 4 (2019):
170.

[50] G. Bosch, H. H. E. van Zanten, A. Zamprogna, et al.,
“Conversion of Organic Resources by Black Soldier Fly Larvae:
Legislation, Efficiency and Environmental Impact,” Journal of
Cleaner Production 222 (2019): 355–363.

[51] T. Vu Hang, C. J. Scarlett, and Q. V. Vuong, “Changes of
Phytochemicals and Antioxidant Capacity of Banana Peel
During the Ripening Process; With and Without Ethylene
Treatment,” Scientia Horticulturae 253 (2019): 255–262.

[52] M. A. O. Dawood, O. A. E. Habotta, M. Elsabagh, et al., “Fruit
Processing By-Products in the Aquafeed Industry: A Feasible
Strategy for Aquaculture Sustainability,” Reviews in Aquacul-
ture 14, no. 4 (2022): 1945–1965.

[53] K. Mat, Z. Abdul Kari, N. D. Rusli, et al., “Coconut Palm: Food,
Feed, andNutraceutical Properties,” Animals 12, no. 16 (2022):
2107.

[54] S. Nagappan, P. Das, M. AbdulQuadir, et al., “Potential of
Microalgae as a Sustainable Feed Ingredient for Aquaculture,”
Journal of Biotechnology 341 (2021): 1–20.

[55] Y. Torres-Tiji, F. J. Fields, and S. P. Mayfield, “Microalgae as a
Future Food Source,” Biotechnology Advances 41 (2020): 107536.

[56] P. K. Sarker, A. R. Kapuscinski, B. McKuin, D. S. Fitzgerald,
H. M. Nash, and C. Greenwood, “Microalgae-Blend Tilapia
Feed Eliminates Fishmeal and Fish Oil, Improves Growth, and
Is Cost Viable,” Scientific Reports 10, no. 1 (2020): 19328.

[57] A. H. L. Wan, S. J. Davies, A. Soler-Vila, R. Fitzgerald, and
M. P. Johnson, “Macroalgae as a Sustainable Aquafeed
Ingredient,” Reviews in Aquaculture 11, no. 3 (2019): 458–492.

[58] I. Bogdahn, “Agriculture-Independent, Sustainable, Fail-Safe
and Efficient Food Production by Autotrophic Single-Cell
Protein,” PeerJ PrePrints 3 (2015): e1709.

[59] O. A. Habotta, M. A. O. Dawood, Z. A. Kari, W. Tapingkae,
and H. Van Doan, “Antioxidative and Immunostimulant
Potential of Fruit Derived Biomolecules in Aquaculture,” Fish
& Shellfish Immunology 130 (2022): 317–322.

[60] T. E. Aruna, O. C. Aworh, A. O. Raji, and A. I. Olagunju,
“Protein Enrichment of Yam Peels by Fermentation With
Saccharomyces cerevisiae (BY4743),” Annals of Agricultural
Sciences 62, no. 1 (2017): 33–37.

[61] J. F. N. Abowei and A. T. Ekubo, “A Review of Conventional
andUnconventional Feeds in FishNutrition,” British Journal of
Pharmacology and Toxicology 2, no. 4 (2011): 179–191.

[62] R. Lochmann, C. Engle, T. Kasiga, et al., “Develop Feeding
Strategies for Moringa oleifera and Leucaena Leucocephala as
Protein Sources in Tilapia Diets,” Technical Reports:
Investigations 2009-2011 (2011).

[63] C. Aragão, A. T. Gonçalves, B. Costas, R. Azeredo,M. J. Xavier,
and S. Engrola, “Alternative Proteins for Fish Diets:
Implications beyond Growth,” Animals 12, no. 9 (2022): 1211.

[64] S. K. Nandi, A. Y. Suma, A. Rashid, et al., “The Potential of
Fermented Water Spinach Meal as a Fish Meal Replacement
and the Impacts on Growth Performance, Reproduction, Blood
Biochemistry and Gut Morphology of Female Stinging Catfish
(Heteropneustes fossilis),” Life 13, no. 1 (2023): 176.

[65] V. Rajaram, R. Jannathulla, R. Rajendran, K. Ambasankar,
A. Panigrahi, and J. S. Dayal, “Bacillus spp. Fermented Plant
Protein Mix as a Potential Fishmeal Substitute in the Diet of
Penaeus monodon: Emphasis on Nitrogen Metabolism,”
Aquaculture Nutrition 2022 (2022): 1629813.

[66] S. Tabassum, S. M. Hussain, S. Ali, et al., “Partial Replacement
of Fish Meal WithMoringa oleifera LeafMeal in Practical Diets
of Cirrhinus mrigala Fingerlings,” Brazilian Journal of Biology
83 (2021): e246333.

[67] Z. M. Nadia, P. Roy, S. M. Bari, and M. A. Salam, “Dietary
Effect of Moringa (Moringa oleifera; Lamarck, 1785) Leaf
Powder on Growth Response of Tilapia (Oreochromis niloticus;
Linnaeus, 1758),” Asian Journal of Medical and Biological
Research 7, no. 2 (2021): 153–163.

[68] F. B. Farhad, S. Hashem, K. M. S. Rana, and M. A. Salam,
“Growth Performance and Hematological Responses of Silver
Barb (Barbonymus gonionotus Bleeker, 1850) Fingerlings to
Dietary BlanchedMoringa (Moringa oleifera lam.) Leaf Meal as
a Substitute of Soybean Meal,” Heliyon 9, no. 2 (2023): e13552.

[69] X. Zhang, Z. Sun, J. Cai, et al., “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 III),” Fish &

Shellfish Immunology 102 (2020): 430–439.

18 Aquaculture Nutrition



[70] A. Y. Al-Dubakel andM. M. Taher, “Use of Moringa,Moringa
oleifera Leaf Meal as Partial Replacement of Soybean Meal in
Common Carp Feed,” Iraqi Journal of Aquaculture 17, no. 2
(2020): 103–115.

[71] M. Yanar, Z. Erçen, A. Özlüer Hunt, and H. M. Büyükçapar,
“The use of Alfalfa, Medicago sativa as a Natural Carotenoid
Source in Diets of Goldfish, Carassius auratus,” Aquaculture
284, no. 1–4 (2008): 196–200.

[72] L. O. Tiamiyu, V. T. Okomoda, and A. Ao, “Nutritional
Suitability of Leucaena Leaf Meal in the Diet of Clarias
gariepinus,” Journal of Fisheries Sciences 9, no. 2 (2015): 1–5.

[73] M. Ibrahim, A. Eid, K. Mohamed, and B. Abd-elfattah, “Effect
of Replacement of Soybean Meal With Duckweed (Lemna
minor) Meal on the Growth Performance and Feed Utilization
in Nile Tilapia Fingerlings,” Journal of Animal, Poultry & Fish
Production 6, no. 1 (2017): 7–12.

[74] O. A. Asimi, I. A. Khan, T. A. Bhat, andN.Husain, “Duckweed
(Lemna minor) as a Plant Protein Source in the Diet of
Common Carp (Cyprinus carpio) Fingerlings,” Journal of
Pharmacognosy and Phytochemistry 7, no. 3 (2018): 42–45.

[75] R. A. Yousif, O. J. Abdullah, A. M. Ahmed, M. I. Adam,
F. A. M. Ahmed, and O. A. Idam, “Effect of Replacing
Fishmeal With Water Spinach (Ipomoea aquatica) on Growth,
Feed Conversion and Carcass Composition for Nile Tilapia Fry
(Oreochromis niloticus),” Journal of Aquatic Science andMarine
Biology 2, no. 4 (2019): 3–20.

[76] S. B. Mohapatra, “Utilization of Water Hyacinth (Eichhornia
crassipes) Meal as Partial Fish Protein Replacement in the Diet
of Cyprinus carpio Fry,” European Journal of Experimental
Biology 5, no. 5 (2015): 31–36.

[77] M. Das, F. I. Rahim, and M. A. Hossain, “Evaluation of Fresh
Azolla pinnata as a Low-Cost Supplemental Feed for Thai Silver
Barb Barbonymus gonionotus,” Fishes 3, no. 1 (2018): 15.

[78] S. N. Nisha and B. Geetha, “Effect of Partial Replacement of
Fishmeal With Aquatic Weed Pistia stratiotesMeal on Growth,
Biochemical Composition, Haematological Parameters and
Digestive Enzymes in Indian Major Carp Labeo rohita
(Hamilton, 1822),” International Journal of Fisheries and
Aquatic Studies 5, no. 2 (2017): 527–532.

[79] G. Sivani, D. C. Reddy, and M. Bhaskar, “Effect of Nymphaea
Meal Incorporated Diets on Growth, Feed Efficiency and Body
Composition in Fingerlings of Cyprinus carpio L,” Journal of
Applied and Natural Science 5, no. 1 (2013): 5–9.

[80] W. M. Mathia and R. Fotedar, “Evaluation of Boiled Taro
Leaves, Colocasia esculenta (L.) Schott, as a Freshwater Shrimp,
Caridina nilotica Roux Protein Replacement, in Diets of Nile
Tilapia, Oreochromis niloticus (Linnaeus),” Aquaculture 356
(2012): 302–309.

[81] Iskandar, Y. Andriani, R. Rostika, I. Zidni, and N. A. Riyanti,
“Effect of Using Fermented Lemna sp. in Fish Feed on Growth
Rate of Nilem Carp (Osteochilus hasselti),” World News of
Natural Sciences 26 (2019): 157–166.

[82] S. Mandal and K. Ghosh, “Utilization of Fermented Pistia
Leaves in the Diet of Rohu, Labeo rohita (Hamilton): Effects on
Growth, Digestibility and Whole Body Composition,” Waste
and Biomass Valorization 10, no. 11 (2019): 3331–3342.

[83] M. M. Hossain, M. L. Ali, S. Khan, M. M. Haque, and
M. Shahjahan, “Use of Asian Watergrass as Feed of Grass
Carp,” Aquaculture Reports 18 (2020): 100434.

[84] M. M. Hossain, M. H. Rahman, M. L. Ali, S. Khan,
M. M. Haque, and M. Shahjahan, “Development of a Low-
Cost Polyculture System Utilizing Hygroryza aristata Floating
Grass in the Coastal Wetlands of Bangladesh,” 527 (2020).

[85] M. M. Refaey, A. I. Mehrim, O. A. Zenhom, H. A. Areda,
J. A. Ragaza, and M. S. Hassaan, “Fresh Azolla, Azolla pinnata
as a Complementary Feed for Oreochromis niloticus: Growth,
Digestive Enzymes, Intestinal Morphology, Physiological
Responses, and Flesh Quality.” Aquaculture Nutrition 2023
(2023): 1403704.

[86] M. Henry, L. Gasco, G. Piccolo, and E. Fountoulaki, “Review on
the use of Insects in the Diet of Farmed Fish: Past and Future,”
Animal Feed Science and Technology 203 (2015): 1–22.

[87] S. Nogales-Mérida, P. Gobbi, D. Józefiak, et al., “Insect Meals in
Fish Nutrition,” Reviews in Aquaculture 11, no. 4 (2019): 1080–
1103.

[88] N. F. N. M. Zulkifli, A. Y. Seok-Kian, L. L. Seng, et al.,
“Nutritional Value of Black Soldier Fly (Hermetia illucens)
Larvae Processed by Different Methods,” PLoS ONE 17, no. 2
(2022): e0263924.

[89] I. Jajic, A. Popovic, M. Urosevic, et al., “Fatty and Amino Acid
Profile of Mealworm Larvae (Tenebrio molitor L.),” Biotechnol-
ogy in Animal Husbandry 36, no. 2 (2020): 167–180.

[90] N. Udomsil, S. Imsoonthornruksa, C. Gosalawit, and
M. Ketudat-Cairns, “Nutritional Values and Functional
Properties of House Cricket (Acheta domesticus) and Field
Cricket (Gryllus bimaculatus),” Food Science and Technology
Research 25, no. 4 (2019): 597–605.

[91] C. I. Rumbos, C. G. Athanassiou, and P. Weintraub, “The
Superworm, Zophobas Morio (Coleoptera: Tenebrionidae): A
‘Sleeping Giant’in Nutrient Sources,” Journal of Insect Science
21, no. 2 (2021): 13.

[92] S. M. Limbu, A. P. Shoko, E. E. Ulotu, et al., “Black Soldier Fly
(Hermetia illucens, L.) Larvae Meal Improves Growth
Performance, Feed Efficiency and Economic Returns of Nile
Tilapia (Oreochromis niloticus, L.) Fry,” Aquaculture, Fish and
Fisheries 2, no. 3 (2022): 167–178.

[93] J. L. Pechal, M. E. Benbow, A. W. Kamng’ona, et al., “The
Need for Alternative Insect Protein in Africa,” Annals of the
Entomological Society of America 112, no. 6 (2019): 566–575.

[94] P. Rema, S. Saravanan, B. Armenjon, C. Motte, and J. Dias,
“Graded Incorporation of Defatted Yellow Mealworm
(Tenebrio molitor) in Rainbow Trout (Oncorhynchus mykiss)
Diet Improves Growth Performance and Nutrient Retention,”
Animals 9, no. 4 (2019): 187.

[95] X. Xu, H. Ji, I. Belghit, and J. Sun, “Black Soldier Fly Larvae as a
Better Lipid Source Than YellowMealworm or SilkwormOils for
Juvenile Mirror Carp (Cyprinus carpio var. specularis),” 527
(2020).

[96] P. Wadje, A. R. Patil, and R. Meenatchi, “Effect of Pre-
Treatments on Proximate Composition, Protein Extraction
Yield and Extraction Rate of Superworm Protein,”
Biological Forum—An International Journal 14, no. 3
(2022): 288–294.

[97] C. Liu, J. Masri, V. Perez, C. Maya, and J. Zhao, “Growth
Performance and Nutrient Composition of Mealworms
(TenebrioMolitor) Fed on Fresh PlantMaterials-Supplemented
Diets,” Foods 9, no. 2 (2020): 151.

[98] A. Jayanegara, N. Yantina, B. Novandri, E. B. Laconi,
N. Nahrowi, and M. Ridla, “Evaluation of Some Insects as
Potential Feed Ingredients for Ruminants: Chemical Composi-
tion, in Vitro Rumen Fermentation and Methane Emissions,”
Journal of the Indonesian Tropical Animal Agriculture 42, no. 4
(2017): 247.

[99] R. P. Bhagat and S. Barat, “Impact of Artificial Feed on Survival
and Growth of Rainbow Trout, Oncorhynchus mykiss
(Walbaum) During Exogenous Feeding in Raceways of

Aquaculture Nutrition 19



Kathmandu, Nepal,” International Journal of Pure & Applied
Bioscience 4, no. 2 (2016): 9–16.

[100] A. K. Obeng, R. A. Atuna, and S. Aihoon, “Proximate
Composition of Housefly (Musca domestica) Maggots Cultured
on Different Substrates as Potential Feed for Tilapia
(Oreochromis niloticus).“International,” Journal of Multidisci-
plinary Research and Development 2 (2015): 102-103.

[101] W. M. Sealey, T. G. Gaylord, F. T. Barrows, et al., “Sensory
Analysis of Rainbow Trout, Oncorhynchus mykiss, Fed
Enriched Black Soldier Fly Prepupae, Hermetia illucens,”
Journal of the World Aquaculture Society 42, no. 1 (2011): 34–
45.

[102] T. Spranghers, M. Ottoboni, C. Klootwijk, et al., “Nutritional
Composition of Black Soldier Fly (Hermetia illucens) Prepupae
Reared on Different Organic Waste Substrates,” Journal of the
Science of Food and Agriculture 97, no. 8 (2017): 2594–2600.

[103] A. van Huis, “Potential of Insects as Food and Feed in Assuring
Food Security,” Annual Review of Entomology 58, no. 1 (2013):
563–583.

[104] H. P. S. Makkar, G. Tran, Vérie Heuzé, and P. Ankers, “State-
of-the-Art on use of Insects as Animal Feed,” Animal Feed
Science and Technology 197 (2014): 1–33.

[105] E. W. Riddick, “Insect Protein as a Partial Replacement for
Fishmeal in theDiets of Juvenile Fish andCrustaceans,” inMass
Production of Beneficial Organisms, (Academic Press, 2014):
565–582.

[106] A. Chatha, S. Naz, and D. Danabas, “Effect of Insect Feed on
Fish Growth: A Review,” Asian Fisheries Science 37, no. 1
(2024): 52–68.

[107] C. S. Alofa, I. Y. Olodo, M. Chabi Kpéra Orou Nari, and
Y. Abou, “Effects of the Fresh and Dried Housefly (Musca
domestica) Larvae in the Diets of Nile Tilapia Oreochromis
niloticus (Linnaeus, 1758): Growth, Feed Utilization Efficiency,
Body Composition and Biological Indices,” Aquatic Research 6,
no. 1 (2023): 1–10.

[108] B. M. General, O. M. Julius, M. James, and R. Kenneth, “Growth
Performance and Carcass Composition of African Catfish
(Clarias gariepinus Burchell, 1822) Fed on Black Soldier Fly
(Hermetia illucens Linnaeus, 1758) Larvae-Based Diets,” African
Journal of Agricultural Research 19, no. 3 (2023): 216–225.

[109] N. Prachom, B. Yuangsoi, J. Pumnuan, M. Ashour, S. J. Davies,
and E. El-Haroun, “Effects of Substituting the Two-Spotted
Cricket (Gryllus bimaculatus) Meal for Fish Meal on Growth
Performances and Digestibility of Striped Snakehead (Channa
striata) Juveniles,” Life 13, no. 2 (2023): 594.

[110] A. Ndione, J. Fall, S. Mbaye, et al., “Effects of Replacement of
Fishmeal by Cricket Meal on the Growth Performance, Feed
Efficiency, Survival and Body Composition of Nile Tilapia
(Oreochromis niloticus) Fry,” Journal of the Fisheries Society of
Taiwan 49, no. 3 (2022): 183–191.

[111] K. Wang, L. Zhang, P. B. Brown, et al., “Effect of Replacement
of Fish Meal With Cricket Meal on Growth Performance,
Proximate Composition, Digestive Enzyme Activities, Serum
Biochemical Indices, and Antioxidant Capacity in Largemouth
Bass (Micropterus salmoides),” Aquaculture Research 53, no. 15
(2022): 5354–5364.

[112] P. K. Raja, S. Aanand, J. S. Sampathkumar, and P. Padmavathy,
“Effect of Silkworm (Bombyx mori) Pupae on the Growth and
Maturation of Rainbow Shark Epalzeorhynchos Frenatum
(Fowler, 1934) Under Captive Rearing,” Indian Journal of
Fisheries 67, no. 4 (2020): 89–96.

[113] C. Motte, A. Rios, T. Lefebvre, H. Do, M. Henry, and
O. Jintasataporn, “Replacing Fish Meal With Defatted Insect

Meal (Yellow Mealworm Tenebrio molitor) Improves the
Growth and Immunity of Pacific White Shrimp (Litopenaeus
vannamei),” Animals 9, no. 5 (2019): 258.

[114] S. Rahimnejad, S. Hu, K. Song, et al., “Replacement of FishMeal
With Defatted Silkworm (Bombyxmori L.) PupaeMeal in Diets
for Pacific White Shrimp (Litopenaeus vannamei),” Aquacul-
ture 510 (2019): 150–159.

[115] H. Muin, N. M. Taufek, M. S. Kamarudin, and S. A. Razak,
“Growth Performance, Feed Utilization and Body Composition
of Nile Tilapia, Oreochromis niloticus (Linnaeus, 1758) Fed
With Different Levels of Black Soldier Fly, Hermetia illucens
(Linnaeus, 1758) Maggot Meal Diet,” Iranian Journal of
Fisheries Sciences 16, no. 2 (2017): 567–577.

[116] V. C. Cummins Jr., S. D. Rawles, K. R. Thompson, et al.,
“Evaluation of Black Soldier Fly (Hermetia illucens) Larvae
Meal as Partial or Total Replacement of Marine Fish Meal in
Practical Diets for Pacific White Shrimp (Litopenaeus
vannamei),” Aquaculture 473 (2017): 337–344.

[117] G. Piccolo, V. Iaconisi, S. Marono, et al., “Effect of Tenebrio
molitor Larvae Meal on Growth Performance, in Vivo
Nutrients Digestibility, Somatic and Marketable Indexes of
Gilthead Sea Bream (Sparus aurata),” Animal Feed Science and
Technology 226 (2017): 12–20.

[118] J. Hu, G. Wang, Y. Huang, et al., “Effects of Substitution of Fish
Meal Wth Black Soldier Fly (Hermetia illucens) LarvaeMeal, in
Yellow Catfish (Pelteobagrus fulvidraco) Diets,” The Israeli
Journal of Aquaculture – Bamidgeh 69 (2017): 1382.

[119] A. R. Kurbanov, R. Y. Milusheva, S. S. Rashidova, and
B. G. Kamilov, “Effect of Replacement of Fish Meal With
Silkworm (Bombyx mori) Pupa Protein on the Growth of
Clarias gariepinus Fingerling,” International Journal of Fisheries
and Aquatic Studies 2, no. 6 (2015): 25–27.

[120] A. Ido, T. Iwai, K. Ito, et al., “Dietary Effects of Housefly (Musca
domestica) (Diptera: Muscidae) Pupae on the Growth
Performance and the Resistance Against Bacterial Pathogen
in Red Sea Bream (Pagrus Major) (Perciformes: Sparidae),”
Applied Entomology and Zoology 50, no. 2 (2015): 213–221.

[121] M. D. Abd Rahman Jabir, S. A. Razak, and S. Vikineswary,
“Nutritive Potential and Utilization of Super Worm (Zophobas
morio) Meal in the Diet of Nile Tilapia (Oreochromis niloticus)
Juvenile,” African Journal of Biotechnology 11, no. 24 (2012):
6592–6598.

[122] R. P. Karthick, S. Aanand, S. J. Stephen, and P. Padmavathy,
“Silkworm Pupae Meal as Alternative Source of Protein in Fish
Feed,” Journal of Entomology and Zoology Studies 7, no. 4
(2019): 78–85.

[123] A. H. L. Wan, D. L. Snellgrove, and S. J. Davies, “A
Comparison Between Marine and Terrestrial Invertebrate
Meals for Mirror Carp (Cyprinus carpio) Diets: Impact on
Growth, Haematology and Health,” Aquaculture Research 48,
no. 9 (2017): 5004–5016.

[124] M. Renna, A. Schiavone, F. Gai, et al., “Evaluation of the
Suitability of a Partially Defatted Black Soldier Fly (Hermetia
illucens L.) Larvae Meal as Ingredient for Rainbow Trout
(Oncorhynchus mykiss Walbaum) Diets,” Journal of Animal
Science and Biotechnology 8, no. 1 (2017): 57.

[125] A. Basto, J. Calduch-Giner, B. Oliveira, et al., “The use of
Defatted Tenebrio molitor Larvae Meal as a Main Protein
Source Is Supported in European Sea Bass (Dicentrarchus
labrax) by Data on Growth Performance, Lipid Metabolism,
and Flesh Quality,” Frontiers in Physiology 12 (2021): 659567.

[126] V. Iaconisi, G. Secci, G. Sabatino, et al., “Effect of Mealworm
(Tenebriomolitor L.) LarvaeMeal onAminoAcid Composition

20 Aquaculture Nutrition



of Gilthead Sea Bream (Sparus aurata L.) and Rainbow Trout
(Oncorhynchus mykiss W.) Fillets,” Aquaculture 513 (2019):
734403.

[127] D. Briassoulis, M. Hiskakis, and E. Babou, “Technical
Specifications for Mechanical Recycling of Agricultural Plastic
Waste,” Waste Management 33, no. 6 (2013): 1516–1530.

[128] A. Nigussie, T. W. Kuyper, and A. de Neergaard, “Agricultural
Waste Utilisation Strategies and Demand for Urban Waste
Compost: Evidence From Smallholder Farmers in Ethiopia,”
Waste Management 44 (2015): 82–93.

[129] B. Josimović, I. Marić, and S. Milijić, “Multi-Criteria Evaluation
in Strategic Environmental Assessment forWasteManagement
Plan, a Case Study: The City of Belgrade,”Waste Management
36 (2015): 331–342.

[130] FAO, “Food Loss and Food Waste (Food and Agriculture
Organization of the United Nations),” 2019, http://www.fao.
org/food-loss-and-foodwaste/en/.

[131] FAO, Food Wastage Footprint: Impacts on Natural Resources:
Summary Report (Food and Agriculture Organization, 2013).

[132] H. VanDoan, S. H. Hoseinifar, R. Harikrishnan, et al., “Impacts
of Pineapple Peel Powder on Growth Performance, Innate
Immunity, Disease Resistance, and Relative Immune Gene
Expression of Nile Tilapia, Oreochromis niloticus,” Fish &

Shellfish Immunology 114 (2021): 311–319.
[133] N. A. I. M. Ansari, N. Ramly, N. H. Faujan, and N. Arifin,

“Nutritional Content and Bioactive Compounds of Banana Peel
and Its Potential Utilization: A Review,” Malaysian Journal of
Science Health & Technology 9, no. 1 (2023): 74–86.

[134] R. González-Montelongo, M. Gloria Lobo, and M. González,
“Antioxidant Activity in Banana Peel Extracts: Testing
Extraction Conditions and Related Bioactive Compounds,”
Food Chemistry 119, no. 3 (2010): 1030–1039.

[135] S. S. Giri, J. W. Jun, V. Sukumaran, and S. C. Park, “Dietary
Administration of Banana (Musa acuminata) Peel Flour Affects
the Growth, Antioxidant Status, Cytokine Responses, and
Disease Susceptibility of Rohu, Labeo rohita,” Journal of
Immunology Research 2016 (2016): 4086591.

[136] H. Z. Hoseini andM. C. Dezfulnejad, “The Effect of Utilization
of Banana Peel Powder in Diet on the Growth, Survival, and
Body Composition of Common Carp (Cyprinus carpio),”
Applied Biology 31, no. 1 (2018): 109–120.

[137] R. Yossa, N. A. Fatan, J. Kumari, and J. W. Schrama, “Apparent
Digestibility Coefficients of Banana Peel, Cassava Peel, Cocoa
Husk, Copra Waste, and Sugarcane Bagasse in the GIFT Strain
of Nile Tilapia (Oreochromis niloticus),” Journal of Applied
Aquaculture 34, no. 3 (2022): 734–754.

[138] M. O. Lawal, A. Z. Aderolu, F. R. Dosunmu, and
O. O. Aarode, “Dietary Effects of Ripe and Unripe Banana
Peels on the Growth and Economy of Production of Juvenile
Catfish (Clarias gariepinus Burchell, 1822),” Journal of Fisheries
Sciences 8, no. 3 (2014): 220–227.

[139] T. Zhang, L. Yu, Y. Zheng, et al., “Identification of the Bioactive
Components From pH-Modified Citrus Pectin and Their
Inhibitory Effects on Galectin-3 Function,” Food Hydrocolloids
58 (2016): 113–119.

[140] L.-C. Zhuo, D. N. J. binti Abang Zamhari, A. S. K. Yong,
R. Shapawi, and Y.-H. Lin, “Effects of Fermented Lemon Peel
Supplementation in Diet on Growth, Immune Responses, and
Intestinal Morphology of Asian Sea Bass, Lates calcarifer,”
Aquaculture Reports 21 (2021): 100801.

[141] R. Harikrishnan, S. Thamizharasan, G. Devi, et al., “Dried
Lemon Peel Enriched Diet Improves Antioxidant Activity,
Immune Response and Modulates Immuno-Antioxidant

Genes in Labeo rohita Against Aeromonas Sorbia,” Fish &

Shellfish Immunology 106 (2020): 675–684.
[142] M. Salem and H. M. Abdel-Ghany, “Effects of Dietary Orange

Peel on Growth Performance of Nile Tilapia (Oreochromis
niloticus) Fingerlings,” Aquaculture Studies 18, no. 2 (2018):
127–134.

[143] M. E.-S. Salem, H. M. Abdel-Ghany, A. E. Sallam,
M. M. M. El-Feky, and H. M. Almisherfi, “Effects of Dietary
Orange Peel on Growth Performance, Antioxidant Activity,
Intestinal Microbiota and Liver Histology of Gilthead Sea
Bream (Sparus aurata) Larvae,” Aquaculture Nutrition 25,
no. 5 (2019): 1087–1097.

[144] G. Tewari, R. N. Ram, and A. Singh, “Effect of Plant Base
Digestive Enzyme ‘Papain’ on Growth, Survival and
Behavioural Response of Cyprinus carpio,” International
Journal of Fisheries and Aquatic Studies 6, no. 3 (2018): 210–
214.

[145] X. Meng,W. Hu, S.Wu, et al., “Chinese Yam Peel Enhances the
Immunity of the Common Carp (Cyprinus carpio L.) by
Improving the Gut Defence Barrier and Modulating the
Intestinal Microflora,” Fish & Shellfish Immunology 95 (2019):
528–537.

[146] Z. H. Kareem, Y. M. Abdelhadi, A. Christianus, M. Karim, and
N. Romano, “Effects of Some Dietary Crude Plant Extracts on
the Growth and GonadalMaturity of Nile Tilapia (Oreochromis
niloticus) and Their Resistance to Streptococcus agalactiae
Infection,” Fish Physiology and Biochemistry 42, no. 2 (2016):
757–769.

[147] S. A. M. Sukri, Y. Andu, Z. T. Harith, et al., “Effect of Feeding
PineappleWaste on Growth Performance, Texture Quality and
Flesh Colour of Nile Tilapia (Oreochromis niloticus) Finger-
lings,” Saudi Journal of Biological Sciences 29, no. 4 (2022):
2514–2519.

[148] E. Amri and F. Mamboya, “Papain, A Plant Enzyme of
Biological Importance: A Review,” American Journal of
Biochemistry and Biotechnology 8, no. 2 (2012): 99–104.

[149] A. A. Rebecca and P. S. Bhavan, “Growth Performance of
Macrobrachium rosenbergii Post Larvae Fed With Vegetable
Wastes and Palmolein Supplemented Formulated Feeds,”
Recent Research in Science and Technology 3, no. 10 (2011): 69–
76.

[150] M. R. Shah, G. A. Lutzu, A. Alam, et al., “Microalgae in
Aquafeeds for a Sustainable Aquaculture Industry,” Journal of
Applied Phycology 30, no. 1 (2018): 197–213.

[151] M. Øverland and A. Skrede, “Yeast Derived From Lignocellu-
losic Biomass as a Sustainable Feed Resource for use in
Aquaculture,” Journal of the Science of Food and Agriculture 97,
no. 3 (2017): 733–742.

[152] L. Klug and G. Daum, “Yeast Lipid Metabolism at a Glance,”
FEMS Yeast Research 14, no. 3 (2014): 369–388.

[153] P. Tandon and Q. Jin, “Microalgae Culture Enhancement
Through Key Microbial Approaches,” Renewable and Sustain-
able Energy Reviews 80 (2017): 1089–1099.

[154] F. A. Ansari, S. K. Ratha, N. Renuka, et al., “Effect of
Microplastics on Growth and Biochemical Composition of
Microalga Acutodesmus Obliquus,” Algal Research 56 (2021):
102296.

[155] S. Tavakoli, J. M. Regenstein, E. Daneshvar, A. Bhatnagar,
Y. Luo, and H. Hong, “Recent Advances in the Application of
Microalgae and Its Derivatives for Preservation, Quality
Improvement, and Shelf-Life Extension of Seafood,” Critical
Reviews in Food Science and Nutrition 62, no. 22 (2022): 6055–
6068.

Aquaculture Nutrition 21

http://www.fao.org/food-loss-and-foodwaste/en/
http://www.fao.org/food-loss-and-foodwaste/en/
http://www.fao.org/food-loss-and-foodwaste/en/
http://www.fao.org/food-loss-and-foodwaste/en/


[156] E. S. Shuba and D. Kifle, “Microalgae to Biofuels: ‘Promising’
Alternative and Renewable Energy, Review,” Renewable and
Sustainable Energy Reviews 81 (2018): 743–755.

[157] N. Haris, H. Manan, M. Jusoh, H. Khatoon, T. Katayama, and
N. A. Kasan, “Effect of Different Salinity on the Growth
Performance and Proximate Composition of Isolated Indige-
nous Microalgae Species,” Aquaculture Reports 22 (2022):
100925.

[158] A. Niccolai, G. C. Zittelli, L. Rodolfi, N. Biondi, and
M. R. Tredici, “Microalgae of Interest as Food Source:
Biochemical Composition and Digestibility,” Algal Research
42 (2019): 101617.

[159] R. A. Ahmed,M. He, R. A. Aftab, et al., “BioenergyApplication
ofDunaliella salina SA 134Grown at Various Salinity Levels for
Lipid Production,” Scientific Reports 7, no. 1 (2017): 8118.

[160] E. Santigosa, D. Constant, D. Prudence, T. Wahli, and
V. Verlhac-Trichet, “A Novel Marine Algal Oil Containing
Both EPA and DHA Is an Effective Source of Omega-3 Fatty
Acids for Rainbow Trout (Oncorhynchus mykiss),” Journal of
the World Aquaculture Society 51, no. 3 (2020): 649–665.

[161] J. J. Milledge, “Commercial Application of Microalgae Other
Than as Biofuels: A Brief Review,” Reviews in Environmental
Science and Bio/Technology 10, no. 1 (2011): 31–41.

[162] S. Bleakley and M. Hayes, “Algal Proteins: Extraction,
Application, and Challenges Concerning Production,” Foods
6, no. 5 (2017): 33.

[163] S. M. Tibbetts, J. E. Milley, and S. P. Lall, “Chemical
Composition and Nutritional Properties of Freshwater and
Marine Microalgal Biomass Cultured in Photobioreactors,”
Journal of Applied Phycology 27, no. 3 (2015): 1109–1119.

[164] E. Christaki, P. Florou-Paneri, and E. Bonos, “Microalgae: A
Novel Ingredient in Nutrition,” International Journal of Food
Sciences and Nutrition 62, no. 8 (2011): 794–799.

[165] G. J. T. Albert, M. Metian, and M. R. Hasan, Feed Ingredients
and Fertilizers for Farmed Aquatic Animals: Sources and
Composition, 540 (Food and Agriculture Organization of the
United Nations, 2009).

[166] S. W. Jones, A. Karpol, S. Friedman, B. T. Maru, and
B. P. Tracy, “Recent Advances in Single Cell Protein use as a
Feed Ingredient in Aquaculture,” Current Opinion in
Biotechnology 61 (2020): 189–197.

[167] M. Sharif, M. H. Zafar, A. I. Aqib, M. Saeed, M. R. Farag, and
M. Alagawany, “Single Cell Protein: Sources, Mechanism of
Production, Nutritional Value and Its Uses in Aquaculture
Nutrition,” Aquaculture 531 (2021): 735885.

[168] M. I. Queiroz, E. J. Lopes, L. Q. Zepka, R. G. Bastos, and
R. Goldbeck, “The Kinetics of the Removal of Nitrogen and
Organic Matter from Parboiled Rice Effluent by Cyanobacteria
in a Stirred Batch Reactor,” Bioresource Technology 98, no. 11
(2007): 2163–2169.

[169] D. Dhanasekaran, L. Subramaniyan, S. Subhasish,
T. Nooruddin, and P. Annamalai, “Production of Single Cell
Protein From Pineapple Waste Using Yeast,” Innovative
Romanian Food Biotechnology 8 (2011): 26–32.

[170] A. T. Nasseri, S. Rasoul-Ami, M. H. Morowvat, and
Y. Ghasemi, “Single Cell Protein: Production and Process,”
American Journal of Food Technology 6, no. 2 (2011): 103–116.

[171] B. Glencross, S. Irvin, S. Arnold, D. Blyth, N. Bourne, and
N. Preston, “Effective use of Microbial Biomass Products to
Facilitate the Complete Replacement of Fishery Resources in
Diets for the Black Tiger Shrimp, Penaeus monodon,”
Aquaculture 431 (2014): 12–19.

[172] S. Matassa, N. Boon, I. Pikaar, and W. Verstraete, “Microbial
Protein: Future Sustainable Food Supply Route With Low
Environmental Footprint,” Microbial Biotechnology 9, no. 5
(2016): 568–575.

[173] I. Sirakov, K. Velichkova, S. Stoyanova, and Y. Staykov, “The
Importance of Microalgae for Aquaculture Industry. Review,”
International Journal of Fisheries and Aquatic Studies 2, no. 4
(2015): 81–84.

[174] M. A. B. Siddik, M. Sørensen, S. M. M. Islam, N. Saha,
M. A. Rahman, and D. S. Francis, “Expanded Utilisation of
Microalgae in Global Aquafeeds,” Reviews in Aquaculture 16,
no. 1 (2024): 6–33.

[175] R. A. I. Abou-Shanab, M.-K. Ji, H.-C. Kim, K.-J. Paeng, and B.-
H. Jeon, “Microalgal Species Growing on Piggery Wastewater
as a Valuable Candidate for Nutrient Removal and Biodiesel
Production,” Journal of Environmental Management 115
(2013): 257–264.

[176] B. Ravindran, S. K. Gupta, W.-M. Cho, et al., “Microalgae
Potential and Multiple Roles—Current Progress and Future
Prospects—An Overview,” Sustainability 8, no. 12 (2016),
1215: 1215.

[177] E. W. Becker, “Micro-Algae as a Source of Protein,”
Biotechnology Advances 25, no. 2 (2007): 207–210.

[178] A. Ahmad, F. Banat, H. Alsafar, and S. W. Hasan, “Recent
Breakthroughs in Integrated Biomolecular and Biotechnologi-
cal Approaches for Enhanced Lipid andCarotenoid Production
From Microalgae,” Phytochemistry Reviews 22, no. 4 (2023):
993–1013.

[179] R. B. Draaisma, R. H. Wijffels, P. M. (Ellen) Slegers,
L. B. Brentner, A. Roy, andM. J. Barbosa, “Food Commodities
From Microalgae,” Current Opinion in Biotechnology 24, no. 2
(2013): 169–177.

[180] V. Kiron, W. Phromkunthong, M. Huntley, I. Archibald, and
G. Scheemaker, “Marine Microalgae From Biorefinery as a
Potential Feed Protein Source for Atlantic Salmon, Common
Carp and Whiteleg Shrimp,” Aquaculture Nutrition 18, no. 5
(2012): 521–531.

[181] A. J. Vizcaíno, G. López, M. I. Sáez, et al., “Effects of the
Microalga Scenedesmus Almeriensis as Fishmeal Alternative in
Diets for Gilthead Sea Bream, Sparus aurata, Juveniles,”
Aquaculture 431 (2014): 34–43.

[182] K. R. Kissinger, A. García-Ortega, and J. T. Trushenski, “Partial
Fish Meal Replacement by Soy Protein Concentrate, Squid and
Algal Meals in Low Fish-Oil Diets Containing Schizochytrium
limacinum for Longfin Yellowtail Seriola rivoliana,” Aquacul-
ture 452 (2016): 37–44.

[183] S. Pakravan, A. Akbarzadeh, M. M. Sajjadi, A. Hajimoradloo,
and F. Noori, “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,” Aquaculture Research 48,
no. 11 (2017): 5576–5586.

[184] Y. Wang, M. Li, K. Filer, Y. Xue, Q. Ai, and K.Mai, “Evaluation
of Schizochytrium Meal in Microdiets of Pacific White Shrimp
(Litopenaeus vannamei) Larvae,” Aquaculture Research 48,
no. 5 (2017): 2328–2336.

[185] P. K. Sarker, A. R. Kapuscinski, A. Y. Bae, et al., “Towards
Sustainable Aquafeeds: Evaluating Substitution of Fishmeal
With Lipid-ExtractedMicroalgal Co-Product (Nannochloropsis
oculata) in Diets of Juvenile Nile Tilapia (Oreochromis
niloticus),” PLoS ONE 13, no. 7 (2018): e0201315.

22 Aquaculture Nutrition



[186] Z. Z. Sharawy, M. Ashour, E. Abbas, et al., “Ashraf Goda
“Effects of Dietary Marine Microalgae, Tetraselmis Suecica, on
Production, Gene Expression, Protein Markers and Bacterial
Count of Pacific White Shrimp Litopenaeus vannamei,”
Aquaculture Research 51, no. 6 (2020): 2216–2228.

[187] S. Xie, D. Wei, B. Tan, Y. Liu, L. Tian, and J. Niu,
“Schizochytrium limacinum Supplementation in a Low Fish-
Meal Diet Improved Immune Response and Intestinal Health
of Juvenile Penaeus monodon,” Frontiers in Physiology 11
(2020): 613.

[188] W. Xu, H. Li, L. Wu, et al., “Dietary Scenedesmus ovalternus
Improves Disease Resistance of Overwintering Gibel Carp
(Carassius gibelio) by Alleviating Toll-Like Receptor Signaling
Activation,” Fish & Shellfish Immunology 97 (2020): 351–358.

[189] N. H. Y. Nguyen, L. T. Trinh, D. T. Chau, K. Baruah, T. Lundh,
and A. Kiessling, “Spent Brewer’s Yeast as a Replacement for
Fishmeal in Diets for Giant Freshwater Prawn (Macrobrachium
rosenbergii), Reared in Either Clear Water or a Biofloc
Environment,” Aquaculture Nutrition 25, no. 4 (2019): 970–979.

[190] X.-Q. Chen, W. Zhao, S.-W. Xie, et al., “Effects of Dietary
Hydrolyzed Yeast (Rhodotorula mucilaginosa) on Growth
Performance, Immune Response, Antioxidant Capacity and
Histomorphology of Juvenile Nile Tilapia (Oreochromis
niloticus),” Fish & Shellfish Immunology 90 (2019): 30–39.

[191] M. Jin, J. Xiong, Q.-C. Zhou, Y. Yuan, X.-X. Wang, and P. Sun,
“Dietary Yeast Hydrolysate and Brewer’s Yeast Supplementa-
tion Could Enhance Growth Performance, Innate Immunity
Capacity and Ammonia Nitrogen Stress Resistance Ability of
PacificWhite Shrimp (Litopenaeus vannamei),” Fish& Shellfish
Immunology 82 (2018): 121–129.

[192] G. C. Maliwat, S. Velasquez, J. L. Robil, et al., “Growth and
Immune Response of Giant Freshwater PrawnMacrobrachium
rosenbergii (DeMan) Postlarvae FedDiets ContainingChlorella
vulgaris (Beijerinck),” Aquaculture Research 48, no. 4 (2017):
1666–1676.

[193] P. K. Sarker, A. R. Kapuscinski, A. J. Lanois, et al., “Towards
Sustainable Aquafeeds: Complete Substitution of Fish Oil With
Marine Microalga Schizochytrium sp. Improves Growth and
Fatty Acid Deposition in Juvenile Nile Tilapia (Oreochromis
niloticus),” PLoS ONE 11, no. 6 (2016): e0156684.

[194] S. Radhakrishnan, I. E. H. Belal, C. Seenivasan,
T. Muralisankar, and P. S. Bhavan, “Impact of Fishmeal
Replacement With Arthrospira Platensis on Growth Perfor-
mance, Body Composition and Digestive Enzyme Activities of
the Freshwater Prawn, Macrobrachium rosenbergii,” Aquacul-
ture Reports 3 (2016): 35–44.

[195] M. Khanzadeh, A. E. Fereidouni, and S. S. Berenjestanaki,
“Effects of Partial Replacement of Fish Meal With Spirulina
Platensis Meal in Practical Diets on Growth, Survival, Body
Composition, and Reproductive Performance of Three-Spot
Gourami (Trichopodus trichopterus) (Pallas, 1770),” Aquacul-
ture International 24, no. 1 (2016): 69–84.

[196] E. M. Dantas Jr, B. C. S. Valle, C. M. S. Brito,
N. K. F. Calazans, S. R. M. Peixoto, and R. B. Soares, “Partial
Replacement of Fishmeal With Biofloc Meal in the Diet of
Postlarvae of the PacificWhite Shrimp Litopenaeus vannamei,”
Aquaculture Nutrition 22, no. 2 (2016): 335–342.

[197] S. Yeganeh, M. Teimouri, and A. K. Amirkolaie, “Dietary
Effects of Spirulina Platensis on Hematological and Serum
Biochemical Parameters of Rainbow Trout (Oncorhynchus
mykiss),” Research in Veterinary Science 101 (2015): 84–88.

[198] D. Medina-Félix, J. A. López-Elías, L. R. Martínez-Córdova,
et al., “Evaluation of the Productive and Physiological

Responses of Litopenaeus vannamei Infected With WSSV
and Fed Diets Enriched With Dunaliella sp.” Journal of
Invertebrate Pathology 117 (2014): 9–12.

[199] M. D. Ibrahem, M. F. Mohamed, and M. A. Ibrahim, “The
Role of Spirulina Platensis (Arthrospira platensis) in Growth
and Immunity of Nile Tilapia (Oreochromis niloticus) and Its
Resistance to Bacterial Infection,” Journal of Agricultural
Science 5, no. 6 (2013): 109–117.

[200] M. Teimouri, A. K. Amirkolaie, and S. Yeganeh, “The Effects of
Dietary Supplement of Spirulina Platensis on Blood Carotenoid
Concentration and Fillet Color Stability in Rainbow Trout
(Oncorhynchus mykiss),” Aquaculture 414 (2013): 224–228.

[201] R. Cerezuela, F. A. Guardiola, J. Meseguer, and M. Esteban,
“Enrichment of Gilthead Seabream (Sparus aurata L.) Diet
With Microalgae: Effects on the Immune System,” Fish
Physiology and Biochemistry 38, no. 6 (2012): 1729–1739.

[202] M. Hajiahmadian, M. F. Vajargah, H. G. Farsani, and
M. M. Chorchi, “Effect of Spirulina Platensis Meal as Feed
Additive on Growth Performance and Survival Rate in Golden
Barb Fish, Punius Gelius (Hamilton, 1822),” Journal of Fisheries
International 7, no. 3–6 (2012): 61–64.

[203] A. B. Walker and D. L. Berlinsky, “Effects of Partial
Replacement of Fish Meal Protein by Microalgae on Growth,
Feed Intake, and Body Composition of Atlantic Cod,” North
American Journal of Aquaculture 73, no. 1 (2011): 76–83.

[204] M. Madhumathi and R. Rengasamy, “Antioxidant Status of
Penaeus monodon Fed With Dunaliella salina Supplemented
Diet and Resistance Against WSSV,” International Journal of
Engineering Science and Technology 3, no. 10 (2011): 7249–7259.

[205] A. H. Sherif, E. T. Al-Sokary, W. F. Rizk, and M. E. Mahfouz,
“Immune Status of Oreochromis niloticus Subjected to Long-
Term Lead Nitrate Exposure and a Arthrospira Platensis
Treatment Trial,” Environmental Toxicology and Pharmacology
76 (2020): 103352.

[206] N. A. Basri, S. R. M. Shaleh, P. Matanjun, N. M. Noor, and
R. Shapawi, “ThePotential ofMicroalgaeMeal as an Ingredient in
the Diets of Early Juvenile Pacific White Shrimp, Litopenaeus
vannamei,” Journal of Applied Phycology 27, no. 2 (2015): 857–
863.

[207] Y. Gong, H. A. D. S. Guterres, M. Huntley, M. Sørensen, and
V. Kiron, “Digestibility of the Defatted Microalgae Nanno-
chloropsis Sp. and Desmodesmus Sp. When Fed to Atlantic
Salmon, Salmo salar,” Aquaculture Nutrition 24, no. 1 (2018):
56–64.

[208] A. Gopan, S. Lalappan, T. Varghese, M. K. Maiti, and
R. M. Peter, “Anti-Nutritional Factors in Plant-BasedAquafeed
Ingredients: Effects on Fish and Amelioration Strategies,”
Bioscience Biotechnology Research Communications 13, no. 12
(2020): 01–09.

[209] W. Malcorps, B. Kok, M. Som, et al., “The Sustainability
Conundrum of Fishmeal Substitution by Plant Ingredients in
Shrimp Feeds,” Sustainability 11, no. 4 (2019): 1212.

[210] H. F. Gemede and N. Ratta, “Antinutritional Factors in Plant
Foods: Potential Health Benefits and Adverse Effects,”
International Journal of Nutrition and Food Sciences 3, no. 4
(2014): 284–289.

[211] Hamid, N. S. Thakur, and P. Kumar, “Anti-Nutritional Factors,
Their Adverse Effects and Need for Adequate Processing to
Reduce Them in Food,” AgricINTERNATIONAL 4, no. 1
(2017): 56–60.

[212] T. Bandara, “Alternative Feed Ingredients in Aquaculture:
Opportunities and Challenges,” Journal of Entomology and
Zoology Studies 6, no. 2 (2018): 3087–3094.

Aquaculture Nutrition 23



[213] H. M. Abdel-Ghany and M. E.-S. Salem, “Effects of Dietary
Chitosan Supplementation on Farmed Fish: A Review,”Reviews
in Aquaculture 12, no. 1 (2020): 438–452.

[214] M. Parolini, A. Ganzaroli, and J. Bacenetti, “Earthworm as an
Alternative Protein Source in Poultry and Fish Farming:
Current Applications and Future Perspectives,” Science of the
Total Environment 734 (2020): 139460.

[215] H. H. Niyonsaba, J. Höhler, B. A. Rumpold, H. J. Van der Fels-
Klerx, and M. P. M. Meuwissen, “Robustness of Business
Models for Insect Production for Feed and Food in Europe,”
Journal of Insects as Food and Feed 11, no. 17 (2024): 211–228.

[216] S. Li, H. Ji, B. Zhang, J. Zhou, andH. Yu, “Defatted Black Soldier
Fly (Hermetia illucens) Larvae Meal in Diets for Juvenile Jian
Carp (Cyprinus carpio Var. Jian): Growth Performance,
Antioxidant Enzyme Activities, Digestive Enzyme Activities,
Intestine and Hepatopancreas Histological Structure,” Aqua-
culture 477 (2017): 62–70.

[217] A. Nafisah, S. Nahrowi, R. Mutia, andA. Jayanegara, “Chemical
Composition, Chitin and Cell Wall Nitrogen Content of Black
Soldier Fly (Hermetia illucens) lLarvae After Physical and
Biological Treatment,” IOP Conference Series: Materials Science
and Engineering 546, no. 4 (2019): 042028.

[218] S. L. Féon, A. Thévenot, F. Maillard, C. Macombe, L. Forteau,
and J. Aubin, “Life Cycle Assessment of Fish Fed With Insect
Meal: Case Study of Mealworm Inclusion in Trout Feed, in
France,” Aquaculture 500 (2019): 82–91.

[219] C. E. Boyd and A. A. McNevin, “Resource Use and Pollution
Potential in Feed-Based Aquaculture,” Reviews in Fisheries
Science & Aquaculture 32, no. 2 (2024): 306–333.

[220] Y. Li, Q. Ai, K. Mai, W. Xu, J. Deng, and Z. Cheng,
“Comparison of High-Protein Soybean Meal and Commercial
Soybean Meal Partly Replacing Fish Meal on the Activities of
Digestive Enzymes and Aminotransferases in Juvenile Japanese
Seabass, Lateolabrax japonicus (Cuvier, 1828),” Aquaculture
Research 45, no. 6 (2014): 1051–1060.

[221] O. O. Olukomaiya, O. Q. Adiamo, W. C. Fernando,
R. Mereddy, X. Li, and Y. Sultanbawa, “Effect of Solid-State
Fermentation on Proximate Composition, Anti-Nutritional
Factor, Microbiological and Functional Properties of Lupin
Flour,” Food Chemistry 315 (2020): 126238.

[222] H. M. R. Abdel-Latif, S. El-Ashram, A. El-Din H. Sayed, et al.,
“Elucidating the Ameliorative Effects of the Cyanobacterium
Spirulina (Arthrospira platensis) and Several Microalgal Species
Against the Negative Impacts of Contaminants in Freshwater
Fish: A Review,” Aquaculture 554 (2022): 738155.

[223] J. O. Agboola, E. Teuling, P. A. Wierenga, H. Gruppen, and
J. W. Schrama, “Cell Wall Disruption: An Effective Strategy to
Improve the Nutritive Quality of Microalgae in African Catfish
(Clarias gariepinus),” Aquaculture Nutrition 25, no. 4 (2019):
783–797.

[224] E. Teuling, J. W. Schrama, H. Gruppen, and P. A. Wierenga,
“Effect of Cell Wall Characteristics on Algae Nutrient
Digestibility in Nile Tilapia (Oreochromis niloticus) andAfrican
Catfish (Clarus gariepinus),” Aquaculture 479 (2017): 490–500.

[225] B. Mahalder, M. N. Mahmud, M. R. Basori, et al., “Climate-
ResilientAquaculture: RecirculatoryAquaculture Systems–Based
Seed Production for Heteropneustes fossilis in Bangladesh,”
Aquaculture, Fish and Fisheries 5, no. 3 (2025): e70066.

[226] M. M. Haque, D. C. Little, B. K. Barman, M. A. Wahab, and
T. C. Telfer, “Impacts of Decentralized Fish Fingerling
Production in Irrigated Rice Fields in Northwest Bangladesh,”
Aquaculture Research 45, no. 4 (2014): 655–674.

[227] S. Bremer, M. M. Haque, A. S. Haugen, and M. Kaiser,
“Inclusive Governance of Aquaculture Value-Chains: Co-
Producing Sustainability Standards for Bangladeshi Shrimp and
Prawns,” Ocean & Coastal Management 131 (2016): 13–24.

[228] M. A. B. Siddique, A. K. S. Ahammad, B. Mahalder, et al.,
“Perceptions of the Impact of Climate Change on Performance
of FishHatcheries in Bangladesh: An Empirical Study,” Fishes 7,
no. 5 (2022): 270.

24 Aquaculture Nutrition


	Exploring Protein-Based Fishmeal Alternatives for Aquaculture Feeds in Bangladesh
	1. Introduction
	2. Methodology
	2.1. Literature Search Strategy
	2.2. Inclusion and Exclusion Criteria
	2.2.1. Inclusion Criteria
	2.2.2. Exclusion Criteria

	2.3. Data Extraction
	2.4. Categorization and Synthesis
	2.5. Critical Analysis and Interpretation

	3. Results and Discussion
	3.1. Aquaculture Production and Estimated Total Amount of Feed Required
	3.2. Conventional Aquafeeds in Bangladesh
	3.3. Alternative Fish Feed for Sustainable Aquaculture
	3.3.1. Plant-Based Feed Ingredients
	3.3.2. Insect-Based Feed Ingredients
	3.3.3. Agricultural Waste-Based Feed Ingredients
	3.3.4. SCP-Based Feed Ingredients

	3.4. Challenges in Utilizing Alternative Feeds for Sustainable Aquaculture

	4. Conclusion and Future Directions
	Data Availability Statement
	Ethics Statement
	Disclosure
	Conflicts of Interest
	Author Contributions
	Funding
	Acknowledgments
	References


