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Abstract

The rapid expansion of aquaculture and the growing demand for high-quality feed protein have
intensified the search for sustainable alternatives to fishmeal in aquafeeds. Cottonseed-derived protein,
particularly cottonseed protein concentrate (CPC), is a non-edible plant-based ingredient derived from
agricultural by-products and has emerged as a promising alternative due to its high protein content,
cost-effectiveness, wide availability, and advancements in processing technologies. Advances in
processing technologies, including isoelectric precipitation and biological detoxification, have
significantly improved its nutritional quality by reducing anti-nutritional factors (ANFs) such as free
gossypol, thereby enhancing digestibility and nutrient utilization. CPC possesses a relatively balanced
amino acid profile comparable to fishmeal, although limitations in essential amino acids such as lysine
and methionine remain. Numerous studies have demonstrated that moderate inclusion levels of CPC
can effectively support growth performance, feed efficiency, physiological functions, immune
responses, and intestinal health in fish. However, excessive replacement levels may negatively impact
growth, protein deposition, metabolic balance, intestinal morphology, and gut microbiota, particularly
in carnivorous species. These adverse effects are primarily associated with residual gossypol and
nutrient imbalances. To overcome these constraints, various detoxification strategies, especially
microbial fermentation, have been developed to enhance its nutritional value. Overall, CPC holds
significant potential as a sustainable alternative protein source in aquafeeds, although further research is
needed to optimize inclusion levels and assess long-term physiological effects.

Keywords: Cottonseed protein concentrate, fishmeal replacement, aquafeeds, fish physiology,
sustainable aquaculture

Introduction

The global aquaculture industry is experiencing rapid expansion and has become a key pillar
in ensuring food security and nutritional sustainability worldwide (Li et al., 2023a) 28],
According to the Food and Agriculture Organization (FAO), aquaculture production has
increased significantly in recent years, leading to a substantial rise in the demand for high-
quality fe6ed protein (FAO, 2024) [ Dietary protein is essential for fish, supporting
fundamental physiological, biochemical, and growth-related processes. Among feed
components, protein is the most critical and expensive, with fishmeal (FM) traditionally
serving as the primary protein source due to its high nutritional value, balanced amino acid
profile, superior digestibility, and palatability (Serra et al., 2024) [l However, the
sustainability of fishmeal is increasingly challenged by limited availability, rising costs,
fluctuating production, and ecological concerns associated with overfishing (Cheng et al.,
2023) I, These constraints have intensified the search for alternative protein sources,
including plant proteins, single-cell proteins, and insect-based ingredients, to support
sustainable aquaculture development (Reyes et al., 2020) 2. In recent decades, plant-
derived proteins have gained prominence due to their wide availability, cost-effectiveness,
and ease of handling (Aragdo et al., 2022; Serra et al., 2024) [* 461, Soybean meal (SBM) has
been the most widely used alternative; however, its increasing cost and environmental
concerns have raised questions about its long-term sustainability (Costa et al., 2023) Bl. In
this context, cottonseed-derived protein has emerged as a promising alternative due to its
high protein content, global availability, and economic viability. Worldwide cottonseed
production has reached approximately 43.91 million tonnes, with major contributions from
China, India, and the USA. However, its utilization in aquafeeds has historically been limited
by the presence of gossypol, a toxic polyphenolic compound concentrated in cottonseed
glands. To overcome this limitation, various processing techniques have been developed to
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Reduce free gossypol content and enhance protein quality.
These include mechanical processing (crushing, sieving, and
grinding), followed by two-stage solvent extraction using
aqueous and anhydrous acetone to detoxify gossypol, and
subsequent oil removal using petroleum ether to produce
CPC with approximately 72.2% crude protein. Overall, the
development and optimization of cottonseed protein as a
sustainable fishmeal alternative represent a critical step
toward improving feed efficiency and ensuring the long-
term sustainability of aquaculture systems.

The Effect of Cottonseed Protein on Fishes

Integrated Effects of Cottonseed Protein on Protein and
Energy Metabolism in Fish

Cottonseed meal (CSM), a by-product of cotton (Gossypium
hirsutum) oil extraction, remains an economical and widely
available feed ingredient. CSM and its processed form,
CPC, influence protein metabolism in fish through multiple
pathways, largely due to amino acid imbalances and the
presence of residual antinutritional factors (ANFs). A key
limitation of CSM and CPC is their deficiency in essential
amino acids, particularly lysine and methionine (Xu et al.,
2025) %1, which reduces protein bioavailability and limits
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protein synthesis efficiency. Consequently, while moderate
inclusion levels can partially replace fishmeal, higher
substitution levels (generally exceeding 30%) often result in
reduced growth performance and lower protein retention
across various fish species, as reported in rainbow trout
(Oncorhynchus mykiss) (Lee, 2002) 271,

Comparative Effects of Different Plant Proteins on Fish
Health

The search for sustainable alternatives to fishmeal in
aquaculture has intensified due to declining marine
resources, price volatility, and environmental concerns
(Hussain et al., 2024) [ Plant-derived proteins have
emerged as promising substitutes, with cottonseed
(Gossypium spp.), soybean, rapeseed meal, and lupin being
among the most extensively studied options (Qian et al.,
2024; Zhao et al., 2025) % 731, These protein sources can
reduce dependence on finite marine resources while offering
cost-effective  nutritional  solutions. However, their
successful incorporation into fish diets is often constrained
by species-specific responses (Kurniasih et al., 2024) [l
and the presence of ANFs, which may adversely affect

Table 1: Nutritional value, ANFs, and FM replacement levels of plant protein sources in fish diets

Plant . - S .
. . . Main Negative Effects on| Substitution/Addition Level and No
Fs):)%tfég Primary ANFs Core Value for Fish Fish Impact on the Study Subject
Gossypol inhibits fish .
Free Gossypol . . . T 100% (Glandless Cottonseed Protein,
Cottonseed High protein content (Qiu et al., growth and impairs S
Protein (MageshV\[/saSEan, 2021) 2023) 401 intestinal function (Shi et gCSP), Black sea bass (Centropristis

al., 2024) 8] striata) (Anderson et al., 2016) [¥!

Soybean |Trypsin Inhibitors (Di| Balanced amino acid profile

Trypsin inhibitors induce |<40% (Defatted Soybean Meal), A variety
enteritis in fish (Zhang et | of marine and freshwater fish species

Phytate (Yang et al.,

Meal 2022) 167

(Sallam et al., 2021) 4]

i [12] [16]
Protein et al., 2024) (Furuya et al., 2004) al., 2025) [72 (Sales, 2009) ¥
. Poor palatability and 0
Rapeseed Glucosinolates, Widely available, low-cost increased hepatic burden 56.250% (Fermented Rapeseed Meal,

FRM), Red sea bream (Pagrus major)

(Karolina &[gg]styna, 2025) (Dossou et al., 2018) (3

Lupin Alkaloids (Schryvers

Protein et al., 2024) 451 carbohydrates (rich in resistant

High protein digestibility, unique

starch) (Allan & Booth, 2004) @

Poor palatability and high
phytic acid content (Azcuy
et al., 2024) Bl

75% (Dehulled Lupin Meal), Tiger shrimp
(Penaeus monodon) (Sudaryono, 2003) [49]

As summarized in Table 1, cottonseed protein represents a
notable example of this duality. While it provides a high
protein content and can partially replace fishmeal, the
presence of free gossypol may lead to growth inhibition and
intestinal dysfunction (Wang et al., 2022) 8. Similarly,
soybean protein is valued for its balanced amino acid
profile, but its trypsin inhibitors are associated with the
development of enteritis in fish (Liang et al., 2024) 2],
Rapeseed meal, although economically attractive and widely
available, contains glucosinolates and phytate that can
impair palatability and increase hepatic burden (Von
Danwitz et al., 2020) B Lupin protein offers high
digestibility and beneficial carbohydrate fractions; however,
its utilization is limited by alkaloids and phytic acid, which
may negatively affect nutrient utilization and fish health
(Malarvizhi et al., 2024) 81, Overall, while plant proteins
present viable alternatives to fishmeal, their effective use
requires careful consideration of inclusion levels, processing
methods, and species-specific tolerance to ensure optimal
fish performance and health.These plant-derived proteins
share several advantages, including greater sustainability
and lower cost compared to FM. However, their utilization
is often constrained by the presence of ANFs, which can
interfere with nutrient absorption, induce physiological
stress, and reduce feed palatability (Ali et al., 2022) [,
Importantly, variations in fish physiology and feeding

behaviour result in species-specific responses to plant-based
diets, influencing both the type and magnitude of their
effects (Macusi et al., 2023; Daniel, 2018) [ 1, Among the
available alternatives, cottonseed protein demonstrates
notable advantages in fishmeal replacement strategies.
Through selective breeding, glandless cottonseed varieties
have been developed, effectively reducing gossypol toxicity
at the source (Sunilkumar et al., 2006) 2, Compared to
other plant proteins, which require careful formulation and
still exhibit limitations in complete substitution, glandless
cottonseed protein shows greater potential for higher
inclusion levels in aquafeeds. The processes involved in
mitigating gossypol toxicity, including glandless cotton
development and post-harvest detoxification techniques, are
schematically represented in Figure 1 and discussed in detail
herein.

Cottonseed Protein and Gossypol

Advantages and Disadvantages of Cottonseed Protein as
a Fishmeal Substitute

Cottonseed protein (CSP) and CPC exhibit high crude
protein content, highlighting their potential as fishmeal
substitutes. CSP typically contains 50-60% crude protein,
whereas CPC reaches 60-65% (Yang et al., 2024) [58],
However, both sources are deficient in essential amino
acids, particularly lysine, necessitating supplementation
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with crystalline lysine or blending with lysine-rich
ingredients. Although CSP and CPC contain moderate levels
of methionine (0.5-1.1%), these values remain lower than those
found in fishmeal (1.9-2.2%), indicating the need for additional
supplementation. Methionine plays a critical role in
methylation reactions and antioxidant metabolism, thereby
influencing growth and metabolic efficiency. Advances in
processing technologies have significantly reduced free gossypol
levels, improving the safety of cottonseed-derived proteins. Free
gossypol concentrations range from 0.04-0.1% in CSP and are
typically reduced to <0.04% in CPC, compared to higher levels
(0.1-1.2%) in cottonseed meal. Through further processing, CPC
has emerged as a refined alternative with high protein content,
improved digestibility (apparent digestibility coefficient >85%)
(Yones & Abdel-Hakim, 2010) [, and reduced gossypol levels
(<0.04%) (Huang et al., 2025) [ Combined with a cost
advantage of approximately 25-35% over fishmeal and stable
production independent of marine resources, CPC represents a
competitive and sustainable alternative protein source (FAQO,
2024) 141,

Detoxification of Cottonseed Protein

The isolation and utilization of plant proteins present
considerable technical challenges due to structural barriers,
such as rigid cell walls, and the differential solubility of
protein fractions including globulins, albumins, glutenins,
and prolamins (Gallardo-Guerrero et al., 2025) [, In
industrial practice, cottonseed protein is processed into four
principal forms: de-gossypolized cottonseed protein (crude
protein > 50%, free gossypol < 400 mg/kg) (Ma et al., 2018)
(321 produced through low-temperature extraction combined
with gossypol removal; CPC, obtained via low-temperature
extraction and drying to prevent thermal degradation
associated with conventional processing; fermented
cottonseed protein, generated through solid-state microbial
fermentation and enriched with organic acids, digestive
enzymes, and bioactive peptides to enhance nutritional
value; and hydrolyzed cottonseed protein, consisting of
Enzymatically derived peptides and amino acids with
improved bioavailability (Sun et al., 2024) 54,
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Anti-Nutritional Factors (ANFs)

The presence of free ANFs, particularly gossypol,
necessitates effective detoxification to minimize adverse
effects on fish growth and health. Detoxification strategies
can be broadly categorized into pre-production and post-
harvest approaches. Pre-production strategies focus on the
development of glandless cotton varieties to reduce gossypol at
the source, whereas post-harvest methods involve physical,
chemical, and biological techniques to eliminate or reduce its
toxicity. Physical processing has evolved from conventional
extrusion to advanced heat treatments that enhance both safety
and nutritional quality. Chemical methods, particularly solvent
extraction using aqueous or alkaline systems, remain widely
utilized due to their high efficiency in protein recovery and
gossypol reduction. Among these, the liquid-liquid-solid three-
phase extraction technique has emerged as a standard industrial
method, enabling effective gossypol removal under low-
temperature conditions while minimizing nutrient loss (Figure 1)
(Cui et al., 2017) . In comparison, biological detoxification,
especially microbial fermentation, has gained considerable
attention due to its dual role in reducing free gossypol and
enhancing nutritional quality. Fermentation using microorganisms
such as Bacillus subtilis and Candida tropicalis, along with
enzymatic degradation via CotA-laccase, can achieve gossypol
removal efficiencies ranging from 87% to 100% (Wang et al.,
2020) 571, These biological processes not only detoxify gossypol
but also improve feed value by converting complex
macromolecules into smaller, more digestible peptides and amino
acids, thereby enhancing protein digestibility and essential amino
acid availability (Lv et al., 2025) B4, Furthermore, laccase-
mediated detoxification offers advantages such as rapid
processing, high efficiency, and the production of non-toxic
degradation products (Guo et al., 2022) [9. Qverall,
advancements in  detoxification technologies have
significantly improved the safety, nutritional quality, and
practical applicability of cottonseed protein, supporting its
potential as a sustainable alternative to fishmeal in
aquafeeds (Ninkuu et al., 2024) 371,

Detoxification of Gossypol

Raw cottonseed plant
(Gossypium spp.)

[
Pre-Production Strategy
|

Glandless Cotton (Low/No
Gossypol at Source)

Post- Harvest Processing

Glanded Cottonseed
(Containslgossypol.)

Heat Treatment
(Extrusion,
Advanced Heating

= Controlled mechanical
disrmuption (Hammer

+ Cracking of seeds-
Perisperm removal

= Coarse sieving

= Isolation of endosperm
fraction

= Fine grinding (Uniform
particle size)

Stage 1

Chemical
methods

Two Stage Solvent
Extraction
(Aqueous/Alkaline)

Three- Phase Extraction
mill) (Liguid-Liguid- Solid)
13

Reduction of free gossypol

Stage 11

Defatted flour formation

Fat & Oil extraction
(I‘elro]erlm ether)

Cottonseed Protein
Concentrate (CPC)

{=72% Crude Protein)
4 Stage 111 } A d A4 4

Biological
methods

Microbial
Fermentation (Bacillus,
Candida)

Enzymatic Degradation
(Laccase)

Outcomes/ Final Applications

» Reduced Free Gossypol (87-100%)

. Improved Digestibility & Bioavailability
» Enhanced Amino Acid Profile

+ Suitable for Aquafeed & Livestock Feed

Fig 1: Integrated pre-production and post-harvest strategies for gossypol detoxification in cottonseed protein

~109~


https://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

Detoxification of gossypol is a critical step in the utilization
of cottonseed-derived proteins and refers to the removal or
conversion of toxic free gossypol into less harmful forms
through physical, chemical, or biological techniques.
Gossypol itself is a naturally occurring polyphenolic
dialdehyde predominantly found in cottonseeds, though it is also
present in other plant parts such as hulls, leaves, and stems.
Chemically, it is a phenolic aldehyde (CsoH30Os; molar mass 518.6
g/mol) composed of two naphthalene rings with restricted
rotational freedom, resulting in optical isomers ((+)-and (-)-
enantiomers), the proportions of which vary with cotton species
and genetic factors. Gossypol exists in free (toxic) and bound (less
toxic) forms, with total gossypol representing the sum of both; its
concentration is influenced by environmental conditions and
agronomic practices. Accurate quantification is typically carried
out using spectrophotometry, High-Performance Liquid
Chromatography (HPLC), chemiluminescence, or Enzyme-
Linked Immunosorbent ~ Assay  (ELISA), with
Spectrophotometric methods being the most widely adopted
standard.

https://www.biochemjournal.com

Processing and Extraction of Cottonseed Protein

The extraction of cottonseed protein involves a multi-step
process (Figure 2), beginning with the selection and
cleaning of high-quality cottonseeds, followed by dehulling
to obtain kernels and grinding to increase extraction
efficiency (Kumar et al., 2021ab) % 21 The ground
material is subjected to solvent extraction using water or
dilute acid/alkaline solutions under controlled conditions to
solubilize proteins (Webb et al., 2019) 4, The resulting
protein solution is concentrated using ultrafiltration or
membrane separation techniques (Nunneley et al., 2013) [38],
and subsequently dried through spray drying or freeze-
drying to produce a stable protein powder (Kebede, 2024)
231, Finally, the dried product is milled and sieved to achieve
the desired particle size prior to packaging. Throughout this
process, careful regulation of temperature, pH, and
processing time is essential to maximize protein yield and
preserve functional properties.

P N
/ ; -’\tj,) (1

Raw Cotton Plant & Seed

Solvent Extraction

Protein Solubilization
(Control: pH, temperature)

Solid-Liquid Separation
(Filtration / Centrifugation)

Protein Solution Concentration

V- Drymng

&- | (Spray drying / Freeze drying)
\ Ay N\ Grinding & Sieved =
\6&_ | (Uniform particle size)

~—

Selection, Cleaning & Washing \
/ li"". ® (Removal of dust, impurities)

| & Dehulling Defatting
\ iglaT ; 7 g
4'(: ; /J (Kernel shilv separation) Oj
Y -
TEN D
A Kernel Grinding g

(Fine powder formation)

-J

(Ultrafiltration / Membrane separation)

™~

N

Cottonseed oil ||

A

J/

[Final Product]
Stable Protein Powder

-

Fig 2: Flow diagram illustrating the multi-step extraction process of cottonseed protein

Strategies to
Aguafeeds

Although CPC is considered a promising alternative to FM
in aquafeeds, its utilization at high dietary levels is limited
by several nutritional constraints. The major challenges are
mainly associated with the presence of ANFs, particularly
free gossypol, and deficiencies of essential amino acids such
as lysine and methionine (Swigtkiewicz et al., 2016) %3],
These factors may negatively affect nutrient digestibility,
feed utilization, growth performance, and fish health. To
address these limitations, several strategies have been
developed to enhance the nutritional value and utilization
efficiency of CPC in fish diets (Table 2). One of the major
approaches to improving CPC utilization is the optimization

Improve the Utilization of CPC in

of dietary inclusion levels. Previous studies have
demonstrated that partial replacement of fishmeal with
plant-based protein sources can effectively reduce feed costs
without adversely affecting fish growth; however, excessive
replacement levels often result in growth retardation and
reduced feed efficiency (Sun et al., 2015; Xu et al., 2024)
[50. 81 In largemouth bass, replacement of up to 30%
fishmeal with CPC had no significant effects on growth
performance, flesh composition, flavour quality, or muscle
histology, whereas higher replacement levels (>45%)
negatively affected growth (Xu et al., 2024) 4. Similar
findings have also been reported in common carp (Cyprinus
carpio) (Wang et al., 2014) D9 hybrid grouper
(REpinephelus fuscoguttatus % & Epinephelus lanceolatus)
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(Yin et al., 2018) ®8 and cobia (Rachycentron canadum)
(Lunger et al., 2007) B9, These observations suggest that
species-specific optimization of CPC inclusion levels is
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essential for achieving maximum nutritional and economic
benefits.

Table 2: Effects of dietary CPC in combination with functional additives on fish performance and health

CPC Level Hematological Immune-
. . (g/kg)/FM |Additive (Type| IBW & Growth s .
Fish Species Substitution | & Level) Duration | Performance &PAnt|OX|dant Intestinal Health rglated G_ene References
(%) arameters Xpression
Turbot 1 Bifidobacterium,
Stachyose | 8.4+0.01 | t WG, SGR, 1 Lactobacillus, | Dai et al.,
(Scophthalmus 33.0/40 (2.8%) 9/84 d FE | MDA, | DAO Vibrio, | — 2022 [10]
maximus L.)
Pseudomonas
Hybr"zgm“per Sulfate-based | g co. 01| 1 WG, SGR; || MDA: 1SOD| oy N ILIB: T TGE o
fusco uttlatus < 26.4/50 |polysaccharide| /5_66 sig. diff. in CF,| CAT; 1 ACP, E coli ’ B; apoptosis 20233 28]
g (3.0%) 9 HSI, FCR LZM ’ suppressed
E. lanceolatus)
Hybrid grouper . _ -
E | s | Touin | 73:005| e |LTG TGN Lol 16 LR TN yi o1
fuscoguttatus x : (0.8%) g/56 d  |improved FCR patic 1ip ght; imp ’ P 2021 69
deposition gut morphology 8
E. lanceolatus)
Largemouth L .
e digestive _ 1 anti-
bass Acidifier  [20.00+0.23 ! | Vibrio - Zhang et
(Micropterus 27.24145 (0.05%) /56 d enzyme 150D, CAT abundance inflammatory al., 2024 ']
salmoides) activity gene expression
. . No significant T
Largemouth Multl-strgln 5.40+0.07 | difference in l hepag; lipid 1 Romboutsia, 1 Xieetal,
bass (M. 42.0/81 yeast fractions /70 d FBW FCR deposition; | Firmicutes — 2023 1621
salmoides) (0.08%) g SéR ' |bile acid content
| inflammatory
1 Lactobacillus, 1 gene
Largemouth Co_mpoupd 5.99+0.08 |t WG, SGR; || | ALT, AST; | | Bacillus clausii; | expression; |Yangetal.,
bass (M. 36.0/75 amino acids - . [66]
: g/56 d FCR MDA improved gut improved cell | 2024
salmoides) (0.375%) : - )
' integrity adhesion
pathways

Another effective strategy involves improving intestinal
health and maintaining a balanced gut microbiota through
probiotic supplementation. Dietary replacement of fishmeal
with CPC has been shown to reduce intestinal bacterial
diversity and alter gut microbial composition in several
carnivorous fish species (Xie et al., 2022; Chen et al., 2020;
Shen et al., 2020) 63 & 471 CPC-based diets decreased the
abundance of Actinobacteriota while increasing Firmicutes,
and a reduction in beneficial Bacillaceae may contribute to
impaired intestinal health. Previous studies have reported
that Bacillus supplementation in high plant-protein diets can
improve growth performance, enhance immune responses,
and promote overall fish health (Rahimnejad et al., 2021;
Ma et al, 2022) [ 38 Therefore, probiotic
supplementation, particularly with Bacillus spp., may
improve the digestibility, intestinal integrity, and overall
utilization efficiency of CPC-based diets in rainbow trout
and other carnivorous fish species.

Application of CPC in Aquafeeds

The growing demand for sustainable and economical protein
sources in aquaculture has promoted the increasing use of
cottonseed-derived proteins, particularly CPC, in aquafeeds.
Owing to its high crude protein content, comparatively
balanced amino acid composition, improved digestibility,
and reduced ANFs following detoxification, CPC has
emerged as a promising alternative to fishmeal in both
freshwater and marine fish diets. Advances in processing

technologies, including solvent extraction, low-temperature
processing, and microbial fermentation, have further
improved the nutritional quality and applicability of CPC in
aquaculture nutrition. Several feeding studies have
demonstrated that moderate dietary incorporation of CPC
can successfully maintain growth performance, feed
utilization efficiency, physiological status, and intestinal
health in a number of commercially important fish species.
However, the effectiveness of CPC largely depends on
factors such as fish species, dietary formulation, inclusion
level, and residual gossypol concentration.

Inclusion Levels in Different Fish Species

The optimal inclusion level of CPC varies among fish
species depending on feeding habits, digestive physiology,
nutrient requirements, and tolerance to anti-nutritional
factors. In carnivorous fish such as rainbow trout (O.
mykiss) and hybrid grouper (E. fuscoguttatus x E.
lanceolatus), moderate replacement of fishmeal with CPC
(<30-50%) has been reported to maintain satisfactory
growth performance without significant adverse effects
(Chen et al., 2020) . Similarly, in largemouth bass (M.
salmoides), CPC successfully replaced approximately 40%
of fishmeal protein while maintaining acceptable growth
and feed utilization (Xie et al., 2022) 3. Omnivorous fish
species, such as Nile tilapia (Oreochromis niloticus),
generally exhibit higher tolerance to plant-based proteins
and can utilize relatively higher CPC inclusion levels.
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Moderate incorporation of CPC in tilapia diets showed no
significant negative effects on weight gain or feed
conversion ratio, although excessive inclusion levels
impaired intestinal morphology and digestive enzyme
activity. Similar positive responses to moderate CPC
supplementation have also been observed in hybrid culter
and golden pompano (Shen et al., 2020; Xu et al., 2024 [
&4), However, excessive replacement of fishmeal with CPC,
particularly above 50-60%, may negatively affect growth,
nutrient digestibility, and physiological performance due to
residual gossypol, amino acid deficiencies, and reduced
palatability (Tan et al., 2022) 54, Therefore, species-specific
optimization of CPC inclusion levels is essential for
achieving maximum nutritional and economic benefits in
aquafeeds.

Growth Performance and Feed Efficiency Outcomes
Several studies have shown that moderate inclusion of CPC
in aquafeeds can maintain or even enhance fish growth
performance and feed efficiency. Appropriate dietary levels
of CPC have been associated with improved weight gain
(WG), specific growth rate (SGR), feed conversion ratio
(FCR), and protein efficiency ratio (PER) in various fish
species. The high protein digestibility coefficient (>85%) of
CPC further contributes to efficient nutrient utilization and
feed performance. In largemouth bass, moderate dietary
inclusion of CPC improved biomass gain, feed intake, and
overall growth performance (Xie et al., 2022) %1, Similarly,
hybrid grouper fed CPC-based diets exhibited enhanced WG
and SGR at suitable replacement levels (Yin et al., 2018)
68 The supplementation of functional additives such as
tributyrin, polysaccharides, organic acids, probiotics, and
amino acids has also been reported to improve feed
efficiency, antioxidant status, and intestinal health in CPC-
based diets (Li et al., 2023a; Yang et al., 2024) [?8 861,
However, excessive inclusion of CPC may negatively affect
growth and feed utilization due to residual gossypol, amino
acid imbalance, oxidative stress, intestinal inflammation,
and reduced nutrient digestibility. Several studies have
reported reductions in WG, SGR, and protein retention
when CPC replaced high proportions of fishmeal. Therefore,
balanced diet formulation and appropriate supplementation
strategies are essential to optimize the performance of fish
fed CPC-containing diets.

Economic Benefits and Sustainability

CPC has emerged as a cost-effective and sustainable
alternative to fishmeal in aquafeeds due to its wide
availability, lower production cost, and high protein content.
As a major by-product of the cotton oil industry, cottonseed
is abundantly produced in countries such as China, India,
and the USA. The utilization of CPC in aquaculture
therefore supports the efficient use of agro-industrial by-
products while reducing dependence on expensive marine-
derived protein sources (FAO, 2024) 1, Compared with
fishmeal, CPC offers an estimated economic advantage of
approximately 25-35%, making it highly suitable for
commercial feed formulations. In addition, its production is
independent of marine fisheries and fishing quotas, thereby
helping to reduce pressure on wild fish stocks and
contributing to environmentally sustainable aquaculture
practices. The incorporation of plant-based protein
ingredients such as CPC is consistent with the principles of
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circular bioeconomy through improved resource utilization
and reduced environmental burden.

Furthermore, recent advances in detoxification and
fermentation technologies have substantially improved the
nutritional quality, safety, and industrial applicability of
CPC (Cui et al., 2017) . Biological detoxification methods
not only lower free gossypol content but also enhance
nutrient digestibility and bioavailability, leading to
improved feed utilization efficiency (Ninkuu et al., 2024; Lv
et al., 2025) B7 31 Collectively, these improvements
highlight the strong potential of CPC to support
economically viable and sustainable aquaculture production
systems.

Challenges and Limitations

Despite its considerable nutritional and economic potential,
the use of cottonseed-derived proteins in aquafeeds is still
constrained by several factors, including residual gossypol
toxicity, essential amino acid deficiencies, reduced
palatability, and species-specific variations in nutrient
utilization. These limitations may negatively influence
growth performance, intestinal health, metabolic activity,
and overall fish welfare, particularly when CPC is included
at excessive dietary levels.

Gossypol Toxicity

Gossypol is the principal ANFs restricting the wider
application of cottonseed-derived proteins in aquaculture
feeds. Free gossypol is a toxic polyphenolic compound that
can impair intestinal integrity, nutrient absorption, and
metabolic functions in fish (Wani & Nazir, 2022) 9, |t
disrupts tight junction proteins such as ZO-1 and occludin,
thereby increasing intestinal permeability and triggering
inflammatory responses (Fu et al., 2022) 1151, Moreover,
gossypol readily binds with lysine and iron, reducing
nutrient availability and contributing to hematological
disorders such as anemia. Residual gossypol may further
suppress digestive enzyme activity, interfere with protein
synthesis, induce oxidative stress, and alter hepatic
metabolism, ultimately reducing growth performance and
feed efficiency (Wang et al., 2018; Tan et al., 2022) [56. 54,
Although  modern  processing and  detoxification
technologies have markedly lowered free gossypol levels in
CPC, complete elimination remains difficult, particularly at
higher dietary inclusion levels. Therefore, continued
improvement in detoxification methods and careful
evaluation of safe inclusion levels are essential for the
effective utilization of CPC in aquafeeds.

Amino Acid Imbalance

Another important limitation of CPC is its relatively low
concentration of essential amino acids, especially lysine and
methionine, compared with fishmeal (Xu et al., 2025) 53],
These amino acids are crucial for protein synthesis, growth
regulation, antioxidant metabolism, and immune function in
fish. Their deficiency may reduce nutrient utilization
efficiency, impair muscle development, and compromise
immune responses. To overcome these nutritional
limitations, supplementation with crystalline amino acids
and the use of complementary protein ingredients are
commonly adopted in aquafeed formulations (Yang et al.,
2024) 81 In addition, processing approaches such as
microbial fermentation and enzymatic hydrolysis have been
explored to improve amino acid availability and protein
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digestibility (Sun et al., 2024) B4, Nevertheless, amino acid
imbalance remains a major concern when CPC is used as a
high-level substitute for fishmeal.

Species-Specific Responses

Fish species exhibit considerable variation in their tolerance
to plant-derived proteins and anti-nutritional factors due to
differences in digestive physiology, feeding habits,
metabolic capacity, and intestinal microbiota composition.
Omnivorous species such as tilapia generally show greater
tolerance to higher dietary CPC inclusion levels, whereas
carnivorous species such as rainbow trout and grouper are
comparatively more sensitive to plant proteins and residual
gossypol (Lee, 2002) 27, These species-specific differences
may influence growth performance, intestinal morphology,
immune responses, oxidative status, and metabolic
regulation (Kurniasih et al., 2024; Gopan et al., 2020) 25 18],
Consequently, universal dietary recommendations for CPC
inclusion cannot be applied across all aquaculture species.
Species-specific feeding trials and nutritional evaluations
are therefore necessary to determine optimal inclusion levels
and appropriate supplementation strategies for different fish
species.

Conclusions and Future Perspectives

Cottonseed-derived proteins, particularly CPC, have
emerged as promising sustainable alternatives to fishmeal in
aquafeeds due to their high protein content, wide
availability, and economic benefits. Recent advances in
processing and detoxification technologies, including
microbial fermentation, enzymatic hydrolysis, and low-
temperature extraction, have significantly reduced free
gossypol levels while improving digestibility, nutritional
quality, and feed utilization efficiency. Several studies have
demonstrated that moderate dietary inclusion levels of CPC
can effectively maintain growth performance, feed
efficiency, intestinal health, antioxidant status, and immune
responses in  various fish  species. Furthermore,
supplementation with essential amino acids and functional
feed additives can further enhance the nutritional efficacy of
CPC-based diets. However, excessive inclusion levels may
still negatively affect growth, metabolism, nutrient
utilization, and intestinal integrity due to residual gossypol
toxicity, amino acid imbalance, reduced palatability, and
species-specific responses to plant-derived proteins. From
economic and environmental perspectives, CPC offers
substantial potential to reduce feed costs, decrease reliance
on marine-derived fishmeal, and promote the sustainable
utilization of agricultural by-products in aquaculture
systems. Future research should therefore focus on
improving detoxification efficiency, optimizing species-
specific inclusion levels, balancing essential amino acids,
and evaluating the long-term physiological and metabolic
effects of CPC in different aquaculture species. Overall,
with continued technological and nutritional advancements,
CPC holds strong promise as a viable and sustainable
protein source for modern aquafeeds.
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