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Potential opportunities and
challenges of utilizing brewer’s
spent grain in sustainable fish
feeding within the circular
economy

E. Geremia ® *, E. Buonocore?, P. Venditti?, I. Adamos?3,
S. Paolacci?®, C. Agnisola? and G. Napolitano @ **

Environment, Resources and Sustainable Development”’, Department of Science and Technology,
Parthenope University of Naples, Centro Direzionale, Naples, Italy, 2Department of Biology, Federico I
University of Naples, Complesso Universitario Monte Sant'/Angelo, Naples, Italy, *AquaBioTech Group,
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Alongside growing concern about the environmental impacts of the aquaculture
production sector, increasing interest is being directed toward sustainable
alternatives to traditional protein sources used in aquafeed, such as fish meal
and soybean meal. Among these, brewers’ spent grain (BSG), a byproduct of the
brewing industry, has recently emerged as an alternative ingredient. BSG is a low-
cost, year-round resource that may be well-suited for the circular economy. It
contains moderate levels of proteins (15%—-27% of dry matter) and appreciable
amounts of antioxidant compounds (polyphenols and phenolic acids). Several
studies show that BSG can replace up to 50% of traditional protein sources in
aquafeed formulations without compromising growth performance. However,
BSG has drawbacks, including its high content of antinutritional factors (ANFs)
and its relatively low level of essential amino acids. Processing strategies such as
hydrolysis and fermentation appear promising for reducing ANFs and enhancing
protein availability. Moreover, information on the global impacts of using BSG
in aquafeed, either raw or processed, remains limited. A Life Cycle Assessment
analysis conducted on two hypothetical diets with 10% or 37% BSG as partial
replacements for traditional ingredients reveals that a detailed assessment of
environmental impacts across all stages of aquafeed production is essential to
support the large-scale adoption of BSG in aquaculture.

KEYWORDS
BSG, circular economy, fish nutrition, life cycle assessment, oxidative stress, sustainable
aquafeed

1 Introduction

Brewers' spent grain (BSG), the primary by-product of beer production, is a
widely available waste that can be valorized as a functional ingredient in animal
feed thanks to its high fiber and protein content. In recent years, research has
increasingly explored the potential applications of BSG in aquaculture, particularly
within the frameworks of sustainability and the circular economy. A keyword-
based literature analysis of publications on “brewers’ spent grain” since 1953
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(see  Supplementary Figure S1 in  Supplementary Material S1)
highlights a growing scientific interest in its innovative use within
aquatic food systems. This trend is largely driven by the urgent need
to identify more sustainable alternatives to conventional aquafeed
ingredients. At present, aquaculture relies heavily on fishmeal
and fish oil derived from wild fisheries, resources associated with
significant environmental pressures and increasing economic costs.

In this context, BSG represents a promising bioresource capable
of transforming brewery waste into a valuable input for aquafeed
production, thereby contributing to a more circular and resource-
efficient value chain. The partial replacement of fish-derived
ingredients with BSG could alleviate pressure on marine ecosystems,
reduce feed costs, and improve the overall sustainability profile of
farmed fish products (Karlsen and Skov, 2022).

Despite these promising prospects, the incorporation of BSG
into aquaculture feeds poses several challenges. Its effective
integration within a circular economy framework requires
addressing issues such as limited digestibility and ensuring
the nutritional adequacy of BSG-based diets for various fish
species, with respect to growth performance, product quality, and
animal health. Furthermore, it is essential to evaluate whether
BSG inclusion genuinely reduces the environmental impact of
feed production, taking into account factors such as biomass
transportation, processing energy requirements, and associated
emissions. Comprehensive life cycle assessments are, therefore,
necessary to substantiate the sustainability claims related to BSG
utilization.

This review provides a comprehensive synthesis of current
knowledge on the use of brewers spent grain as an aquafeed
ingredient. It examines the expected benefits, including reduced
dependence on marine-derived inputs, potential cost savings, and
enhanced waste valorization, while also addressing the scientific and
practical challenges that must be overcome to enable large-scale
adoption. Understanding these factors is crucial for assessing the
feasibility of BSG as a sustainable and scalable component of future
aquaculture feeding strategies.

2 The rise of aquaculture production
and related environmental impacts

Following remarkable growth since the 1950s, the fisheries
and aquaculture sector reached a record production of 224
million tons in 2022, of which 83% consisted of aquatic animals
(FAO, 2024). Currently, the fisheries and aquaculture sector
supplies approximately 15% of global animal protein requirements,
with contributions exceeding 50% in several regions in Asia
and Africa (FAO, 2024). This growth was mainly sustained by
aquaculture (MacLeod et al., 2019; FAO, 2024), which now
accounts for 65% of the sector’s total revenue. In contrast, fishery
production has stagnated due to increasing pressure on fish stocks
caused by overfishing, pollution, inadequate management, and
other factors (FAO, 2024).

Although aquaculture production is expected to continue
growing, concerns about its environmental impacts are also rising
due to its waste generation and resource use, especially water
and energy (Ahmad et al, 2022; Jiang et al, 2022). A key
aspect of aquaculture development is the rising demand for fish
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feed production, which is essential for ensuring both production
efficiency and product quality (Mitra, 2021). Fish feeds must
supply adequate levels of unsaturated fatty acids and crude protein
(CP), typically ranging from 25% to 55%, depending on species-
specific feeding habits (herbivorous, carnivorous, or omnivorous)
and life stage (Webster and Lim, 2002; Boyd, 2015). Fishmeal
(FM) and fish oil (FO) have traditionally fulfilled these nutritional
requirements, due to their high digestibility and nutritional quality
(FAO, 2024). They are derived from a variety of wild-caught marine
fish species, including Peruvian anchoveta (Engraulis ringens Jenyns
1842), herring (Clupea spp.), pollock (Pollachius spp.), sand eels
(Hyperoplus spp.), menhaden (Brevoortia spp.), and several sardine
genera (Directorate General for Maritime Affairs and Fisheries and
EUMOFA, 2020; Stickney and Gatlin, 2022; FAO, 2024).

As aquaculture continues to expand and wild fish stocks
remain under pressure, reducing the sector’s dependence on
marine-derived resources has become imperative (Kok et al., 2020;
Karlsen and Skov, 2022). This shift requires the identification and
adoption of alternative ingredients to replace FM and FO. Concerns
regarding FM and FO extend beyond the depletion of fish stocks,
encompassing the significant environmental impacts associated
with their entire production chain, from fishing to processing.
Different studies using the Life Cycle Assessment (LCA) approach
(ISO, 2006), which enable comparison of environmental impacts
across farms and feed formulations (Ziegler et al., 2003; Hospido
and Tyedmers, 2005; Thrane, 2006; Cao et al., 2013; Prescott, 2017;
Ghamkhar and Hicks, 2020), have shown that fish harvesting and
transportation account for 60%-90% of the total greenhouse gas
(GHG) emissions associated with FM and FO production. Moreover,
the processing stage requires substantial amounts of heavy fuel
oil or natural gas to power the fish cooking, drying and general
plant operations. Additional environmental impacts arise from
processing residues of FM and FO, including suspended solids and
oil fractions, which are often discharged into the marine ecosystem
(Fréon et al., 2017). On the other hand, the use of fishing by-
products as alternative sources for FM and FO production does not
substantially reduce the environmental impacts, largely due to their
low conversion yields (Pelletier and Tyedmers, 2007).

3 Sustainability of fishmeal
replacement with plant-based sources

A widely investigated strategy to enhance the sustainability of
fish feed involves replacing animal-derived ingredients with plant-
based alternatives. Aquaculture systems already rely on a broad
range of plant ingredients, either as primary dietary components
or as partial substitutes for FM and FO. These include grains such
as wheat and corn, oilseeds such as soybean, sunflower, rapeseed,
and cottonseed, and legumes including beans, lupins, and peas
(Stickney and Gatlin, 2022). Among these, soybean meal (SM) is
the most commonly used plant protein source in animal feeds
worldwide (Hartman et al, 2011). Plant-based ingredients are
generally widely available and more cost-effective than fishmeal
(Chakraborty et al., 2019). Furthermore, crop traits, such as protein
and oil content, can be improved through selective breeding
and genetic engineering to better meet aquaculture nutritional
requirements. Advances in genomics have elucidated the molecular
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mechanisms regulating key nutritional traits, providing breeders
with tools to accelerate the development of crop varieties tailored
for feed applications (Gatlin IIT et al., 2007).

Despite these advantages, the production of plant-based feed
ingredients can substantially contribute to the environmental
impact of aquaculture. Large areas of arable land are required to
cultivate feed crops, potentially driving deforestation and increasing
terrestrial ecotoxicity due to fertilizer use (Boissy et al.,, 2011).
Additional concerns include the water footprint, particularly for
irrigation (Mekonnen and Gerbens-Leenes, 2020), as well as
energy consumption associated with cultivation, processing, and
transport (Fréon et al., 2017).

Beyond environmental considerations, the nutritional and
physiological implications of replacing FM and FO with plant-based
ingredients must also be carefully evaluated (Aragio et al.,, 2022;
Petereit et al., 2022; Glencross et al., 2024). Plant-derived ingredients
often lack certain essential amino acids, such as taurine, which is
particularly important for the growth and health of carnivorous fish
species (Aragao et al,, 2022). In addition, they may contain anti-
nutritional factors that impair nutrient absorption and gut health.
For example, soybean-derived saponins have been associated with
enteritis in salmonids (Krogdahl et al., 2010). Diets rich in plant
proteins may also compromise immune responses in fish, increasing
disease susceptibility (Krogdahl et al., 2010; Aragdo et al., 2022). To
mitigate these effects, feeds are often supplemented with probiotics
(live microorganisms that confer health benefits) and prebiotics
(non-digestible compounds that stimulate the growth of beneficial
gut microbiota). These additives can enhance intestinal health,
improve immune responses, and strengthen disease resistance in
farmed fish (Nawaz et al., 2018; Nimalan et al., 2022).

Among plant-based alternatives, microalgae have recently
attracted growing interest (Olsen et al, 2024), particularly as
potential substitutes for FM and FO in fish nutrition (Bandara, 2018;
Sarker et al, 2020; Karapanagiotidis et al., 2022; Vazquez-
Romero et al., 2024). Microalgae are rich in high-quality proteins,
polyunsaturated fatty acids
minerals, and antioxidant compounds. They also contain several

(including omega-6), vitamins,

bioactive molecules that can enhance growth performance and
health in aquatic organisms (Dernekbasi et al,, 2010; Roy and
Pal, 2015). For example, the pigment astaxanthin, derived from the
microalgae Haematococcus pluvialis, improves immune responses
and mitigates oxidative stress in fish (Bandara, 2018; Lu et al., 2021;
Patel et al, 2021). Microalgae are also promising prebiotic
ingredients by promoting the proliferation of beneficial gut bacteria
(Kononova et al, 2019; Patel et al., 2021). However, despite
technological advancements and the exploration of alternative
substrates such as wastewater to enhance productivity and reduce
environmental burdens (Mennaa et al., 2015; Wuang et al., 2016;
Mantovani et al., 2020; Geremia et al., 2021; Napolitano et al., 2022b;
Pechsiri et al., 2023), large-scale algal production remains hampered
by significant economic and environmental bottlenecks. These
include high electricity demand, substantial water use, the
need for nutrient-rich culture media, CO, supply requirements,
and energy-intensive harvesting processes (Han et al, 2019;
Ragaza et al., 2020; Tzachor et al., 2022).

In recent years, increasing attention has been directed toward
the valorization of agricultural and food industry by-products
as alternative feed ingredients. The agricultural and food sectors
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generate substantial volumes of waste, usually disposed of on land or
discharged into water bodies. Improving the sustainability of these
sectors requires transforming such waste into value-added products
(Freitas et al., 2021; Singh et al., 2021). Agro-industrial by-products
can represent suitable aquafeed ingredients due to their relatively
high content of proteins, carbohydrates, fatty acids, and bioactive
compounds (Obirikorang et al., 2015; Pechsiri et al., 2023).

Within this context, BSG emerges as a particularly promising
by-product for aquaculture applications (Karlsen and Skov, 2022).
BSG has relatively high protein content (see below), low market
cost, and consistent year-round availability. These properties make
it a putative replacement for both animal-derived ingredients, such
as fishmeal (Zerai et al, 2008), and plant-derived ingredients,
such as soybean and wheat flour (Jayant et al., 2018). From a
circular economy perspective, BSG offers significant potential as
a sustainable food source in aquaculture (Kaur and Saxena, 2004;
Jayant et al., 2018; Nazzaro et al., 2021; Karlsen and Skov, 2022).
Its utilization could reduce dependence on conventional protein
sources, mitigate associated environmental impacts, and contribute
to the conservation of wild fish stocks. The following sections
examine the advantages and limitations of using BSG as a
replacement for more impactful ingredients.

4 Brewer's spent grain as a
replacement ingredient in aquafeed

4.1 Production of beer and related waste
products

Global beer production has remained relatively stable over recent
decades, reaching 1.82 billion hectoliters in 2022 (Statista, 2025).
China is the leading producer, accounting for approximately 20%
of global output, followed by the USA at 11% (Statista, 2025).
Within the European Union, Member States produced 34.3 billion
liters of alcoholic beer and nearly 1.8 billion liters of low- or
non-alcoholic beer (Eurostat, 2024). BSG is the primary solid by-
product of the brewing process (see Supplementary Figure S2 in
Supplementary Material S1), representing approximately 80%—85% of
the total waste generated by the industry (San Martin et al., 2020;
Estévez et al.,, 2022; Karlsen and Skov, 2022). A major second by-
product is brewer’s spent yeast (BSY), which accounts for around
10%-15% of total waste (San Martin et al., 2020; Estévez et al., 2022).
Both BSG and BSY possess significant nutritional value and have
attracted interest across multiple sectors (Mussatto et al., 2006;
Wen et al, 2019). Additional brewery waste products, such as
spent hop and trub, also represent potential sources of nutrients
(e.g., proteins) and bioactive compounds (e.g., natural antioxidants)
(Bravi et al,, 2021; Gandolpho et al., 2025). Nowadays, in addition
to limited disposal in landfills, BSG is predominantly utilized
as a supplementary feed ingredient for livestock, especially cattle
(Johnson et al.,, 2010). Beyond its application in aquaculture as a
potential feed replacement ingredient, several potential uses have been
proposed for BSG, including biogas production (Nganyira et al., 2023;
2025), incorporation into human food products (Schettino et al., 2021;
Gutiérrez-Barrutia et al., 2022; Eche et al., 2025), and its use as a
substrate for microbial cultivation and enzyme production (Casas-
Godoy et al., 2023).
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4.2 Brewer's spent grain composition

BSG consists primarily of the husks, along with portions
of barley’s pericarp and seed coat layers of barley (Hordeum
vulgare L.), the principal raw material in beer production
(Mussatto et al., 2006; Jay et al., 2008). BSG is a lignocellulosic
material whose composition may vary depending on factors such
as barley variety, brewing technology, and the use of adjuncts
(Mussatto and Roberto, 2005; Robertson et al., 2010; Xiros and
Christakopoulos, 2012; Lynch et al., 2015; Karlsen and Skov, 2022).
The main components are non-starch polysaccharides (NSP,
primarily cellulose and the hemicellulose arabinoxylan), lignin,
proteins, lipids, and other minor polysaccharides (Xiros and
Christakopoulos, 2012; Lynch et al., 2015; Karlsen and Skov, 2022;
Zeko-Pivac et al., 2022). In addition, BSG also contains minerals
and traces of vitamins (IAFFD, 2025), as well as significant
concentrations of polyphenols and phenolic acids, compounds
recognized for their antioxidant properties (Bravi et al., 2021).

On a dry-weight basis, non-starch polysaccharides (NSPs)
account for more than 40% of BSG (Mussatto et al., 2006). Proteins
and lignin are also present in substantial amounts, ranging from
15% to 27% and 11%-30%, respectively (Carvalheiro et al., 2004;
Mussatto et al., 2006). Lipids constitute approximately 10% of
the dry matter, starch ranges between 1-10%, and ash content is
around 2% (Kanauchi et al., 2001; Mussatto and Roberto, 2005;
Jay et al., 2008; Rojas-Chamorro et al., 2020). More than 50% of
BSG proteins consist of hordeins (prolamin glycoproteins), which
are the primary storage proteins in barley and are particularly rich
in proline and glutamine (Celus et al., 2006; Lynch et al., 2015).
The remaining protein fraction includes albumins, globulins, and
glutelins (Lynch et al,, 2015). Although the total protein content
of BSG is lower than that of conventional aquafeed ingredients
such as fishmeal (FM) and soybean meal (SM), its essential amino
acids (EAAs) profile is comparatively balanced in relative terms
(Figure 1 and in Supplementary Material S2). This characteristic
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enhances its potential value as a complementary protein source in
aquafeed formulations.

4.3 Brewer's spent grain replacement
effects on growth performance parameters

Quite a few studies specifically examined the effects of BGS
as a replacement ingredient for fishmeal on growth performance
across fish species with different feeding habits (Table 1). The
majority of these studies have focused on freshwater species. In most
cases, dried and ground BSG was used to partially replace either
fishmeal or plant-based ingredients in the diet. Some studies have
evaluated processed forms of BSG, including enzyme-hydrolyzed
BSG (He et al,, 2020; Nazzaro et al,, 2021) or fermented BSG
(Estévez et al., 2022). Notably, He et al. (2020) utilized a protein-
rich hydrolyzed BSG containing more than 45% CP. Similarly,
the BSG used by Hassan et al. (2016), Jayant et al. (2018), and
Chattaraj et al. (2024) was reported to contain more than 45% CP.
It is not always clearly specified whether the BSG in these studies
underwent processing prior to its inclusion in feeding trials. In one
study, solid-state fermented BSG (BSG-SSE, see below) was evaluated
in parallel with untreated BSG, allowing for a direct comparison of
their effects (Estevao-Rodrigues et al., 2024).

Despite the heterogeneity of experimental designs and feeding
protocols, some general conclusions can be drawn. Overall, most
of these studies suggest that a partial but significant replacement
of fish or vegetal protein sources with BSG does not negatively
affect growth performance and, in some cases, may even improve
it. However, the effectiveness of BSG replacement likely appears to
depend on several factors, including fish species, dietary inclusion
level, and the type of BSG processing applied. For example, studies
on iridescent striped catfish (Pangasianodon hypophthalmus Sauvage,
1878) and Nile tilapia (Oreochromis niloticus L.) reported that diets
in which up to 50% of fishmeal or soybean meal was replaced with
BSG resulted in comparable or even higher weight gain and specific
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TABLE 1 Effects of BSG introduction in aquafeed on growth performance and feed efficiency. The species tested are listed together with a synthesis of
treatments and main effects.

Species

Meagre (Argyrosomus
regius Asso, 1801)

Treatment

10% of BSG or BSG-SSFE,
reducing other plant

Animal initial
weight/Treatment

duration

84 + 1g/68 days

BSG, but not BSG-SSE,
reduced growth

Literature source

Estevao-
Rodrigues et al. (2025a)

Notes

(marine fish, ingredients performance and protein
carnivorous) utilization efficiency of
fish

Catla (Catla catla 10%, 20%, 30%, and 40% 0.84 g/12 months In 30% BSG, final body Kaur and Saxena (2004)
Hamilton 1822) of rice bran replaced by weight, SGR, and PER
(freshwater fish, BSG were higher than
zooplanktivore) Control. FCR was lower

in the 10% group
Mrigal (Cirrhina mrigala 10%, 20%, 30%, and 40% 3.89 g/12 months No difference from Kaur and Saxena (2004)

(Hamilton 1822)

of rice bran replaced by

control, except for an

(freshwater fish, BSG increase in FCR
phytoplanktivore)
Reba carp (Cirrhinus 25% of SM replaced by 1.31 g/60 days No difference from Chattaraj et al. (2024) b
reba, Hamilton 1822) BSG control in all growth
(freshwater fish, performance parameters
planktivore) and digestibility
10% and 20% of BSG or 92 g/60 days 20% BSG-SSF Estevao- 2
BSG-SSE reducing other significantly increased Rodrigues et al. (2024)
plant ingredients the digestibility of the
diet
European seabass 10% and 20% of BSG or 49g/10 weeks Higher growth and feed Estevao- 2
(Dicentrarchus labrax L.) BSG-SSE reducing other efficiency than the Rodrigues et al. (2025b)
(marine fish, plant ingredients control with 10%
carnivorous) BSG-SSE and lower with
BSG (10% and 20%)
Up to0 0.4% crude 22g/15 days Significant increase in Fernandes et al. (2022)
lyophilized extracts of feed and protein
BSG-SSF utilization
Channel catfish (Ictalurus 27% and 55% BSG added 5.2+0.2 g/12 weeks Lower growth compared Tidwell et al. (2023)
punctatus Rafinesque, to replace both soybean to the control diet
1818) (freshwater fish, and wheat flour partially
omnivorous)
Bata (Labeo bata BSG replaces 100% of SM 3.32 +0.25 g/60 days Survival rate and growth Hassan et al. (2016) b

Hamilton 1822)

performance are not

(freshwater fish, different from the control
herbivore)
Rohu (Labeo rohita 10%, 20%, 30%, and 40% 2.72g/12 months The final body weight, Kaur and Saxena (2004)
Hamilton 1822) BSG to replace rice bran SGR, and PER in group
(potamodromous fish, 30% were higher than in
omnivorous) the control. FCR was
lower in fish fed with
30% BSG

Whiteleg shrimp 10%, 30%, 50%, and 70% 1.10 + 0.06 g/8 weeks No difference with the He et al. (2020) N
(Litopenaeus vannamei of fishmeal replaced by control, except for the
Boone 1931) (marine protein-rich H-BSG lower SFR and weight
shrimp, detritivorous, gain with 70%
omnivorous) replacement

20% BSG and H-BSG 206.05 + 41.18 g/30 days BSG: no difference with Nazzaro et al. (2021) d
Rainbow trout replacing fish meal in the control; H-BSG:
(Oncorhynchus mykiss diet significant reduction in
Walbaum 1792) growth; diet digestibility
(freshwater fish, slightly reduced
carnivorous) 7.5% and 15% BSG or 77.90 + 8.97 g/60 days No difference from the Estévez et al. (2022) d

H-BSG in diets control diet.
(Continued)
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TABLE 1 Continued

Species

Nile tilapia (Oreochromis
niloticus L.) (freshwater
fish, herbivore)

Treatment

25%, 50%, 75%, and
100% of fishmeal
replaced by BSG

Animal initial
weight/Treatment

duration

24.8 6 5.0 g/10 weeks

Effects

No significant difference
in body weight gain
between the control diet
and diets that replaced
25% or 50% of fishmeal
with BSG. No significant
differences in FCR
between the control and
25%, 50% or 75% BSG
diets. PER was the
highest in the control
group and the lowest in
the 100% BSG group

10.3389/fphys.2026.1766656

Literature source

Zerai et al. (2008)

Notes

27% and 55% BSG added
to replace both soybean
and wheat flour partially

5.0 £ 1.2 g/8 weeks

Lower growth compared
to the control diet

Tidwell et al. (2023)

20% H-BSG in the diets.
Other plant meals were
accordingly modified to

keep diets isonitrogenous
Gilthead seabream

Striped catfish 25%, 50%, 75%, and 2.2 +0.02 g/60 days Most parameters, Jayant et al. (2018)
(Pangasianodon 100% of soybean including SGR and FCR,
hypophthalmus Sauvage, replaced by were not affected by 25%
1878) (freshwater fish, BreweryWastel and 50% BSG
omnivorous) replacement and were
reduced by higher BSG
levels
7.5%, 15% and 20% BSG; 94.49 +9.07 g/70 days 20% BSG or H-BSG Estévez et al. (2021)

lowered both growth and
feed utilization

20% BSG, H-BSG, or
MW-BSG

(Sparus aurata L.)
(marine fish,
carnivorous)

60.49 + 0.26g/3 months

Martinez-
Antequera, et al. (2025)

MW-BSG improved
growth and feed
efficiency

20% D-BSG and H-BSG
replacing fish meal in the
diet

253.01 + 27.68 g/30 days

No difference with the Nazzaro et al. (2021) d
control diet; diet
digestibility slightly
reduced

Initial weights are as mean + SD, when provided by the authors.

BSG: brewer spent grain; H-BSG: hydrolyzed BSG; MW-BSG: microwave heat pretreated BSG; BSG-SSF: solid-state fermented BSG; SGR: specific growth rate; FCR: feed conversion ratio; PER:

protein efficiency ratio.

*BSG-SSF is produced by solid-state fermentation of BSG with Aspergillus ibericus; compared with BSG, it contains more proteins (32% vs. 27%) and less cellulose (15% vs. 21%).

PBrewery waste: the “brewery spent grain” used in these studies was rich in CPs, 47.26% dry mass.

“BSG, was hydrolyzed and concentrated, so the CP content was about 46%.
4BSG and H-BSG had a similar CP content (25% and 22%, respectively).

growth rate (SGR) relative to control groups (Zerai et al., 2008;
Jayant et al., 2018). Studies carried out on gilthead seabream
(Sparus aurata Linnaeus, 1758), rainbow trout (Oncorhynchus mykiss
Walbaum, 1792), and Nile tilapia (O. niloticus) have shown that
the BSG-containing diets performed comparably to control diets,
without affecting final weight, relative growth rate (RGR), or feed
conversion ratio (FCR, the ratio between the total weight of feed
fed to animals and the harvested animals) (Zerai et al., 2008;
Nazzaro et al,, 2021; Estévez et al., 2022). However, when BSG
replaces more than 50% of fishmeal, growth and performance can
be negatively affected compared to traditional feeds. For instance, in
trials on Pacific white shrimp (Litopenaeus vannamei Boone 1931),
a 70% fishmeal replacement with BSG resulted in lower specific
growth rates (SGR) compared to the control diet (He et al., 2020).
Only one study on Nile tilapia reported reduced growth rate at both
BSG concentrations tested (27% and 55%) (Tidwell et al., 2023).
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The use of processed BSG derivatives, such as solid-state
fermented BSG (BSG-SSF) or BSG-derived enzyme extracts,
generally enhances feed efficiency and growth performance in fish.
For instance, inclusion of 10% BSG-SSF improved both growth
and feed efficiency in Argyrosomus regius and D. labrax (Estevao-
Rodrigues et al., 2025a; Estevao-Rodrigues et al., 2025b). Similarly,
crude extracts from fermented BSG, incorporated at 0.4% into
a plant-based diet, enhanced digestibility as well as feed and
protein efficiency ratios in D. labrax (Fernandes et al., 2021; 2022).
Additionally, microwave heat-treated BSG (MW-BSG), included at
20% of the diet, improved growth and feed efficiency in gilthead
seabream (S. auratus) (Martinez- Antequera et al., 2025).

In summary, although a comprehensive understanding of
BSG inclusion in aquafeed is still developing, the available
evidence strongly indicates that replacing up to approximately
50% of conventional protein sources with BSG can achieve
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growth performance comparable to control diets. This observation
highlights the potential of BSG as a viable and sustainable protein
source in aquafeed, which can be used as a partial replacement for
FM, soybean, or both in aquaculture feeds.

5 Brewer's spent grain effects on

redox homeostasis and health status
of fish

Oxidative stress is a critical concern in aquaculture, driving
interest in dietary strategies to enhance the antioxidant capacity
and overall health of cultured species (Ciji and Akhtar, 2021;
He et al, 2023; Song et al., 2023). Beyond its role as a protein
source in animal feeding, BSG is recognized for its antioxidant
properties, which are primarily attributed to its high content of
phenolic compounds—a group of bioactive molecules that can
prevent oxidative damage under conditions of excessive cellular
production of Reactive Oxygen Species (ROS) (Bravi et al., 2021).
Demonstrating that BSG can enhance the oxidative defense
mechanisms in fish would provide a compelling additional
rationale for its inclusion as a functional ingredient in
aquafeeds.

5.1 Oxidative stress in aquaculture

ROS are molecules produced by multiple cellular pathways,
with mitochondria serving as both a primary source and a
major target (Napolitano et al.,, 2021). While ROS play several
essential roles in maintaining normal cellular functionality
(Napolitano et al., 2022a), their high reactivity also makes
them capable of oxidatively damaging lipids, proteins, and
nucleic acids, thereby impairing cell integrity and functionality
(Napolitano et al., 2022a). To mitigate ROS-induced damage and
maintain redox homeostasis, cells rely on an antioxidant system
that efficiently preserves redox homeostasis (Napolitano et al., 2023;
Subba et al.,, 2024). When ROS levels exceed the capacity of this
system, oxidative stress occurs, which can compromise cellular
function and increase the organism’s susceptibility to disease
(Napolitano et al., 2023; Subba et al., 2024).

In aquaculture, organisms can be chronically exposed to stress
conditions, including poor water quality, pollution, improper
management practices such as high stocking densities, and
inadequate nutrition (Jeney, 2017; Hardy and Kaushik, 2021). These
conditions increase susceptibility to pathogens and compromise
overall fish health and wellbeing (Noga, 2010). Environmental stress
conditions are often associated with oxidative stress resulting from
disrupted mitochondrial function, increased ROS production, and a
reduction in the antioxidant defenses (Chowdhury and Saikia, 2020;
Jia et al., 2022; Shi et al, 2022; Song et al, 2023). Excessive
or unbalanced ROS levels can impair gill respiratory efficiency
(Lushchak, 2011; Lushchak, 2016), induce liver dysfunction
(Atli et al, 2006), and interfere with nutrient absorption in
the intestine (Lushchak, 2016). Oxidative stress also affects
other organs, such as muscles, brain (Costantini et al., 2010),
and kidneys (Lushchak, 2011), while the heart, gonads, skin, and
fins may also be affected, although their involvement in the oxidative
stress response is less commonly reported.
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The severity and specific effects of oxidative stress depend on
multiple factors, including the type, intensity, and duration of the
stressors, as well as the species, age, and developmental stage of
the fish. Moreover, the oxidative stress response may vary across
different tissues (Osério et al., 2022; Subaramaniyam et al., 2023).
A thorough understanding of the underlying mechanisms and
tissue-specific impacts of oxidative stress is essential for designing
effective strategies to mitigate its effects and improve resilience in
aquaculture systems (Zhang et al., 2022).

Supplementing fish feed with antioxidant compounds is currently
the primary approach used to mitigate oxidative stress in aquaculture.
Synthetic antioxidants, such as ethoxyquin, butylated hydroxyanisole
(BHA), and butylated hydroxytoluene (BHT), are among the
most widely used additives in food and feed formulations
(Lundebye et al., 2010; Blaszczyk et al,, 2013; Kandeel et al., 2024).
More recently, there has been growing interest in incorporating natural
antioxidants into fish feeds, as these compounds can enhance growth
and product quality while promoting the sustainability of aquaculture
systems (Tsiplakou et al., 2021; Pereira et al., 2022; Hu et al., 2025).

5.2 Antioxidant properties of brewer’s
spent grain

Natural sources of polyphenols have been proposed as a viable
alternative to synthetic antioxidants for promoting fish health
and enhancing aquaculture productivity (Ahmadifar et al., 2021).
The potential of BSG as a dietary antioxidant supplement has, to
date, been primarily assessed in non-fish models. Polyphenols
and phenolic acids in BSG may exert anti-inflammatory and
antioxidant effects either by directly neutralizing reactive oxygen
species (Oliva et al., 2023) or by indirectly enhancing endogenous
antioxidant defenses (Fernandes et al., 2022). For example,
McCarthy et al. (2014) reported that phenolic extracts from
BSG increased cellular antioxidant capacity and reduced the
production of pro-inflammatory interleukins in U87 cells. Similarly,
Merten et al. (2022) observed a significant, dose-dependent
beneficial effect of BSG as a functional food in a cell model of the
small intestine, which was correlated with the content of phenolic
compounds and their antioxidant activity. In vivo studies have also
been conducted; for instance, Boontiam et al. (2022) conducted
a 28-day feeding trial in weaning pigs, incorporating diets with
10% and 20% BSG fortified with 0.1% multienzymes. Dietary
inclusion of BSG has been shown to enhance total antioxidant
capacity (TAC) and stimulate the activity of the antioxidant
enzyme superoxide dismutase (SOD). At the same time, levels of
malondialdehyde (MDA), a widely used biomarker of advanced
lipid oxidative damage, were reduced in animals receiving 20%
BSG. These findings are consistent with earlier observations on
broiler chicken (Ashour et al., 2019), where graded levels of dietary
BSG (3%, 6%, 9%, and 12%) resulted in a dose-dependent increase
in glutathione peroxidase (GPx) activity and a parallel decrease
in MDA concentrations. In the same study, reductions in serum
aspartate aminotransferase activity, urea, and creatinine were also
reported, suggesting potential improvements in liver and kidney
function. BSG supplementation also protects against a high-fat diet
in rats by reducing the amount of triglycerides and LDL (Low-
Density Lipoprotein) in plasma (Orzel et al., 2018). Owing to
its high content of dietary fiber, proteins, and bioactive phenolic
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compounds, BSG has been recognized as a valuable antioxidant-
rich food ingredient for human consumption (Ikram et al., 2017;
Schettino et al., 2021), which can potentially help prevent various
diseases. Polyphenols have also been implicated in the anti-
inflammatory effects of BSG protein extract and its associated
hydrolysates (McCarthy et al., 2013). Information on the antioxidant
effects of BSG in fish nutrition remains limited. In a study conducted
by Fernandes et al. (2022) on juvenile European sea bass (D. labrax
L.), a BSG extract enriched in carbohydrases and antioxidants
(obtained through solid-state fermentation, SSF), a process in which
BSG serves as a substrate for microorganisms such as Aspergillus spp.
or Bacillus spp.) significantly reduced lipid peroxidation (LPO) in the
intestine and muscle. Additionally, the extract enhanced the activity
of antioxidant enzymes in both the intestine and liver. These findings
were partially confirmed by Estevdo-Rodrigues et al. (2025b),
further supporting the functional potential of processed BSG
derivatives. Overall, although the available evidence is still limited,
current findings indicate that BSG has excellent potential as a natural
antioxidant source. This potential warrants further investigation into
its application as a functional antioxidant ingredient in aquafeeds.

5.3 Immunomodulatory properties of
Brewer's spent grain

Moderate inclusion of brewers’ spent grain (BSG) in mammalian
diets has been shown to exert immunomodulatory effects,
particularly when BSG is processed into extracts or protein
hydrolysates. Enzymatically hydrolyzed BSG has been reported
to stimulate the production of both pro- and anti-inflammatory
cytokines in rat immune cells (Cian et al, 2020; Barrera-
Leon et al,, 2025), suggesting a modulatory rather than purely
stimulatory immune response. Similarly, extracts obtained from
pulsed electric field (PEF)-treated BSG have been shown to induce
the expression of pro-inflammatory cytokines, including IL-1p, IL-
6, and TNF-a, as well as chemokines such as IL-8, MCP-1, and
MIP-1a in human immune cell assays (Kumari et al., 2019).

The antioxidant properties of BSG are closely associated with
its immunomodulatory activity. Phenolic-enriched BSG extracts
have been shown to increase the activity of key antioxidant
defenses, including superoxide dismutase (SOD), catalase, and
glutathione (GSH), while simultaneously decreasing the production
of cytokines such as IL-2, IL-4, IL-10, and IFN-y in stimulated
T cells. This pattern suggests coordinated antioxidant and anti-
inflammatory responses (McCarthy et al., 2014). Moreover, BSG-
derived protein hydrolysates and bioactive peptides exhibit both
immunoregulatory and antioxidant effects. In vitro studies have
demonstrated their capacity to protect against oxidative damage
(Connolly et al.,, 2013; McCarthy et al., 2014) and to reduce IL-
6 production in lipopolysaccharide (LPS)-stimulated macrophages
(Connolly et al., 2013). In vivo evidence further indicates that
BSG supplementation exerts combined antioxidant and anti-
inflammatory effects along the liver-spleen axis in sucrose-fed rats
(Oliva et al., 2023). It has been proposed that the enhancement
of immune cell function following BSG supplementation may be
attributable to an improved cellular redox state, resulting from its
antioxidant capacity (Kaur and Saxena, 2004; Wen et al., 2019).
However, most available studies have merely reported the co-
occurrence of antioxidant and immunomodulatory effects, and a
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direct mechanistic link between these responses has yet to be clearly
established.
Processed of BSG have also

immunomodulatory activity in fish. For example, dietary inclusion

forms demonstrated
of enzymatically or microwave-pretreated BSG at 20% has been
shown to modulate gut microbiota composition and increase
intestinal alkaline phosphatase activity in gilthead seabream (S.
aurata) (Martinez-Antequera et al., 2025). Furthermore, a BSG
extract (BEP), produced through cellulase and hemicellulase
hydrolysis, upregulated the expression of pro-inflammatory
cytokines and antioxidant enzymes (including SOD, GPx, and
glutathione reductase (GR) in a rainbow trout intestinal epithelial
cell line (RTgutGC) (Carcamo et al, 2026). Although several
studies have documented pronounced immunomodulatory effects
of brewers’ spent yeast (BSY) in fish nutrition, the immunological
impact of untreated BSG in fish diets remains largely unexplored.

5.4 Other effects of brewer’s spent grain
on fish health status

Several studies have assessed the metabolic and physiological status
of fish fed diets containing BSG. In juvenile European seabass (D.
labrax), both untreated BSG and solid-state fermented BSG (BSG-
SSF) reduced plasma glucose and phospholipid levels, as well as
hepatic glucokinase and malic enzyme activities, indicating a shift in
carbohydrate and lipid metabolism (Estevao-Rodrigues et al., 2025a).
In gilthead seabream (S. aurata), inclusion of pretreated BSG altered
plasma metabolic markers, decreased lactate concentrations, and
increased alkaline phosphatase activity in skin mucus, suggesting
modulation of both metabolic pathways and mucosal immune
responses (Martinez-Antequera et al., 2025). Replacement of soybean
meal or fishmeal with BSG did not appear to compromise physiological
status in other species. In striped catfish, inclusion levels of up to
70% BSG (replacing soybean meal) did not affect protein retention
or body composition (Jayant et al., 2018). Similarly, in reba carp,
a 13% substitution of soybean meal with BSG did not alter
body composition or serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) activities, which are indicators of
liver function (Chattaraj et al., 2024). Overall, these findings suggest
that partial replacement of less sustainable protein sources with BSG
generally does not impair fish health, although outcomes depend on
speciesand inclusionlevel. Moreover, processed or pretreated BSG may
even enhance certain aspects of metabolic and physiological status.

6 Main bottlenecks of applying
brewer's spent grain in aquafeed

Despite its reported and potential benefits in aquafeeds, the
use of BSG also presents certain limitations. As with many protein
sources of plant origin, BSG may pose challenges related to lower
digestibility and palatability compared to fish meal, largely due to
its high content of antinutritional factors (ANFs). Moreover, its
lower protein content compared to traditional ingredients (e.g., FM
or SM) may increase the risk of deficiencies in specific essential
amino acids (AAs) if diets are not properly balanced (Kokou and
Fountoulaki, 2018; Karlsen and Skov, 2022).
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6.1 Antinutritional factors, digestibility, and
palatability

Plant ANFs include lectins, phytic acid, alkaloids, protease
inhibitors, tannins, and indigestible non-starch polysaccharides
(NSPs). As in most animals, fish lack the endogenous enzymes
required to hydrolyze the B-glycosidic bonds in NSPs. Thus, plant-
based protein sources are often less digestible and may influence
intestinal microflora, impair digestion, reduce nutrient absorption,
and negatively affect fish’s intestinal health, immune modulation,
and growth (Krogdahl et al., 2010; Kokou and Fountoulaki, 2018;
Hardy and Kaushik, 2021; Karlsen and Skov, 2022). Other anti-
nutritional factors in plant-based fish feed ingredients include
protease inhibitors, lectins, tannins, saponins, phytic acid,
glucosinolates, and some alkaloids (see Supplementary Material S2
for a detailed list and content).

Unrefined BSG nutritional value in aquaculture is affected by
its high content of ANFs, which mainly include NSPs (cellulose,
hemicellulose, B-glucan, and pectins) and lignin (He et al., 2020).
Tannins and phytic acid are also present, although in comparatively
lower concentrations. Notably, BSG contains higher lignin and fiber
concentrations than SM (Karlsen and Skov, 2022). The ANFs in
BSG may affect feed intake, efficiency, and fish health (Karlsen
and Skov, 2022). Recently, a study on Nile tilapia fed a diet
containing 20% BSG reported a crude protein digestibility of 67%
while energy digestibility was reduced, likely due to the high
fiber content (Glowka et al., 2025).

One strategy to overcome the low digestibility of BSG
could be to reduce the indigestible components (Martinez-
Antequera et al., 2025). For example, lignin and fiber in BSG can be
reduced to negligible quantities through refinement processes such
as chemical fractionation (protein extraction and removal of fiber
and lignin) or through the conversion of lignocellulose fractions
into more digestible components using biological, chemical, or
enzymatic treatments (He et al, 2020; Karlsen and Skov, 2022).
Solid-state fermentation of BSG, which promotes the hydrolysis
of NSPs, has been shown to improve diet digestibility in juvenile
D. labrax (Estevao-Rodrigues et al., 2024). On the other hand,
only a slight reduction in the apparent digestibility of diets was
observed by Nazzaro et al. (2021) when 20% BSG or hydrolyzed BSG
was used to replace fishmeal, suggesting that moderate inclusion
levels—particularly when combined with processing—may mitigate
negative effects on nutrient utilization.

Another issue regarding BSG inclusion in fish diets is feed
palatability. Several studies have found that high BSG inclusion
can reduce feed intake in fish, suggesting lower palatability, which
may be related to the increased proportion of plant-based proteins
(Oliva-Teles and Gongalves, 2001; Estévez et al., 2021; 2022).
Nevertheless, additional research is needed to comprehensively
evaluate the factors influencing BSG palatability and its acceptability
across different fish species.

6.2 Brewer's spent grain proteins as a
source of essential amino acids

Proteins and AAs are the most critical components for animals,

as they underpin key physiological and biochemical processes
as well as tissue growth. However, animals (including aquatic
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animals such as fish and shrimp) are unable to synthesize all
AAs required for protein turnover, the mechanism through which
tissues are renewed, and physiological wellbeing is maintained.
Consequently, these organisms must acquire essential AAs (EAAs)
through dietary protein intake (Hardy and Kaushik, 2021). The
requirement for EAAs is species-specific, making it crucial to
provide diets containing adequate levels of both total proteins and
individual AAs (Hardy and Kaushik, 2021). Generally, for most
fish, a 1:1 ratio between total EAAs and total non-essential AAs
(NEAAs) in dietary protein is considered optimal for efficient
body protein synthesis (Hardy and Kaushik, 2021). The EAAs
required by fish include arginine, histidine, isoleucine, leucine,
valine, lysine, sulfur amino acids (methionine + cysteine), aromatic
amino acids (phenylalanine + tyrosine), threonine, and tryptophan.
According to a recent meta-analysis (Xing et al, 2024), the
dietary requirements for these EAAs, expressed as a percentage
of CPs, range from 0.9% for tryptophan to 6.2% for aromatic
amino acids.

Alternative protein sources, such as plant-based ingredients
or food industry by-products, fail to provide a complete or well-
balanced amino acid profile when compared with fish meal, which
is naturally rich in EAAs. Most plant protein sources used in
aquaculture feeds, such as corn, wheat, and barley, tend to be
deficient in key EAAs, including lysine, methionine, arginine,
and histidine (see Supplementary Material S2) (He et al., 2019;
He et al., 2020; Karlsen and Skov, 2022).

Concerning the content of EAAs in BSG, Waters et al. (2012)
reported very high levels of EAAs, notably lysine (14.3% of CP)
and leucine (6.12% of CP). However, these elevations have not
been confirmed by subsequent studies (Connolly et al, 2013;
Wen et al, 2019; Alonso-Riafo et al., 2021). Overall, the
EAAS content of BSG, when expressed as a percentage of
CP, can be considered comparable to that of most ingredients
currently used in fish feeds (see Supplementary Material S2
for details), indicating that the total content of crude proteins
level is the primary limiting factor. Interestingly, BSG waste
from the craft beer industry has been reported to contain
a high proportion of free amino acids, approximately 40%
of which are EAAs, compared with BSG waste generated
2022).
Consistently, BSG supplied by a local microbrewing company

by large multinational beer industry (Jin et al,

was reported to contain a higher protein content (32%) than
that reported in most other studies evaluating BSG as a fish meal
replacement (Zerai et al., 2008).

Beyond formulating diets by combining protein sources with
different amino acid profiles, it is possible to correct the AA
deficiency in a BSG-based diet by using two main approaches:

i. Increasing the total protein percentage of BSG. Post-
processing treatments can substantially enhance the content
of total proteins of BSG. For instance, alkaline treatment with
sodium hydroxide followed by enzymatic hydrolysis using
alcalase produces a high-protein ingredient that has been
shown to replace up to 50% of fish meal in shrimp diets
without adversely affecting specific growth rate (SGR) or
feed conversion ratio (FCR) (He et al., 2019; 2020). Similarly,
solid-state fermentation (SSF) of BSG, which, as mentioned
above, may improve digestibility and antioxidant content,
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also increases total CP levels, thereby enhancing the overall
nutritional profile of BSG (Estevao-Rodrigues et al., 2024). In
European seabass (D. labrax), dietary inclusion of BSG-SSF at
10% improved growth performance and feed efficiency, while
inclusion at 20% resulted in performance comparable to that
of the control diet (Estevao-Rodrigues et al., 2025b).
ii. Supplementation with crystalline amino acids (CAAs). Among
the widespread successes of biotechnological innovation is the
substantial reduction in the cost of large-scale AAs production
for use in animal feeds (National Research Council, Division
on Earth and Life Studies, Board on Agriculture and Natural
Resources, Committee on the Nutrient Requirements of Fish
and Shrimp, 2011). Amino acids such as DL-methionine
and L-Lysine are now routinely produced through chemical
synthesis or microbial fermentation. Given the high cost
of fishmeal and the cheapness of plant protein source with
“imperfect” EAA profiles, CCAs represent a potentially
effective strategy to meet the EAA requirements of fish,
thereby enabling the formulation of nutritionally adequate
and low-cost aquafeeds (National Research Council, Division
on Earth and Life Studies, Board on Agriculture and Natural
Resources, Committee on the Nutrient Requirements of
Fish and Shrimp, 2011; Hardy and Kaushik, 2021; Karlsen
and Skov, 2022). CAAs have been successfully used in
commercial feeds to meet the EAA needs of land animals
for terrestrial livestock for more than 40-60 years (National
Research Council, Division on Earth and Life Studies,
Board on Agriculture and Natural Resources, Committee
on the Nutrient Requirements of Fish and Shrimp, 2011;
Hardy and Kaushik, 2021). However, despite their economic
relevance in feed formulations, their widespread adoption
in aquaculture has been slow, largely due to uncertainties
regarding their utilization efficiency in aquatic species
(National Research Council, Division on Earth and Life
Studies, Board on Agriculture and Natural Resources,
Committee on the Nutrient Requirements of Fish and
Shrimp, 2011). While some studies have demonstrated that
CAAs are utilized as efficiently as EAAs derived from intact
dietary proteins (Williams et al., 2001; Rollin et al., 2003),
others have reported reduced efficiency (Peres and Oliva-
Teles, 2005; Dabrowski et al., 2010).

Both approaches appear promising. However, further research
is required to comprehensively assess the global environmental
sustainability of SSF-treated BSG and CAA-enriched BSG-based
diets. Such evaluations should adopt a holistic perspective and
explicitly account for the environmental impacts associated with
crystalline amino acid synthesis as well as BSG processing and
post-treatment steps.

7 Environmental impacts of using BSG
for fish feeding in aquaculture

Despite the limitations described above, we can infer from
current knowledge that BSG can partially replace traditional fish
feed ingredients without negatively affecting fish growth and,
depending on species and inclusion level, may even enhance animal
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wellbeing. However, what about the consequences of using BSG in
fish feed in terms of environmental impact assessment?

At present, there is a clear paucity of studies specifically
addressing the environmental sustainability of BSG use in aquafeed.
To complement the overview of biological and applicative aspects
of BSG supplementation with an environmental perspective, this
review includes the results of a life cycle assessment (LCA)
analysis. In this analysis, the potential environmental impacts of
two hypothetical fish diets incorporating BSG, partially replacing
ingredients such as FM, wheat flour, and SM, were evaluated (see
Supplementary Material S1 for details). LCA, as standardized by
the International Organization for Standardization (ISO, 2006), is a
key methodological tool for assessing environmental sustainability
in aquaculture production systems (Cao et al., 2013; Bohnes and
Laurent, 2019). Our analysis focused on a diet for O. niloticus, one
of the most widely farmed fish species in global aquaculture, with
production exceeding 5 million tons in 2022 (FAO, 2024). This
species is an omnivorous species and capable of efficiently digesting
plant-derived ingredients (Webster and Lim, 2002; FAO, 2024). Diet
composition for O. niloticus can vary considerably depending on
life stage (FAO, 2025). For the present assessment, we adopted
the reference diet proposed by Zerai et al. (2008), in which
the main ingredients were wheat flour (44%), FM (25%), and
SM (25%). Using AFOS (Animal Feed Formulation Software,
www.animalfeedsoftware.com), we formulated three nutritionally
balanced diets: a control diet according to Zerai et al. (2008),
a D1 diet containing 10% BSG, and a D2 diet containing 37%
BSG (see Supplementary Tables S1, S2 for details on formulation
and composition, Supplementary Material S1). The inclusion of BSG
required a reduction in wheat meal (by 15% and 25% in D1 and
D2, respectively) and fish meal (by 5% and 8% in D1 and D2,
respectively), corresponding to an overall reduction in fish meal
usage of 20% in D1 and 32% in D2. It is worth noting that to maintain
nutritional balance, the SM content had to be increased in D1, while
in D2, both FM and SM were reduced.

We evaluated the Fish-In to Fish-Out (FIFO) ratio for the
three experimental diets and applied LCA methodology to each of
them (see Supplementary Material S1 for details). The FIFO ratio
quantifies the amount of wild-caught fish required to produce 1 kg of
farmed fish and is widely used as a simplified benchmark to assess
the impact of FM and FO used in aquaculture on wild fish stocks
(Glencross et al., 2024). Although the FIFO metric has recognized
limitations, such as its inability to distinguish between fisheries-
derived ingredients and processing by-products (Kok et al., 2020;
Aas et al., 2022; IFFO, 2025), remains a commonly adopted
indicator of the sector’s progress toward improved environmental
performance. FIFO values are influenced by the amount of feed
required to achieve 1kg of biomass gain, as expressed by the feed
conversion ratio (FCR) (El-Sayed, 2013; Kok et al., 2020). At the
global level, the use of FM and FO in aquaculture declined steadily
between 2000 and 2020, with the overall FIFO value dropping
from 0.66 to 0.27 (IFFO, no date). In our analysis, the inclusion
of BSG in the diets resulted in a marked reduction in FIFO
values, calculated following Glencross et al. (2024), of 18% for
D1 and 31% for D2 (see Supplementary Material S1 for details).
These results indicate that even a relatively modest reduction in
fish meal inclusion (5%-8%) can substantially lower pressure on
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wild fish stocks, highlighting the potential environmental benefits
of incorporating BSG into aquafeeds.

The LCA results for the production of the three diets
(Supplementary Figures S3-S5
indicate that the environmental impacts are primarily driven

in  Supplementary Material S1)
by the inclusion levels of FM, SM, and wheat flour. In most
environmental impact categories, SM and wheat flour contribute
the largest shares. However, soybean cultivation may reduce
impacts in the human non-carcinogenic toxicity category, likely
due to the plant’s capacity to uptake heavy metals such as
nickel and zinc. Fish meal shows the highest contributions to
Ozone formation, Human health, Ozone terrestrial ecosystem,
Terrestrial ecotoxicity, Marine ecotoxicity, and Fossil resource
scarcity categories. The D2 diet (Supplementary Figure S5 in
Supplementary Material S1), characterized by the highest inclusion
of BSG, exhibits the lowest overall environmental impact.
This finding suggests that incorporating BSG as an alternative
ingredient can effectively reduce the environmental burdens
associated with aquafeed production. Conversely, the D1 diet
(Supplementary Figure S4 in Supplementary Material S1), although
reducing the impacts associated with fish meal through increased
soybean inclusion, results in higher contributions to several impact
categories such as Global warming, Freshwater eutrophication,
Freshwater ecotoxicity, Human carcinogenic, Land use, Mineral
resource scarcity, and Water consumption. Consequently, when
comparing the environmental sustainability of the three diets
the
Control and D1 diets displayed similar impacts. Overall, the

(Supplementary Figure S6 in Supplementary Material S1),
comparison highlights the importance of carefully balancing
ingredient substitution strategies, as reducing reliance on fish meal
does not necessarily translate into lower environmental impacts
across all categories.

Although the D2 diet shows the lowest contribution across all
environmental impact categories, it may not necessarily represent
the optimal formulation for O. niloticus, given its high BSG inclusion
level. For instance, Tidwell et al. (2023) reported that replacing
with BSG reduced growth performance in this species when BSG
inclusion exceeded 27%.

Overall, the analysis suggests that substituting fish meal,
wheat flour, and soybean meal with BSG can alleviate pressure
on fish stocks and reduce environmental impacts. However,
such benefits are contingent upon maintaining neutral or
positive effects on growth performance, as indicated by several
studies to date.

8 Conclusion

Improving the sustainability of aquaculture, the fastest-growing
food production sector, offers multiple environmental, social, and
economic benefits. In line with the principles of the Blue Economy
(Bennett et al., 2019) and several of the Sustainable Development
Goals (SDGs) outlined in the UN 2030 Agenda (Walsh et al., 2022),
sustainable aquaculture can contribute to the conservation and
responsible use of marine resources. Moreover, it can support
the achievement of the SDGs “No poverty” and “Zero hunger”
by helping to reduce poverty and providing food for people.
Finally, promoting sustainable aquaculture practices can advance
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the goals of “Good Health and Wellbeing” and “Climate Action,”
generating positive outcomes for both human health and climate
mitigation.

Within a circular economy framework and from an
environmental perspective, replacing traditional feed ingredients,
including plant-based ones, with BSG in aquaculture diets has the
potential to reduce the sector’s contribution to major environmental
challenges, such as global warming and resource scarcity (e.g., land
and water). Our review suggests that the partial substitution of
more impactful ingredients, such as fish meal or SM, with BSG
may represent an environmentally sound strategy for aquafeed
formulation. However, the evidence also highlights the need for
a cautious and balanced approach when incorporating BSG into
aquaculture feeds. An assessment that integrates environmental,
nutritional, economic, and zootechnical perspectives is still
required. While several studies report that BSG inclusion can
maintain satisfactory growth performance, at least in certain
species and at moderate inclusion levels, some findings also suggest
potential benefits for animal welfare.
the high
polysaccharides (NSPs) in BSG, often regarded as antinutritional

However, levels of lignin and non-starch
factors, especially for carnivorous species, may affect diet
digestibility. In addition, its crude protein content is not comparable
to that of fish meal and may be inadequate to fully meet the
essential amino acid requirements of farmed fish. These nutritional
constraints currently limit the broader adoption of BSG in aquafeed
formulations. On the other hand, the nutritional quality of BSG
can be enhanced through various processing techniques aimed at
reducing ANFs and increasing protein content. Further research
is required before such approaches can be reliably implemented
at scale in aquafeed production. Moreover, comprehensive
assessments of both overall and category-specific environmental
impacts—covering all stages of feed production—are essential
to accurately quantify and optimize BSG substitution strategies.
Such integrated evaluations would support the development of
replacement protocols consistent with the broader goal of enhancing

the sustainability of the aquaculture sector.
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