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Blue foods from aquaculture are essential in bridging the protein gap to feed the
human population in the future. However, for aquaculture production to be
sustainable, production must be within planetary boundaries, and sourcing of
sustainable raw materials is a key driver in sustainable production. This article
explores the role of single-cell proteins (SCPs) derived from microorganisms in
aquafeeds. Three main aspects are discussed: sustainability, scalability of
fermentation technology, and fish performance. In addition, and through a
comprehensive proof-of-concept trial with rainbow trout (Oncorhynchus
mykiss), this article demonstrates SCP's efficacy in replacing traditional feed
ingredients without compromising fish growth and health. The trial's findings
demonstrate a high protein digestibility and a balanced amino acid profile, as well
as health benefits measured through oxidative burst response. To date,
commercial adoption of SCP has been hindered by high production costs and
the need for substantial investments to scale fermentation technologies.
However, the sustainability landscape is changing as large industry players
openly commit to sustainability targets and realize that longer-term and
investment thinking into the future is needed. In conclusion, SCP emerges as a
promising avenue for sustainable aquafeeds, offering a solution to the protein
supply challenge within planetary boundaries. In addition, in terms of
environmental benefit, SCP shows clear advantages regarding land use, carbon
emissions, biodiversity impact, and water consumption. Ultimately, the
successful integration of SCP into aquafeeds could significantly contribute to
the industry’s sustainability goals and play an essential role in securing the future
supply of raw material proteins.
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Introduction

Aquaculture has become the fastest-growing animal protein
industry, and it has been identified as one of the main blue food
industries that play a critical role to meet the protein gap of 100
million (dry) MTs annually estimated by 2050 for our growing
human population (FAO, 2022). However, this food production
must be delivered within planetary boundaries, and one of the
drivers of sustainable aquaculture is the use of sustainable raw
materials. For many years, the aquaculture industry has been
searching for novel or alternative protein-rich raw materials to
complement a raw material basket of marine ingredients, animal
by-products, and plant ingredients. In addition, heightened prices
and supply shortages in plant proteins have been recorded since
2022 due to natural and geopolitical events, which further motivates
a drive for alternative protein sources (Aas et al., 2022). Alternative
or novel protein candidates include insects, macroalgae, and single-
cell organisms or single-cell proteins (SCPs) (Colombo et al., 2023).

SCP products are derived from the fermentation of
microorganisms, such as bacteria, yeast, fungi, or microalgae
using renewable feedstocks, and provide a readily available
protein-rich microbial biomass. While SCP is not a new concept,
having been used for human and animal nutrition since the 1960s,
biotechnological advances have enabled more efficient and cost-
effective production processes (Glencross et al., 2020b; Jones et al.,
20205 Sharif et al., 2021). Fermentation technologies are used today
to produce food and feed ingredients and additives such as yeast
extracts, organic acids, enzymes, and vitamins. Some famous
examples of food fermentation products are Spirulina used by
NASA for astronaut foods (Soni et al., 2021) and the meat
replacement Quorn, which was launched in the 1980s
(Gastaldello et al., 2022). However, the industry is still judged
with mixed opinions, partly related to the use of synthetic
biology concerns and the lack of full understanding related to
the environmental, climate, and nature-based benefits of
these technologies.

The potentially high protein content (70% or higher) of these
microorganisms combined with high growth rates, a balanced
amino acid profile that meets the nutritional requirements of
various aquaculture species, and the ability to convert a diverse
array of platform molecules into protein makes SCP a frontrunner
when it comes extending the raw material basket beyond fish meal
and plant protein currently used. However, SCP still represents a
very low inclusion of protein sources in commercial aquafeeds (Aas
etal., 2022). To increase the commercial use of SCP, it is important
that production costs decrease, and this requires a substantial
increase in investment to produce large volumes in bioreactors
located close to aquaculture farming facilities (Sarker, 2023). In this
view, investors need reliable and thorough scientific evidence to
support decision-making. This article summarizes the landscape for
SCP across the three critical levers of (i) sustainability, (ii) scalability
and advances in fermentation technology, and (iii) fish nutrition
and performance, and presents a recent proof-of-concept trial.
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Sustainable aquaculture and single-
cell proteins

Modern aquafeeds currently rely on relatively high levels of
terrestrial plant materials, such as soy protein concentrate, which
have their limitations, including high water and land use, pesticide
use, biodiversity loss, deforestation risk, greenhouse gas (GHG)
emissions, and price volatility (Fry et al., 2016; Glencross et al.,
2020a). Despite the fact that the aquaculture industry has become
more efficient with improved feed conversion (Glencross et al.,
2023a), while also improving its environmental footprint, and
reduced dependency on marine proteins from capture fisheries
(Aas et al, 2022; Naylor et al,, 2021), a large proportion of the
environmental or carbon footprint is defined by feed and raw
materials (Boyd and McNevin, 2024). In consequence, investing
in SCP technologies and optimizing them for aquafeed can help
create a more resource-efficient model for aquaculture, promoting a
sustainable seafood supply chain that meets growing global
demand. The adoption of this alternative needs an extra
validation step to show that food and feed safety will not be
compromised (Glencross et al., 2020a; Jones et al., 2020).

Figure 1 shows a potential schematic for the process of SCP
production. The sustainability of SCPs lies in their ability to address
several environmental and resource challenges that potentially
enables a near-zero carbon footprint. For example, traditionally
fermentation technologies have used sugars as the carbon feedstock,
but producing the feedstock molecules from carbon capture and the
electrolysis of water to produce hydrogen and oxygen are an
emerging possibility. Given that the energy required for
electrolysis of water is renewable, then resource use (and GHG
emissions) can be minimized when compared to soy protein
without land use change (1.8 kg CO,e/kg), Norwegian fish meal
(2-3 kg CO,e/kg), and krill (2.8 kg CO,e/kg) and massively reduced
with regard to soy protein with land use change (5-7 kg CO,e/kg)
(UIf et al., 2022; Skretting Sustainability report, 2022). In addition,
the feedstock production requires very little or no water and land
use, compared to proteins derived from agriculture. This feedstock
source also limits any reputational and environmental sustainability
risks related to deforestation, biodiversity loss, and the protection of
marine stocks and biomass. Together with the availability of
renewable energy, the choice of microorganism and the
management of waste streams can impact the environmental
footprint of SCP production. Ongoing research and development
are focused on optimizing these processes to enhance sustainability
further and full LCA studies are needed to fully understand
the impact.

This is of great importance in the current context, where many
companies, including large aquaculture companies, have signed up
to science-based targets (https://sciencebasedtargets.org/). Targets
for Scope 3 emission reductions by 2030, compared to baselines
before 2020, start at 30% and higher. To support these targets, SCPs
offer a promising avenue for sustainable feed ingredient production.
Their lower footprint, potential to reduce land use, carbon
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emissions, and minimized water use make them an attractive option
for addressing the challenges. In addition, there is limited impact on
biodiversity, which will be a vital sustainability metric
going forward.

Scalability and advances in
fermentation technologies

SCPs belong to an extensive library of microorganism options
that can grow further as fermentation technology improves and
evolves to become an industrial, state-of-the-art process. In
addition, because microorganisms have extremely short
generation times compared to plants and animals, biotechnology
research has a key role to play in the selection and improvement of
strains with high and digestible protein content and a targeted
amino acid profile for precise nutrition.

Companies working in the pathway towards commercial
production are in operation. One example is Calysta
(www.calysta.com), and through a joint venture with Calysseo, it
will produce 20,000 MT per year in its first FeedKind production
plant in China. Other ventures, such as UniBio (Uniprotein®,
www.unibio.dk) with a unique U-Loop® technology, have also
been reported to be commercial. Emerging companies, such as
Solar Foods (https://solarfoods.com/) and Deep Branch
(www.deepbranch.com), are not yet at commercial scale. Both
UniBio and Calysta use gas fermentation platforms of
methanotrophic bacteria to produce the protein-rich product,
while others use hydrogen-oxidizing bacteria. dsm-firmenich is a
world leader in fermentation technologies and is working on the
development of SCPs for aquaculture, companion animals, and
food products.

Transitioning to commercial scale requires a large capital
investment to scale up and reduce the cost of production to
deploy the right product specifications at a commercial sales
price. Accordingly, there has always been a benchmark in salmon
aquafeed, as an example, to compare price/kg with standard raw
materials and less appreciation for an investment price needed as
companies ramp up production. At the same time, historically there
was less emphasis on environmental and biodiversity impacts and a
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short-term approach to raw material basket availability and feed
market conditions. However, today, many companies from different
parts of the aquaculture value chain are making commitments on
climate and nature (see, for instance, sciencebasedtargets.org).
Accordingly, there is a wider perspective on raw materials in
aquafeeds with longer-term goals, return on investment, and
sustainability targets becoming more relevant as stakeholders take
note that conventional protein sources cannot meet the future
demand for protein within planetary boundaries.

Success at scale-up is also determined by the potential of the
fermentation platform for commercial quantities, and historically,
some start-ups with new bioproducts have failed to commercialize
because of lack of scale-up knowledge and practical insight or
industrial experience. Financing of the ramp up can also be a barrier
as large capital is required for fermentation technologies at
commercial scale. Government incentives play a role in site
selection, where current government policies and growing climate
concerns can support the development. A recent example of
government focus is the social sustainable feed mission from the
Norwegian government (Et samfunnsloft for beerekraftig for),
recognizing both the urgency around climate change and the low
self-sufficiency of Norway in the raw material supply chain (https://
www.forskningsradet.no/en/research-policy-strategy/Itp/
sustainable-feed/). For example, in 2021, only 8% of the feed raw
materials used in the Norwegian salmon industry were sourced
from Norway (Aas et al., 2022). In addition, the European Union
has over-dependence on protein supply from outside EU and has
adopted import restrictions [carbon border adjustment mechanism
(CBAM)]. Simultaneously, the EU has also initiated programs to
stimulate protein production (examples include EU Protein
Strategy and New Green Deal).

A proof-of-concept trial: fish nutrition
and performance

The performance of SCP in fish trials is an important screening
stage for the development of alternative raw materials for
aquaculture. Because previous studies indicated that some SCP
products can have adverse effects on protein digestibility with
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repercussions on fish growth, health, and welfare (Glencross et al.,
2020b), the current trial was designed to go beyond the
conventional approach of zootechnical indicators, and therefore
also tested the effect of SCP sources in protein digestibility and
retention, amino acid digestibility, and health. We showcase two
SCP products that were included in rainbow trout (Oncorhynchus
mykiss) diets up to 20% inclusion over a 12-week trial.

The trial was conducted in CRNA facilities (Village-Neuf,
France; Permit no. 26235). Two different non-GM, SCP products
(SCP1 and SCP2: DSM Biotechnology Centre, Delft, The
Netherlands) were tested. Experimental diets were formulated to
be isonitrogenous and isoenergetic. The six experimental diets
(SCP1-5, SCP1-10, SCP1-20, SCP2-5, SCP2-10, and SCP2-20)
were compared against a control diet formulated with 10% fish
meal and 20% soy protein concentrate (Supplementary Table 1).
The experimental diets had SCP inclusion of 5% (SCP1 5% and
SCP2 5%), 10% (SCP1 10% and SCP2 10%), and 20% (SCP1 20%
and SCP2 20%) of both test products (SCP1 and SCP2). In the 5%
and 10% SCP feeds, the SCP replaced fish meal, meaning that the
10% SCP feed did not contain any fish meal. In the 20% SCP feeds,
all the fish meal was replaced and 10% of the dietary soy protein
concentrate was also replaced with the SCP (as % feed inclusion).

Rainbow trout eyed eggs (generation E21SPR; Aqualor,
Fenetrange, France) were hatched at CRNA. Fish were
individually weighed at the beginning of the trial (IBW 49.7 +
0.03 g) and allocated to the experimental groups; each group
consisted of three replicate tanks with 20 fish per tank. Fish were
fed the experimental diet twice a day for 84 days. At the end of the
experiment, zootechnical parameters were assessed: survival (%),
body weight (FBW, g), weight gain (WG, g), daily weight gain
(DWG, g), specific growth rate (SGR, % BW dfl), and feed
conversion ratio (FCR). The detailed formulas for calculation of
WG, DWG, SGR, and FCR are provided in the Supplementary
Materials. Whole fish samples were taken at the beginning and end
of the trial to analyze whole-body protein retention. Samples for
apparent digestibility coefficient (ADC) calculation and samples
from the head kidney for oxidative burst measurements
(as an indicator of health status) were also taken (see the
Supplementary Materials).

All diets showed similar performance in final weight (267.0 £
6.56 g; average + standard deviation) except for the SCP2 20%,
which performed significantly lower than the control, although the
difference was less than 5% (256.3 + 4.9 g). The diet with the highest
final mean weight was the SCP2 10% (276.5 + 1.8 g). In addition, no
difference in feed intake values was observed across all treatment
groups (data not shown). In recent years, there have been many
trials assessing the effect of SCP on fish and shrimp performance
(Glencross et al., 2020b; Jones et al., 2020; Sharif et al., 2021).
However, it is important to note that results are not always
consistent and vary with the level of inclusion, trial design, feed
design, initial weight, trial duration, and origin of the SCP organism
used for the replacement. For example, the final weight of small
Atlantic salmon was significantly lower when 40% of crude protein
from FM was substituted with SCP from the yeasts Candida utilis
(34.5% dietary inclusion) or Kluyveromyces marxianus (30.2%
dietary inclusion) (@verland et al., 2013). However, at lower levels
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of inclusion, SCP from the bacterium Methylococcus capsulatus
induced no changes in growth performance when used at up to 14%
inclusion of the feed in spotted seabass (Yu et al.,, 2023).

In the present trial, protein ADC was significantly improved in
relation to the control diet when either SCP was included in the diet
at 10% and 20% inclusion (Table 1). Furthermore, multiple
comparisons revealed that inclusion levels but not SCP source
had a significant effect on protein ADC, with inclusion at 10%
producing the highest protein ADC (p < 0.001, Table 1). Control,
SCP1 5%, and SCP2 5% groups showed a lower total amino acid
digestibility, but differences did not clearly correlate to growth
performance. Essential amino acid digestibility did not show
significant differences. Interestingly, branched-chain amino acid
digestibility showed a dose response with higher digestibility with
increased inclusion levels of SCP1 and showed less differences
across SCP2 treatments.

It has been previously suggested that SCPs in aquafeeds might
negatively impact performance due to the lower digestibility of the
protein ingredient (e.g., cell walls of microorganisms and non-amino
acid protein fraction) and have detrimental impacts on gut health
(Glencross et al., 2020b; Jones et al., 2020). However, the results here
recorded support the use of SCPs tested because the protein ADC was
significantly improved relative to that of the control diet, when SCP1 or
SCP2 were included at 10% (Table 1). Moreover, the protein ADCs
obtained here (>91%) were higher than those previously recorded for
salmonids (80% to 90%) fed SCP diets (Glencross et al., 2023b; Hardy
et al., 2018; Kaushik and Luquet, 1980; Lee et al., 2020; Romarheim
et al, 2011; Storebakken et al, 2004). Concomitantly, the ADC of
amino acids was highest at 10% or 20% inclusion, mainly driven by
non-essential and branched-chain amino acids (Table 1). These results
are particularly notable for branched-chain amino acids (e.g., leucine,
isoleucine, and valine), as these cannot be synthesized by fishes and
play significant structural and functional roles (Ahmad et al., 2021).
Results here recorded for oxidative burst showed a pattern for an
improved dose response for either SCP with increased inclusion levels
among experimental diets (no significant differences; Supplementary
Table 2). The functional benefits of branched-chain amino acids, as
well as the functional components usually present in SCPs that are
beneficial for fish health, such as nucleic acids, 3-glucans, and microbe-
associated molecular patterns, among others (Morales-Lange et al.,
2024; Qverland and Skrede, 2017; @vrum Hansen et al., 2019; Rocha
et al,, 2023; Romarheim et al,, 2011), might warrant the health benefits
recorded for fish fed SCP-based diets. This probably explains the
nominally positive dose-dependent response found here for oxidative
burst, which reflects the increase in cell metabolism and oxygen
consumption coupled with the release of reactive oxygen species that
serve as the first line of defense against microbial infection.
Nevertheless, and considering the non-statistical significance of the
oxidative burst pattern here recorded, future studies are needed to
confirm the functional benefits of SCP1 and SCP2 under challenging
more commercial-like conditions.

In conclusion, digestibility of the amino acids in the finished
feed with high inclusion of SCPs showed excellent results,
suggesting that the high fish performance observed was related to
the high digestibility of the AA in the product. At the same time,
feed intake was similar across treatments, demonstrating a high
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TABLE 1 Effect of experimental diet on protein apparent digestibility coefficient (ADC), protein retention, and total, essential, non-essential, and
branched-chain amino acid ADC.

Protein ADC Prote_in Amino acid ADC (%)
(%) retgntlon . . .
(% intake) Essential Non-essential Branched-chain
Control 91.4 + 0.19bc 53.23 + 0.52 93.2bc 93.9 92.8bc 93.8ab
SCP1-5 91.3 +0.11c 52.63 + 1.86 92.8¢ 93.3 92.5¢ 93.5b
SCP1-10 92.3 +0.17a 53.77 + 4.20 93.7abc 94.0 93.5ab 94.3ab
SCP1-20 91.9 + 0.09ab 55.90 + 2.00 93.7ab 94.1 93.5ab 94.9a
SCP2-5 91.2 + 0.19¢ 52.72 +2.57 93.4abc 93.9 93.0bc 93.9ab
SCP2-10 92.1 + 0.20a 51.07 + 4.10 94.2a 94.2 94.1a 94.6ab
SCP2-20 91.8 + 0.37ab 54.04 + 1.75 94.0ab 93.8 94.1a 94.9ab
ANOVA
p-value <0.0001 0.5228 0.0026 0.2295 <0.0001 0.0412
Main effects
Protein source
SCP1 911 54.10 93.4 93.8 93.1 94.2
SCP2 91.7 52.61 93.8 94.0 93.8 94.1
p-value 0.2994 0.3026 0.0141 0.4399 0.0013 0.4373
Inclusion level
5% 91.2¢ 52.68 93.1 93.6 92.8 93.7
10% 92.2a 52.42 93.9 94.1 93.8 94.3
20% 91.9b 54.97 93.9 94.0 93.8 94.5
p-value <0.0001 0.2883 0.0012 0.1095 0.0001 0.0228
Interaction
povalue 0.8561 0.7065 0.6598 0.1698 0.971 0.0576

Values show average + standard deviation. Different letters among treatments denote significant differences.

Statistical analyses considered each tank as an experimental unit. All percentage data were arcsine transformed. Data were analyzed by two-way analysis of variance (ANOVA), using protein
source and inclusion rate as the independent variables (ANOVA main effects), followed by Tukey’s honest significant difference (HSD) test for multiple comparisons. All statistical analyses were

conducted in JMP software (https://www.jmp.com) considering p < 0.05 as significant.

palatability of the ingredient, and indicating that the SCP tested in
the current trial had limited negative properties, such as the
presence of nucleic acids. Ultimately, the present results
successfully demonstrate the potential of incorporating two SCP
products in rainbow trout aquafeeds up to 20% dietary inclusion,
either as full replacers of FM or as partial replacers of soy
protein concentrate.

Future perspectives

SCP products are considered low carbon-intensive microbial-
sourced proteins that can help close the impending protein gap
without increasing the carbon footprint of the aquaculture food
system, as well as that of terrestrial species. Indeed, SCP products do
not require the extensive use of arable land, freshwater, or marine
resources, and they can utilize waste streams as substrates. In
addition, microbial organisms hold a huge potential to integrate
circular bioeconomy processes because different biomass sources
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often classified as residues can be used as energy sources to produce
single-cell organisms. This will ensure the sustainability of blue and
green systems, particularly in the food sector, by partially
decoupling animal production from conventional inputs and
associated challenges, such as fertilizer use, deforestation,
biodiversity impact, and elevated water consumption. Ultimately,
SCPs can be seen as a potential driver for decarbonization and
circular economy, given that such microorganisms can be powered
by renewable energy sources (i.e., solar, wind, or biogas) and
concomitantly capture and convert carbon dioxide into biomass.
Success at scale also relies on partnerships along the value chain.
Each member of the value chain has a role to play in enabling the
industrial production of SCP products, from research on the biology
of microbial organisms to industry players committed to invest in
large-scale production, and feed formulators and farmers, who must
be ready to adopt and willing to pay an investment price in view of a
more sustainable industry with a lower environmental footprint. In
conclusion, the growing momentum behind SCP products and
evolving technologies with an ambitious scale, coupled with
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exciting nutritional value, and their benefits in terms of
sustainability metrics, will accelerate the use of SCPs in
aquaculture in the future.
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