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Introduction
The Ocean provides essential food and nutrients to human health 

and diets; however, the resources are not utilised to their full potential. 
Resources get lost along the value chain from catch to consumer or 
result in non-food products. Simultaneously, more nutrients are 
needed to feed the growing population in a world with limited natural 
resources. Food production contributes significantly to greenhouse 
gas emissions, and global estimates show that 1/3 of the food is lost 
or wasted [1]. Consequently, about 6 % of the world’s greenhouse 
gas emissions come from potential food that is never eaten [2,3]. It 
is a global aim to reduce fish loss and waste by 50% by the year 2030 
prioritizing actions like maximizing the usage of co-products and 
by-catch [4]. Minimizing losses and waste takes precedence in the 
waste hierarchy, as emphasized by Usmani et al. [5] and Teigiserova 
et al. [6]. Despite the significance of prevention, it may not always be 
adequate for maximizing the utilization of intricate and nutrient-rich 
bioresources. In such cases, food processing comes into play, offering 
the potential to repurpose, recover, or convert lost biomolecules into 
valuable products, aligning with a circular economy approach, as 
highlighted by Usmani et al. [5] and Archad et al. [7]. Biotechnology 
emerges as a valuable tool in the effort to upcycle these resources, 
reintegrating them into food value chains for human health and 
nutrition or other high-value applications.

This short review highlights important residual marine 
bioresources and a selection of potential biotechnologies to improve 
their utilization.

Marine Bioresources and Their Biotechnological Potential

Nearly half of the global biological production originates from the 
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Ocean; however, it contributes only 2% of the calorie intake and 15% 
of the protein intake today [8]. The Ocean is assumed to provide a 
larger portion of our future food supply due to e.g., high pressure on 
agricultural land and climatic vulnerability. The global production of 
fish and seafood has reached around 200 million tons annually [9]. 
Of the 179,6 million tons of fish globally produced in 2020, 87% were 
used for human consumption and 12,9% for non-food purposes [10]. 
Not usually included in these bioresource and food loss calculations 
are the side-streams that comprise bioresources that were not intended 
for food in the first place but may contribute significantly to food and 
nutrition security for a growing population.

These bioresources can also be classified as residual raw materials, 
co-products, plus products, surplus, leftovers, or potential resources 
for upgrading or upcycling. Some authors also use the term by-
products or waste. Since the term by-product is referred to as resources 
not intended for food use in the Animal By-product Regulation 
(Regulation (EC) No 1069/2009 [11], we choose not to use that term 
in our communication. Moreover, we also avoid using the term waste 
since it is not associated with high-value applications such as food or 
feed but should be composted or destroyed. Fish side streams may 
contain important nutrients such as proteins and lipids and their 
derivatives can have potential use in food, feed, or pharmaceuticals. 
Defining these resources as waste or by-products will complicate 
further use as food ingredients or other products intended for human 
consumption.

Seafood represents a broad and heterogeneous group of organisms 
comprising phytoplankton, zooplankton, microorganisms, plants, 
invertebrates, fish, and mammals. The global marine database reports 
catch data of more than 1700 different species [12], and many of these 
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species are not being fully exploited for their potential as dietary 
sources. The main fish species from global fisheries are anchovies, 
sardines, herring, cod, tuna, salmon, and mackerel, which account for 
about 30% of the global wild fish catch [13]. Besides these species, 
many species are still undiscovered or poorly known. The same is 
the case for organs from commercial fish that are not usually defined 
as the main food products. Fish catch and fish consumption have 
increased. So has the generation of residual raw materials. Since more 
food will be sourced from the Ocean in the future, more side streams 
will be generated and consequently more knowledge is needed to find 
high-value applications for these resources.

Marine resources comprise essential macronutrients like proteins, 
peptides, and lipids and minor nutrients like carbohydrates vitamins, 
minerals, and antioxidants. The proximate composition of fish and 
shellfish is primarily water, proteins, and lipids which in the fish muscle 
usually make up about 98% of the total mass [14]. Such proximate 
data for different fish species are collected in databases such as the 
uFiSh [15]; however, the nutritional and chemical composition of fish 
varies with species, seasons, geographical locations, stages of maturity, 
and size, and varies particularly among different organs of the fish. 
The degree of processing decides what residual raw materials become 
available. For example, when filleting whitefish or fatty fish, half of 
the biomass is left as residual raw materials or waste [16-18]. Gutting 
makes the viscera available, de-heading adds the heads to the residual 
raw materials and filleting also adds the cut-offs, frames, bones, and 
sometimes skins. These side streams are illustrated in Figure 1 and 
may vary due to species, seasons, age, degree of spawning etc.

A particularly important nutrient is the marine lipids and the 
long-chain omega-3 fatty acids. The lipid content and composition are 

reflected by the diet and are unequally distributed in the fish. For the 
fatty fish, these lipids are found in the muscle, cut-offs, and visceral 
organs, while in the lean fish species, the lipids are mainly found in 
the liver and visceral organs. For wild-caught fish, the gut usually 
demonstrates a large variation of proximate composition and lipids 
due to differences in feed composition and content. On the other 
hand, for the farmed species the composition does not vary much due 
to the same feed given to the fish, and usually a period with no feeding 
and emptying of the stomach before slaughtering. The fisheries of 
cod fish (Gadidae family; cod, saithe, tusk, ling, haddock) lose much 
biomass on the sea. We therefore calculated the potential content of 
long-chain n-3 fatty acids from these side-streams and found that 
filleting generated 2/3 as residual raw materials and a production of 
10,000 kg fillet made 1000 kg lipids comprising ca 30% long-chain 
n-3 fatty acids [16,17]. This is a significant contribution to a healthy 
diet and could provide heart health to a large population since 250 mg 
per day of these fatty acids is the recommended level for using health 
claims for maintaining a healthy heart [19,20]. The lipid content in the 
liver varied between 45 and 60% and the lipid content in the visceral 
fraction varied between 2 and 9% [16,17]. So, these lost resources 
could contribute to health particularly these marine lipids that are 
part of a scarce resource from the oceans and waters. Residual raw 
materials from most species are generally rich in marine fatty acids, 
which are in high demand globally.

However, it is important to shed light on the highly perishable 
nature of the marine residual raw materials. It usually degrades fast 
due to high water content and thereby perfect conditions for microbes, 
autolysis by endogenous enzymes and lipid oxidation due to the high 
content of unsaturated lipids [21,22]. This fast biochemical degradation 
requires correct handling and processing [21]. Additionally, assuring 

Figure 1. Illustration of residual raw materials from fish handling and processing. Copyright: E. Falch/M. Gilbu
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consumers’ acceptance requires not only controlling and preventing 
unwanted reactions but also choosing the right processing to make 
stable and palatable products with texture and physico-chemical 
properties as ingredient [23]. Here, biotechnologies and fractionation 
can play a major role.

Biotechnology for Increased Utilization

Among the common and accepted definitions of biotechnology is 
“the integration of natural science and organisms, cells, parts thereof, 
and molecular analogues for products and services” [24]. The use 
of enzymes and microbes (including microalgae) in combination 
with fish side streams all fall within the biotechnology category and 
may help increase the utilization of these resources. These processes 
are illustrated in Figure 2. The potential uses of these selected 
biotechnologies are further discussed below.

Enzyme Assisted Bioconversion

First, enzyme-assisted bioconversion is widely used in research 
but not adapted to its full potential industrially. Enzymes, as 
natural catalysts, offer the ability to break down molecules without 
resorting to high temperatures or harmful chemicals. This way, 
they can facilitate nutrient extraction from processing side streams 
transforming them into diverse molecules, including peptides and 
lipids. A notable advantage of employing commercial enzymes as 
processing aids lies in their precision. Specific enzymes can selectively 
target specific molecules, allowing for tailored modifications based 
on desired properties like functionality, taste, or health effects. For 
instance, enzymes can hydrolyze proteins into peptides with specific 
characteristics or convert fatty components into specific omega-3 fatty 
acids. Another benefit of using hydrolytic enzymes is their role in 

releasing lipids from the protein-rich matrices before the centrifugal 
separation of lipids instead of using harsh chemical extraction or high-
temperature treatment [25-27]. Given that most side-streams from 
fish are protein-rich, proteases can effectively hydrolyse proteins into 
smaller peptides, serving as a valuable pretreatment step for releasing 
valuable compounds. Among industrial enzymes, hydrolases, 
particularly proteases and lipases, are extensively employed, with 
proteases being among the best characterized [28]. Enzymatic 
hydrolysis exhibits significant potential in recovering proteins and 
peptides from protein-rich side streams [25,29]. The primary outcome 
from these processes is fish protein hydrolysates serving as both a 
protein source and a source of bioactive peptides. Numerous studies 
have highlighted the bioactive properties of fish protein hydrolysates, 
including antihypertensive, antimicrobial and antioxidative properties 
alongside preservative, functional and flavour-enhancing properties 
[30-32]. A well-known reported taste challenge of fish protein 
hydrolysates is the formation of bitter peptides [31].

While specific proteases are often required to achieve these 
properties, the enzymatic hydrolysis process typically benefits from 
complementary fractionation techniques such as membrane filtration. 
This combined approach holds promise for unlocking the full potential 
of enzyme-assisted bioconversion in industrial applications.

Enzymes can also be used to design new bioactive molecules. 
One example is up-concentrating marine omega-3 fatty acids 
(concentrates). Fish oil can be separated after thermal treatment or 
after enzymatic hydrolysis with proteases. With fish oil as the basis, 
lipases can catalyze the hydrolyzation of fatty acids or ethyl esters 
from the glycerol backbone, making it possible to fractionate into 
molecules with higher concentrations of omega-3 fatty acids. This can 

Figure 2. Illustration of biotechnological processes for utilizing residual raw materials from fish. Copyrights: E. Falch/M. Gilbu.
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be conducted with either specific or non-specific lipases, meaning that 
the lipases can hydrolyse fatty acids randomly, on specific positions in 
the molecules or on specific fatty acids. After obtaining the targeted 
fatty acids, lipases can again be used to esterify into new acylglycerols 
with higher concentrations of omega-3 fatty acids [33].

Enzymatic hydrolysis may also be conducted using endogenous 
enzymes, which means those enzymes that are already present in 
the raw materials. In such autolysis, the conditions are adjusted to 
facilitate the activities of enzymes and prevent microbial growth [34]. 
These fish hydrolysates are generally a basis for feed and pet food. 
During autolysis, the biomass becomes liquid which makes it possible 
to separate proteins from lipids and further fractionation. The most 
common process is silage where formic acid is added to reduce the 
pH, but there are also examples of processes with no use of formic 
acid together with the endogenous enzymes. In Norway, recirculation 
companies such as Scanbio (www.scanbio.com) provide a logistic 
solution to the aquaculture industry and with several vessels, they 
move around to collect silage for further processing into feed or pet 
food.

While the use of industrial enzymes can help control the reaction 
and conduct planned reaction products, the reactions in autolysis are 
more challenging to control since there will be many different types 
of enzymes in play. One example of this is from the work with cod 
viscera where cholesterol unexpectable was reduced on behalf of the 
cholesteryl esters [35]. With no inactivation of endogenous enzymes, 
a range of different enzymes will be present to hydrolyse, esterify 
and degrade the different molecules. Consequently, this leads to an 
uncontrolled range of reactions and reaction products.

The examples above have focused on the enzymes in their pure 
form (industrial enzymes) or as a component in the raw material. 
Industrial enzymes are generally a result of precision fermentation 
where microbes act as enzyme producers. The large enzyme producer 
Novozymes, searches for enzymes with specific activities in nature 
for then using bacteria or fungi as enzyme factories (https: //
www.novozymes.com/). Their strain database comprises > 50,000 
microstrains. The leftovers (nutrients, water, and microorganisms) 
from Novozymes enzyme production are used as farm fertilizer.

Fermentation for Upcycling

Fermentation has become important for a wider range of 
applications and is expected to play an even more important role 
in future ingredients and products [36,37]. The technology is 
environmentally friendly with low use of energy [38,39] and no use 
of harmful chemicals or harsh temperatures. Fermentation has long 
traditions for use in fish preservation and to improve the sensory 
attributes of fish products [40]. Longer shelf life can directly prevent 
fish loss and waste, but fermentation can also offer possibilities to 
improve the utilization of the fish side streams [38-40]. Common 
microorganisms used in fermentation are certain bacteria strains, 
yeast, mould, and microalgae.

Biomass fermentation is usually run in bioreactors with 
microorganisms grown under specific conditions that facilitate 
controlled growth with a substrate. This is an efficient way to produce 

biomolecules with fast-growing cells with doubling times in hours 
compared to months or years for animal cells [36]. Examples of 
potential biomolecules produced during the fermentation of fish side 
streams are proteins, peptides, gelatine, oils, enzymes, antioxidants, 
nutrients, flavours, speciality minor nutrients, biofuel, and fertilizers 
[38-42]. There are also some good recent examples of the use of 
bacterial fermentation to improve the application of oil from fish 
silage [41] and the nutritional quality of fish meal [42] for use in food 
and feed ingredients.

Fish side streams are also a good substrate for the cultivation of 
microalgae to produce valuable nutrients [39,43] with applications 
in food, feed or as biofuel. Cultivation of microalgae is particularly 
suggested as an important future protein source. These side streams 
usually contain organic matter, nitrogen, phosphorus, and other 
nutrients that are beneficial for microalgae growth. However, 
depending on the nutrient requirements of the different microalgae 
strains it might be necessary to adjust with additional nutrients or 
dilute to get the right nutrient balance. Microalgae can utilize the 
nutrients present in fish side streams, promoting their development 
and offering a promising solution for both the management of waste 
and the production of microalgae biomass. There are several examples 
of cultivation of microalgae from fish-side streams. Venugopal and 
Sashidharan [43] discussed microalgae cultivation from fish by-catch 
and side streams as a future protein source, while Vidya et al. [44] 
combined processing side streams from dairy and fish as substrates for 
microalgae with the production of lipids and high-value pigments and 
Tropea et al. [45] combined fermented fish side streams with lemon 
peel for production of aquafeed. These are just a few examples and 
researchers claim that we only see the start of the full potential of using 
fermentation for new food ingredients [46].

Future Perspectives

Using these food resources more effectively is crucial for food 
security, environmental impact reduction, and economic benefits in 
food production. While preventing waste is the best option in the 
waste hierarchy [5,6,47], food processing and biotechnology can 
allow the reuse, recovery, or conversion of lost biomolecules into 
valuable products [5,7]. There is a wide variety of potential new 
applications to improve the utilization of food and fish resources 
and new overviews of possibilities [48-50] and some studies also 
explore the new ingredients used in food products such as the use 
of microalgae in burgers [51]. This area is expected to continue to 
grow so nutrients in the future are not lost but becoming a part of a 
circular economy system.
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