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Abstract

The rapid expansion of aquaculture, combined with increasing demand for sustainable protein
sources and growing concerns regarding food waste, has intensified the need for innovative
feed ingredients with low environmental impacts. This thesis investigated the potential of
converting stale bread into a novel aquafeed ingredient through solid-state fermentation (SSF)
using edible filamentous fungi.

The SSF process was optimized to enhance fungal growth and improve the nutritional quality
of stale bread. The produced mycelium-bread (MB) was characterized and assessed as an
aquafeed ingredient using a two-stage in vitro digestion model simulating the gastrointestinal
conditions of rainbow trout (Oncorhynchus mykiss) and Nile tilapia (Oreochromis niloticus).
Subsequently, a 75-day feeding trial compared rainbow trout diets containing 10% and 20%
MB with a conventional diet. Finally, the economic feasibility and environmental sustainability
of MB production and utilization in aquafeeds were evaluated.

Fermentation substantially improved nutritional quality, increasing crude protein content from
12% to 34% of dry matter while enriching the substrate with endogenous enzymes, antioxidant
compounds, and negligible aflatoxin levels. Furthermore, in vitro digestion demonstrated that
mycelia of Aspergillus oryzae and Neurospora intermedia exhibited higher protein digestibility
(86 and 73 mg amino acids per 100 mg protein, respectively) than conventional ingredients in
the simulated rainbow trout model. The high levels of free amino acids and endogenous enzyme
activity in the MB are considered the primary factors contributing to its functionality as an
active ingredient. Following feed extrusion, diets containing MB retain higher phenolic
compounds and measurable endogenous enzyme activities.

The feeding trial showed that MB improved growth performance and feed utilization, reducing
the feed conversion ratio from 1.42 in the conventional diet to 1.19 and 1.17 in the MB10 and
MB20 diets, respectively, without adversely affecting fish health, welfare, or oxidative status.
The LCA revealed reductions in global warming potential of 23% and 31% for MB10 and
MB20, respectively, compared with the conventional diet. Although the TEA indicated that MB
production increased capital investment requirements by approximately 41% and feed
production costs by 27-29%, these disadvantages were partly offset by improved feed
efficiency and lower environmental impacts.

Overall, mycelium-bread combined favorable nutritional properties, high nutrient
bioaccessibility, positive effects on pellet quality, improved fish performance, and reduced
environmental impacts, highlighting its potential as a sustainable ingredient for future
aquaculture production.

Keywords: Mycelium-bread, Neurospora intermedia, solid-state fermentation, stale bread,
circular bioeconomy, aquafeed, nutrient bioaccessibility, rainbow trout, life cycle assessment,
techno-economic analysis.
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My research journey

Every academic path is shaped by a sequence of questions, unexpected pivots, and the gradual
convergence of different disciplines. Mine began with a very practical ambition: during the
bachelor's degree in Iran, my goal was to establish own modern, scientifically driven fish farm.
Eager to understand how to optimize production, I began analyzing the limitations of
recirculating aquaculture systems (RAS) and investigating the root causes of their
inefficiencies in local farms. This inquiry naturally broadened my perspective, shifting my
focus from purely operational challenges to the broader environmental impacts of aquaculture.

Driven by this realization, I pursued a master’s degree in aquatic ecology in the northern part
of Iran. There, I deepened my understanding of the delicate interactions of human, ecosystems,
and aquatic life. During my master's studies, I gained hands-on experience applying biological
indicators to river ecosystem assessments. This work laid the foundation for my initial doctoral
studies in aquatic ecology, where I focused on the spatial distribution of Nile tilapia in inland
basins and evaluating the environmental impacts. Being involved in projects that directly tied
ecological theory to practical environmental assessments was both challenging and rewarding.
At the same time, working in the commercial market helped me build valuable practical
experience in marketing, networking, and industry connections.

A pivotal transition occurred when I moved to Sweden to pursue studies in resource recovery.
Here, I was introduced to the fundamentals of sustainable development, life cycle assessment
(LCA), and techno-economic analysis (TEA), tools that provided a new lens through which to
view production systems. My PhD project centered on a challenge that brought my background
full circle: utilizing stale bread for solid-state fermentation to produce high-value aquafeed
ingredients. It had always been my ambition to bridge my foundational knowledge of
aquaculture with the principles of resource recovery. However, testing novel feed ingredients
directly on fish presented immediate logistical and technical hurdles. To overcome this, I
incorporated simulated digestion assays, which allowed me to evaluate the nutritional potential
of the produced ingredients with promising results, supported by a research stay in Spain.

Building on these foundational steps, and thanks to the invaluable support of my supervisors,
I had the opportunity to collaborate with exceptional research teams in Spain and the University
of Gothenburg who were equally enthusiastic about testing our mycelium-bread ingredient on
fish. Running the feeding trial was an intensive period of hard work, steep learning curves, and
the mastery of new analytical methods.

That feeding trial acted as a gateway, unlocking deeper analyses that fulfilled my core goal:
successfully integrating my background in aquaculture, biotechnology, and environmental
assessment. By synthesizing the optimized fermentation data, fish trial outcomes, life cycle
assessment, and techno-economic modeling, this journey ultimately transformed a simple
question about fish farming into a comprehensive, circular solution for sustainable aquafeed
production.
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Chapter 1

Introduction

1.1 Food waste and protein demand

More than 1.3 billion tons of food are wasted annually worldwide, representing approximately
one-third of all food produced for human consumption [1-3]. Food waste occurs throughout
the entire supply chain, from primary production and distribution to post-consumption stages
[4]. Consequently, valuable resources including land, water, energy, labor, and nutrients, are
lost along with the discarded food. In addition, food waste contributes to environmental issues
related to land use, water and energy consumption, and greenhouse gas emissions. In fact, food
waste is estimated to account for 8—10% of global greenhouse gas emissions, primarily through
methane production associated with landfilling [5, 6]. Furthermore, global food waste is
projected to increase by 33—-50% by 2050, with an estimated economic cost of USD 800 billion
to USD 1.2 trillion [2].

In parallel, the global population is projected to reach 9.1 billion by 2050 [7], driving an
increased demand for protein-rich foods. Meat, poultry, and fish are traditionally served as the
primary sources of animal protein [8]. Fish and aquatic products constitute 15-20% of the
global animal protein supply, derived from both capture fisheries and aquaculture [9, 10]. Due
to the expansion of fishing efforts, capture fishery yields increased dramatically from 10
million tonne per year in the 1950s to 80 million tonnes in the 1990s [11]. However, this trend
has had severe environmental impacts on natural resources, leading to overexploitation and
depletion of aquatic ecosystems [12]. As a result, since the 1990s, capture fisheries production

has stabilized at between 74 and 83 million tonnes annually [13].

Concurrently, the aquaculture sector is rapidly expanding at an annual rate of 9.2% [14].
According to the Food and Agriculture Organization (FAO), in 2022, aquaculture surpassed
capture fisheries for the first time, accounting for 51% of total aquatic animal production [15].
This trend is expected to continue as the industry expands to meet the growing global demand

for aquatic protein. In Scandinavia, for example, Norway has experienced rapid growth in



Atlantic salmon farming; production increased significantly from 10,000 tonnes in 1980 to 1.4

million tonnes in 2020, indicating substantial industry intensification [16].

1.2 Aquafeed and its current challenges

While infrastructure developments are expected to enhance future aquaculture production,
aquafeed remains a fundamental factor influencing the growth, health, and sustainability of
farmed aquatic species [17]. Furthermore, feed constitutes a major economic component,
accounting for approximately 50-70% of the final production costs [18]. Aquafeed
formulations must meet the specific nutritional requirements of different species, including
protein, lipids, carbohydrates, vitamins, and minerals. Traditionally, fishmeal and fish oil were
considered the primary protein and lipid sources in feed formulations, especially for

carnivorous species such as rainbow trout and Atlantic salmon [19].

In the Nordic countries, species such as capelin, herring, blue whiting, mackerel, and sardine
are among the primary raw materials used for fishmeal and fish oil production [19]. Despite
their nutritional value, the production of fishmeal and fish oil has faced sustainability
challenges due to the overexploitation of pelagic stocks. Moreover, average global fishmeal
production over the last two decades has been approximately 5.5 million metric tonnes per
year, while its price has increased threefold, reaching USD 1,700 per tonne [20]. In 2019,
around 78% of the fishmeal produced was consumed by the aquaculture sector [21]. Price
instability and dependence on natural resources have led to an increased use of plant-based
protein ingredients in aquafeed formulations. Commonly used plant ingredients include
soybean meal, corn, wheat, and rice [20]. Nevertheless, these ingredients still present several
challenges that may affect fish growth, health, and feed utilization efficiency. Residual anti-
nutritional factors, including phytate, tannins, and protease inhibitors, together with
imbalanced amino acid profiles and reduced palatability, negatively affect overall growth

performance [22].

Additionally, the cultivation and processing of plant-based ingredients such as soybean meal
require significant amounts of arable land and freshwater, increasing their environmental
footprint [23]. Resource competition with crops cultivated for human consumption is also
considered a limiting factor in the future sustainability of the aquaculture industry [24].
Therefore, alternative ingredients are needed to mitigate environmental challenges while
fulfilling the nutritional requirements of fish. Accordingly, microorganisms such as bacteria,

yeast, algae, and filamentous fungi are increasingly recognized as nutrient-rich alternatives due



to their rapid production, minimal environmental footprints, and favorable nutritional profiles

[25-27].

1.3 Filamentous fungi as alternative ingredients

Filamentous fungi are multicellular eukaryotic microorganisms characterized by filamentous
structures collectively known as mycelium. This structure consists of an interconnected
network of thread-like filaments called hyphae and represents the primary vegetative growth
form of these organisms [28]. The mycelial network facilitates the transport of nutrients,
signaling molecules, and other metabolites throughout the fungal body, thereby supporting
growth, development, and adaptation to environmental conditions. Furthermore, the mycelium
plays a critical role in nutrient cycling and decomposition within ecosystems due to its high
enzymatic activity [29]. Industrially, filamentous fungi are valued for their rapid production of
nutritious, protein-rich biomass, which has considerable potential as a sustainable protein
source for human food and animal feed [30]. Fungal biomass can be produced from a wide
range of organic residues and agro-industrial by-products. The main cultivation methods are
submerged fermentation (SmF) in liquid media and solid-state fermentation (SSF) on solid

substrates with low moisture content.

Edible species such as Aspergillus oryzae and Neurospora intermedia are generally regarded
as safe (GRAS) for human consumption [31]. 4. oryzae has been used for centuries in East
Asia for the production of traditional fermented foods and beverages, including soy sauce,
miso, and sake, while N. intermedia is known for its use in the Indonesian fermented food
oncom [32]. Recent studies have shown that N. intermedia lacks the genes associated with
mycotoxin biosynthesis [33]. Furthermore, filamentous fungi are equipped with complex
extracellular enzymatic systems including proteases, lipases, amylases, and xylanases, which
enable the degradation and bioconversion of a wide array of organic substrates into fungal
biomass [34]. This ability allows these microorganisms to convert diverse organic waste

streams into mycoprotein, a value-added product [35].

In aquaculture, preliminary evaluations have highlighted the nutritional potential of
filamentous fungi as a promising alternative protein source because of their amino acid, lipid
and mineral composition [36]. However, practical feeding trials remain the primary approach
for assessing their suitability in aquafeeds, particularly in terms of fish growth performance,
welfare, gut health, and pellet quality. For instance, a 30-day feeding trial demonstrated that

the dietary inclusion of Neurospora intermedia modulated the gut microbiota composition and



improved intestinal health in rainbow trout (Oncorhynchus mykiss) [37]. Furthermore, the
inclusion of mycoprotein biomass derived from Paecilomyces variotii (PEKILO®) had no
adverse effects on the growth performance or intestinal health of juvenile rainbow trout during
a 63-day feeding trial [38]. Similarly, replacing up to 20% of dietary crude protein with P.
variotii biomass in diets for Atlantic salmon (Sa/mo salar) improved the feed conversion ratio
and overall nutrient utilization [39]. In addition, a recent digestibility study demonstrated that
biomass of P. variotii exhibited superior crude protein digestibility (86.5%) and pellet quality

compared with other fungal sources [40].

In addition to their nutritional value and promising performance in feeding trials, filamentous
fungi are particularly attractive as aquafeed ingredients because they can be cultivated on a
variety of substrates. Industrial and agricultural side streams, including vinasse, thin stillage,
whole stillage, molasses, and dairy by-products, have been used for the cultivation of
filamentous fungi [31, 40, 41]. This substrate flexibility supports circular bioeconomy
strategies by converting low-value products into nutrient-rich biomass for aquafeed
applications. Such approaches can help reduce food loss, improve resource efficiency, and
lower the environmental footprint of feed production. Among the potential substrates available,
former food products (FFPs), such as stale bread, have emerged as key candidates due to their

abundance, nutrient content, and valorization potential.

1.4 Stale bread as substrate

As a component of the food waste stream, stale bread represents both a significant economic
loss and a major environmental challenge [4]. Staling occurs due to moisture migration, starch
recrystallization, and changes in the gluten-starch network, a process known as retrogradation
[42]. Due to the short shelf life of bread, staling occurs throughout the supply chain, from
bakeries to households; consequently, large quantities of stale bread are generated globally. In
Sweden, for instance, more than 80,000 tonnes of bread are lost annually, with the highest

losses occurring during the transition between suppliers and retailers [43].

Sweden provides a particularly relevant case study because its well-established bakery return
system generates large, relatively uncontaminated streams of stale bread that are readily
available for valorization. However, a large proportion of the collected bread is currently used
directly as animal feed or diverted to anaerobic digestion for biogas production. While these
methods reduce carbon emissions compared with landfilling, biotechnological upcycling into

value-added ingredients represents a significantly higher-value recovery strategy [4].



Generally, stale bread contains 60—65% starch and 11-12% protein [44], along with essential

minerals and vitamins.

The high starch content is particularly advantageous for filamentous fungi, as carbohydrates
serve as the primary carbon source for fungal growth and biomass formation. Previous studies
have shown that N. intermedia can efficiently convert starch-rich food side streams into
protein-enriched fungal biomass while simultaneously reducing organic waste generation [45].
Furthermore, the widespread availability of stale bread makes it a reliable and consistent
substrate for valorization purposes. However, because stale bread is inherently low in lipids,

the resulting fungal biomass may not fully meet the lipid requirements of aquafeed.

1.5 Research questions

Despite the growing interest in the fungal bioconversion of food side streams, important
knowledge gaps remain. These include the optimization of stale bread fermentation, the
nutritional value of the resulting mycelium and bread composite, its suitability as an aquafeed
ingredient, and the economic and environmental implications of its production and application.
Therefore, the overall aim of this thesis is to develop a sustainable aquafeed ingredient by
cultivating filamentous fungi on stale bread (mycelium-bread) and to evaluate its potential for
aquaculture systems. To address these knowledge gaps, the following research questions were
investigated: How can the fermentation of stale bread by filamentous fungi be optimized to
maximize biomass yield and nutritional quality? Does the biochemical composition of
mycelium-bread meet the nutritional requirements of a high-quality aquafeed ingredient? What
is the bioaccessibility of nutrients in the gastrointestinal tract of fish? How does the dietary
inclusion of mycelium-bread (MB) diets affect fish growth performance, welfare, and fillet
quality? Are the production and utilization of MB economically viable for aquaculture
applications? What are the environmental impacts of using MB in aquafeed formulations

compared with conventional feed ingredients?

1.6 Aim and objectives
The aim of this thesis is to produce and evaluate MB as a novel and sustainable aquafeed
ingredient for aquaculture. To achieve this goal, the following specific objectives were

established:

- Determination of the optimal solid-state fermentation conditions to maximize protein

content and improve the nutritional composition of the resulting MB composite.



- Investigation of the effects of oil supplementation at different levels and types (fresh and
spent oil) on mycelium growth and hydrolytic enzyme activities.

- Invitro evaluation of the bioaccessibility of MB using simulated digestive tracts of two fish
species (as a preliminary evaluation of protein digestibility).

- Determination of the impact of including up to 20% MB in aquafeed diets on the growth
performance, welfare, and fillet quality of rainbow trout (Oncorhynchus mykiss).

- Evaluation of the economic feasibility and environmental footprint of MB inclusion in

aquafeed formulations.

1.7 Thesis outline
Chapter 1: Introduces the research motivation, background, and the overall aim and specific

objectives of the thesis.

Chapter 2: Provides an overview of filamentous fungal biology, the fundamental principles of

solid-state fermentation, and the optimization of fermentation conditions.

Chapter 3: Evaluates mycelium-bread produced through the solid-state fermentation of stale

bread by filamentous fungi.

Chapter 4: Presents a preliminary evaluation of protein bioaccessibility and the nutritional

changes following simulated gastrointestinal digestion.

Chapter 5: Assesses pellet quality, as well as the growth performance, welfare, and fillet quality

of fish fed diets formulated with MB.

Chapter 6: Details the techno-economic analysis and life cycle assessment of the MB inclusion

in the diets of rainbow trout.

Chapter 7: Summarizes the main conclusions, acknowledges the study limitations, and outlines

directions for future research



Chapter 2

Solid-State Fermentation for Mycelium-Based Feed Ingredient Production

2.1 Filamentous fungi Neurospora intermedia and Aspergillus oryzae

Fungi are eukaryotic microorganisms recognized as primary decomposers involved in nutrient
recycling [46]. Phylogenetic classifications divide fungi into seven phyla: Cryptomycota,
Blastocladiomycota, Chytridiomycota, Zoopagomycota, Mucoromycota (zygomycete),
Ascomycota, and Basidiomycota [47]. Filamentous Ascomycota are composed of long, thread-
like structures (hyphae) which collectively form the mycelium [48]. Neurospora intermedia
and Aspergillus oryzae, which belong to the phylum Ascomycota, have become attractive
candidates for the valorization of food and agricultural side streams due to their long history of

use in food fermentations and their ability to grow on carbohydrate-rich substrates.

Neurospora intermedia is an edible filamentous fungus traditionally used in the production of
oncom, a fermented Indonesian food [33]. Due to its ability to utilize a wide range of organic
waste streams, N. infermedia has gained increasing attention as a sustainable microorganism
within the circular bioeconomy [49]. Previous studies have demonstrated its ability to produce
hydrolytic enzymes, including amylases and xylanases [50], which enable the efficient
conversion of diverse organic substrates, such as dairy by-products [51], fruit and vegetable
residues, thin stillage [41], and soymilk by-products [33], into fungal biomass. The resulting
mycelium contains more than 60% (w/w) crude protein on a dry matter basis [37, 52],
highlighting its potential as a single-cell protein for food and feed applications. Moreover, N.
intermedia produces a range of nutritionally valuable compounds during fermentation,

including carotenoids [53], vitamins, and antioxidants [54].

Aspergillus oryzae is one of the most extensively utilized filamentous fungi in food
biotechnology and has been employed for centuries in the production of traditional fermented
foods such as soy sauce, miso, and sake [55]. Its exceptional ability to produce extracellular

hydrolytic enzymes, including amylases, proteases, and lipases, makes it an important



microorganism for starch saccharification and industrial enzyme production [56]. Its efficient
utilization of carbohydrate-rich substrates and long history of safe use have also made it
attractive for the valorization of food-processing side streams. More recently, dietary
supplementation with A. oryzae has been shown to influence ruminal fermentation, feed intake,
and dry matter digestibility, indicating its potential benefits for livestock nutrition [57]. Both
fungal species have been cultivated using submerged fermentation (SmF) and solid-state
fermentation (SSF). The choice of cultivation method influences fungal morphology, nutrient

availability, biomass yield, and the nutritional composition of the resulting product [41, 58].

2.2 Principles of solid-state fermentation

Fermentation is a microbially driven biochemical process that converts organic substrates into
diverse metabolites under either aerobic or anaerobic conditions. Due to the efficiency of
oxidative phosphorylation, aerobic fermentation supports significantly higher biomass
production than anaerobic processes [59]. SmF and SSF are two aerobic methods used for
fungal mycelium cultivation [60]. In SmF, microorganisms are grown in a liquid medium,
where dissolved substrates serve as carbon and energy sources, and the primary product is the
harvested fungal biomass [61]. In contrast, SSF involves cultivating microorganisms on solid
substrates with low moisture content and minimal free water, which reduces resource
requirements and wastewater generation [62]. The application of each method depends on the
selected substrate and the intended use of the fermented product. While the final product of
SmF is exclusively fungal mycelium, the final SSF product is a composite of fungal mycelium
and the unfermented portion of the substrate. Consequently, the nutritional composition of the

final product reflects contributions from both fungal growth and the residual substrate.

SSF is particularly advantageous for the nutritional enrichment of solid substrates, as it enables
fungi to utilize the available nutrients for growth and biomass production. [63]. Consequently,
the use of abundant food side streams as substrates reduces raw material costs while mitigating
environmental footprint. Furthermore, this process enables the upcycling of low-value food
products, such as stale bread, into enriched value-added ingredients for food and feed
applications. However, the efficiency of microbial activity depends on the diffusion of oxygen
and nutrients, which is often limited in solid matrices compared with liquid systems [64].
Additionally, poor heat transfer within the solid matrix can restrict both enzyme activity and
microbial growth. Together, these issues pose major challenges for the industrial scale-up of

SSF [65].



SSF is a complex biological process that is dependent on environmental parameters that mimic
the natural habitat of the microorganism [66]. These parameters play a crucial role in
influencing microbial growth, metabolic activity, and overall fermentation efficiency.
However, due to the unique properties of different solid substrates and the enzymatic
adaptability of filamentous fungi, the optimal conditions depend on the specific fungus-
substrate combination. The most important environmental variables that directly affect the final
yield include the initial moisture content, temperature, relative humidity, and duration of
fermentation. Therefore, optimizing these parameters is essential for maximizing fungal

growth, particularly when utilizing porous substrates such as stale bread.

2.3 Optimizing SSF of stale bread using filamentous fungi

SSF using filamentous fungi can yield a diverse range of bioproducts, including enzymes,
secondary metabolites, bioactive compounds, organic acids, and whole fermented foods [48].
Indeed, the intended application directly determines the optimal environmental conditions for
the fermentation process. Fungi have exhibited highly specialized regulatory mechanisms for
sensing and adapting to environmental stresses including fluctuations in temperature, moisture,
and oxygen [67]. In addition, optimal conditions for maximizing mycelium development

depend on the inherent physicochemical properties of the solid substrate.

Previous studies have reported an initial moisture content of 40% for SSF of stale bread by N.
intermedia [45]. However, moisture content directly influences water activity, which is highly
dependent on the physical matrix of the specific substrate. Because of this, applying identical
moisture content to different materials will result in different water activities. Therefore, it is

necessary to specifically optimize the initial moisture content for stale bread.

As a result, Paper I focused on maximizing fungal biomass production and the overall
nutritional enhancement of the final product by systematically optimizing these critical
parameters during the SSF of stale bread. To achieve this, fermentation temperatures ranging
from 14 to 35 °C, initial moisture contents between 30% and 70%, and relative humidities from
27% to 90% were evaluated to identify the conditions that yielded the maximum crude protein
content. As presented in Figure 2.1, the analysis showed that increasing the initial moisture
content up to 60% significantly enhanced crude protein accumulation. This effect can be
attributed to improved substrate hydration, nutrient diffusion, and enzyme activity, which

facilitate fungal growth and biomass formation. Furthermore, incubation temperatures of 30



°C and 35 °C and relative humidity ranging from 50% to 90% did not further improve the final
yield.

Since fungal fermentation is an exothermic process [68], metabolic heat generation can
influence substrate moisture content through water evaporation. Relative humidity, in turn,
affects the rate of moisture loss from the substrate and helps maintain water activity at levels
suitable for fungal growth and enzyme activity. Therefore, an incubation temperature of 30 °C
combined with a relative humidity of 50% appeared sufficient to maintain favorable moisture
conditions within the bread matrix, while higher temperatures or humidity levels had no
significant effect on the final yield. Consequently, the optimal conditions for the SSF of bread
using N. intermedia were identified as an incubation temperature of 30 °C, an initial moisture

content of 60%, and a relative humidity of 50%.
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Figure 2.1 Effect of temperature, initial substrate moisture content, and relative humidity on the crude
protein content of MB following SSF by Neurospora intermedia. DM: Dry matter. (Figure reproduced
from Abbasi, Sar [44] under the terms of the Creative Commons CC BY license)

In the context of this thesis, stale bread was used as substrate for the cultivation of edible
filamentous fungi N. intermedia and A. oryzae to produce nutritionally enriched mycelium-
bread (MB) through SSF. As illustrated in Figure 2.2, both fungal species exhibit substantial
nutrient accumulation over a 10-day fermentation period. Specifically, the crude protein
content increases from approximately 13 g/100 g dry matter (DM) to peak levels exceeding 34
g/100 g DM for N. intermedia and approximately 30 g/100 g DM for A. oryzae (Figure 2.2A).
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Similarly, crude fiber levels rise steadily, reaching peak concentrations of roughly 25 g/100 g
DM and 22 g/100 g DM for N. intermedia and A. oryzae, respectively (Figure 2.2B). Notably,
N. intermedia consistently demonstrates a greater accumulation of both protein and fiber

compared with 4. oryzae under the same conditions.
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Figure 2.2 Accumulation of crude protein (A) and crude fiber (B) by N. intermedia and A. oryzae over
a 10-day SSF of stale bread.
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Chapter 3

Functional Characterization of Mycelium-Bread

3.1 Proximate composition

Proximate analysis is an essential methodology used to quantify the major nutritional
components of feed and food ingredients, including moisture, crude protein, crude lipid, ash,
crude fiber, and carbohydrates. This evaluation is critical for selecting ingredients that provide
the nutrients required for the optimal performance of aquatic species [69]. As detailed in Table
3.1, MB exhibits a distinct macronutrient profile when compared with standard commercial
benchmarks. Despite the increase in crude protein following fermentation, the protein content
of MB remains lower than the levels reported for soybean meal and fishmeal (Paper I).
Concurrently, the residual starch content of MB approaches the negligible levels characteristic
of the reference ingredients. In contrast, the crude fiber content reached 15.2% DM, which is a
notably high value for carnivorous species [70]. Although the total lipid content of the MB is
comparable to that of standard plant-based ingredients, it remains significantly lower than that
of fishmeal.

Table 3.1 Proximate composition of MB in comparison with stale bread, soybean meal, and fish meal.

Values are expressed as g/100 g DM. Data are presented as mean + standard deviation and reproduced
from Paper 1.

Components Stale bread Mycelium-bread  Soybean meal” Fish meal”
Moisture 7 7 12 8
Crude protein 12.2+0.5 348+0.7 47.5 65.3
Total lipid 1.9+£0.7 26+04 1.5 8.9
Crude Fiber 0.8+0.1 152+0.2 3.9 -
Starch 61.6+1.5 1.4+0.1 0 0
Ash 32+0.7 6.5+0.5 6.3 20.8
Energy (kj/g) 18 19 17.2 19

* Reference values adapted from Sauvant et al.[71]

Beyond general macronutrient shifts, fermentation influenced the amino acid profile of MB.
The total amino acid content increased from 118 g/kg in stale bread to 248 g/kg in MB. The

difference between this total amino acid content and overall crude protein value (348 g/kg)
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indicates the presence of N-acetylglucosamine, glucosamine, and glycoproteins in fungal cell
wall [72]. In addition, fish are incapable of synthesizing certain amino acids de novo; therefore,
these essential amino acids (EAAs) must be supplied through the diet [73]. Fishmeal is widely
recognized as a valuable feed ingredient because of its high EAAs content. It is particularly
rich in methionine, an amino acid crucial for protein synthesis that is frequently deficient in
plant-based alternatives [74]. Although non-essential amino acids (NEAAs) can be synthesized
endogenously by fish, their dietary supply reducing overall metabolic energy consumption and
promotes better growth performance [75]. This comparison demonstrates that despite the
significant nutritional enhancement achieved compared with stale bread, MB does not
constitute a nutritionally complete stand-alone protein source for aquafeeds. Nevertheless, it
still provides competitive levels of specific EAAs, such as lysine, which plays a vital role in

supporting the immune system of fish [75].

Table 3.2 Amino acid profile (g/kg) of stale bread, MB, and commercial reference ingredients.

Stale bread  Mycelium-bread  Soybean meal™  Fish meal™®

Essential AAs

Arginine 4.9 14.3 35.0 38.2
Histidine 2.5 6.2 12.5 15.9
Isoleucine 4.2 9.9 21.7 25.0
Leucine 8.3 16.8 34.7 445
Lysine 2.5 27.5 28.9 46.4
Methionine 1.6 3.7 6.6 16.3
Phenylalanine 5.8 9.7 23.7 243
Threonine 33 12.9 18.3 25.6
Tryptophan 1.5 3.9 6.1 6.0

Valine 5.0 13.6 22.8 30.2
Non-essential AAs

Alanine 3.8 16.8 20.7 39.7
Aspartic acid 5.0 23.8 53.7 57.7
Glutamic acid 39.8 39.0 84.3 77.3
Serine 5.9 13.5 23.6 24.5
Cysteine 2.8 5.6 6.9 5.1

Glycine 4.5 12.4 19.7 48.0
Proline 13.0 11.2 23.2 28.3
Tyrosine 3.1 7.9 15.6 19.0
Total AA 118 248 458 565

* Reference values adapted from Sauvant et al.[71]
2. Contain approximately 50% of crude protein
b Produced from whole fish or fish parts containing approximately 58-63% crude protein

Beyond lipid quantity, the nutritional value of aquafeed is strongly influenced by its fatty acid

composition. For optimal physiological function, fish and shrimp require long-chain
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polyunsaturated fatty acids (LC-PUFAS), such as docosahexaenoic acid (DHA) (C22:6n-3) and
eicosapentaenoic acid (EPA) (C20:5n-3) [76]. Marine species typically obtain these essential
PUFAs directly from planktonic primary producers, whereas freshwater species possess the
enzymatic capacity to synthesize them from precursors like linoleic acid (C18:2n-6) and alpha-
linolenic Acid (ALA) (C18:3n-3) [76]. Nevertheless, the direct supplementation of aquafeeds
with EPA and DHA consistently results in improved growth, enhanced disease resistance, and
superior fillet quality [77]. Although fish oil is the primary dietary source of PUFAs in
aquafeeds, ongoing sustainability challenges necessitate the development of sustainable
alternatives [78]. During SSF, N. intermedia modified the lipid composition by catabolizing
saturated fatty acids, such as palmitic acid, while actively synthesizing PUFAs (Table 3.3).
Consequently, the essential omega-6 fatty acid (linoleic acid) replaced oleic acid as the
dominant fatty acid, increasing from 30% to 37% of total lipids. As a result, the PUFA/SFA

ratio increased from 0.72 in stale bread to 2.10 in mycelium-bread.

Table 3.3 Total fat and fatty acid distribution of stale bread before and after SSF with N. intermedia.

Stale bread MB
Total Fat 1.98£0.77 2.06 £0.10
SFA 0.49 0.45
MUFA 0.79 0.67
PUFA 0.70 0.95
PUFA/SFA 0.72 2.10

SFA: Saturated Fatty Acids; MUFA: Monounsaturated Fatty Acids; PUFA: Polyuhsaturated Fatty Acids. Total fat
values are expressed as g/100 g DM with the standard deviation.

Based on the demonstrated potential for fatty acid profile enhancement, Paper II investigated
the ability of N. intermedia to valorize lipid supplementation during SSF. The stale bread was
supplemented with varying levels of fresh and spent sunflower oil to produce fatty acid-
enriched MB. While oil supplementation increased the PUFA/SFA ratio to as high as 2.4 (at
10% supplementation), it also led to a decrease in both crude protein and crude fiber contents.
This relationship is attributed to changes in the physicochemical properties of the substrate.
The addition of oil can create a physical barrier that limits oxygen transfer throughout the solid
matrix [64], thereby restricting fungal growth. Therefore, further optimization is necessary to
balance mycelium development and lipid enrichment. However, this approach demonstrates
the versatility of N. intermedia in upcycling heterogeneous organic waste streams into high-

value ingredients.
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3.2 Endogenous enzymatic activities

The fermentation method, operational conditions, substrate composition, and fungal species
are key determinants of the dominant extracellular enzymes secreted during cultivation [79].
SSF is a well-established process for industrial enzyme production, as it closely mimics the
natural physiological environment of filamentous fungi [80]. While robust amylolytic activity
is evidenced by the substantial reduction in starch observed in the proximate analysis, Paper
III specifically aimed to investigate the degradation of the structural matrix of the bread. In
this regard, measurements of xylanase and f-1,4-glucanase activities (Figure 3.1) demonstrated
that the fungi actively secreted the auxiliary enzymes needed to break down the matrix, rather

than merely consuming readily accessible starch.
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Figure 3.1 Endogenous extracellular enzymatic activities of N. intermedia mycelium compared with
MB.

The dynamics of auxiliary carbohydrases were monitored in N. intermedia and A. oryzae
cultivated using SmF with glucose as the carbon source and SSF using stale bread as the
substrate (Paper III). The findings demonstrated that produced biomass through SmF
exhibited significantly lower f-1,4-glucanase and xylanase activities than MB in both species
(Figure 3.1). Conversely, proteolytic activities exhibited species-specific patterns; while M.
intermedia showed a general decrease in protease secretion in SSF relative to SmF, A. oryzae
demonstrated a marked increase in acid protease activity under SSF conditions. This difference
is directly associated with the distinct pH profiles generated by each species during

fermentation. Monitoring of pH over 10-day period showed that A. oryzae maintained an acidic

15



environment during the first six days of SSF, creating conditions that likely promoted the
upregulation of acid proteases. In contrast, N. intermedia induced a continuous increase in pH

from the first day of fermentation.
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Figure. 3.2 Comparative pH profiles of the solid matrix during fermentation with N. intermedia and
A. oryzae.

3.3 Antioxidant capacity

Antioxidants are molecules that neutralize free radicals by donating electrons [81]. Free
radicals are highly reactive species capable of causing oxidative damage to DNA, lipids, and
proteins, ultimately leading to cellular dysfunction. Common examples of dietary antioxidants
include polyphenols, flavonoids, and vitamins, which are predominantly found in plant-based
foods such as fruits, vegetables, nuts, and seeds [82]. Increasing the concentration of these
molecules enhances a material's capacity to neutralize free radicals, thereby increasing overall
nutritional and functional value. This scavenging capability forms the fundamental basis of
standard measurement techniques, such as total antioxidant capacity (TAC) [83]. Filamentous
fungal mycelia are increasingly recognized for their ability to synthesize secondary metabolites
with significant radical-scavenging potential, including phenolics, flavonoids, glutathione, and

carotenoids [84].

The radical scavenging assays provided valuable insights into the changes in antioxidant
profiles of the fungal products following fermentation. Two antioxidant scavenging assays,
2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic  acid) (ABTS) and 2,2-diphenyl-1-

picrylhydrazyl (DPPH), were used to evaluate different classes of antioxidant compounds due
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to their distinct reaction mechanisms. The ABTS assay is highly sensitive to polar antioxidants
such as polyphenols, flavonoids, hydrophilic peptides, and S-glucans [85, 86], while the DPPH
radical specifically reacts with non-polar (lipophilic) compounds like vitamin E and
carotenoids [87]. In the fungal biomass of N. intermedia and A. oryzae cultivated by SmF on a
glucose-based synthetic medium, the ABTS radical scavenging capacity was exceptionally
high. However, MB produced by both fungal species exhibited a distinct biochemical shift,
characterized by decreased ABTS and increased DPPH radical scavenging activity. As the
fungi secrete carbohydrases to degrade structural polysaccharides during SSF, they
simultaneously liberate bound phenolic compounds inherent to the wheat matrix in stale bread.
Consequently, while the carbohydrate-rich bread matrix dilutes the overall concentration of
polar fungal peptides (thereby lowering ABTS values), the enzymatic release of matrix-bound

phenolics substantially enhances the non-polar antioxidant capacity of the MB.

Table. 3.4 Antioxidant capacity of pure fungal biomass of N. intermedia and A. oryzae cultivated by
submerged fermentation (SmF), compared with their respective MB.

Ingredient DPPH ABTS

N. intermedia 48+0.5 20.8£0.5
MB- N. intermedia 83+0.7 4.6+2.6
A. oryzae 3.0+£03 20.4+0.2
MB- 4. oryzae 53+0.2 7.5+2.6

Units: pmol Trolox Equivalent/g

In the context of aquafeed, antioxidants provide a range of essential benefits for aquatic species,
primarily by mitigating oxidative stress, enhancing immune responses, and improving overall
health and growth performance [88, 89]. Integrating natural antioxidants, such as fungal
polyphenols, contributes to sustainable aquaculture by reducing reliance on synthetic additives
and minimizing environmental impacts [90]. Therefore, the inclusion of antioxidant-rich MB
has the potential to improve the physiological performance of farmed fish. However, the true
efficacy of these bioactive compounds depends on their stability during the digestion process
and their subsequent absorption. To address this, Paper III investigated the in vitro stability
and digestive transformation of these antioxidants, while Paper IV explored their functional

impact on final fillet quality.

3.4 Mycotoxin content
Despite the nutritional advantages of filamentous Ascomycota fungi, some species from genera
such as Aspergillus, Penicillium, and Fusarium can produce mycotoxins. Mycotoxins are toxic

secondary metabolites with biochemical, physiological, and pathological effects on humans,
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animals, and plants [91]. They are commonly found in agricultural products such as grains,
cereals, fruits, vegetables, and animal feed, particularly under improper storage conditions. To
date, more than 300 distinct mycotoxins have been identified, with prominent examples
including aflatoxins, ochratoxins, fumonisins, deoxynivalenol, and zearalenone [91]. However,
mycotoxin production is restricted to specific fungal species. For example, genomic studies
have demonstrated that N. intermedia lacks the genes required for mycotoxin biosynthesis [92].
Similarly, 4. oryzae is widely regarded as a safe industrial microorganism due to its long history
of use in food fermentation; however, mycotoxin production is strain-dependent, and only
selected non-toxigenic strains are considered suitable for food and feed applications [93]. In
contrast, closely related species such as A. flavus are well-known producers of carcinogenic

aflatoxins.

Aflatoxins, particularly AFB1, are among the most frequently detected mycotoxins in
aquafeeds [94]. They are frequently found in plant-based ingredients such as maize, soybeans,
and wheat. These compounds are highly toxic to fish, causing reduced growth, compromised
liver function, and inducing oxidative stress [95]. Furthermore, exposure to AFB1 affects the
nutritional composition of fish flesh by reducing protein and phospholipid contents while
increasing triglyceride levels [96]. These biochemical changes negatively affect the sensory

and nutritional quality of fish products [96].

Nevertheless, food side streams, including stale bread, may contain residual mycotoxins
originating from fungal contamination prior to fermentation. Therefore, the safety of MB must
be assessed before its use as a feed ingredient. Hence, the mycotoxin content of MB produced
by N. intermedia (MB-NI) was determined (Paper IV), with a specific focus on aflatoxins (B1,
B2, GI1, and G2). The analytical results confirmed as AFB1 was below the limit of
quantification (< 0.1 pg/kg; Paper IV). While trace amounts of aflatoxin B2 were detected
(0.88 £ 0.2 pg/kg), the total aflatoxin concentration (B1 + B2 + G1 + G2) remained extremely
low (< 1.6 pg/kg). These values were substantially below the maximum level (50 pg/kg)
established by the European Union for animal feed materials (Directive 2002/32/EC).
Collectively, these findings demonstrate that the SSF of stale bread using N. intermedia
produces a safe feed ingredient with aflatoxin concentrations well below regulatory limits,

supporting its suitability for aquaculture applications.
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Chapter 4

In Vitro Digestibility Evaluation

Beyond their value as a single-cell protein, filamentous fungi produce a complex biomass rich
in bioactive compounds, including antioxidants, f-glucans, chitin, chitosan, carotenoids, and
enzymes, as described in Chapter 3. However, the practical application of these compounds in
aquafeed depends on their release from the food matrix during digestion and their subsequent
availability for absorption in the gastrointestinal tract (GIT), a concept known as
bioaccessibility [97]. Therefore, this chapter evaluates the bioaccessibility of protein,
antioxidant and enzyme activity of mycelium and MB produced by N. intermedia and A. oryzae

under simulated gastrointestinal conditions for fish.

4.1 In vitro models in aquaculture

Nutrient availability is influenced by various biological factors, including the physiology of
the digestive tract, the gut microbiota [98], and complex enzymatic and hormonal regulation
[99]. Although analysis using living organisms provide the most accurate representation of
digestive processes, ethical and practical limitations have necessitated the development of in
vitro digestion models [100]. The primary objective of these models is to provide rapid and
repeatable laboratory tools for evaluating digestive processes under controlled conditions. To
obtain meaningful results, digestibility models must reflect the physiology of the target species
[101]. Fish have a monogastric gastrointestinal system comparable to that of humans and many
terrestrial animals; therefore, several in vitro models originally developed for human nutrition
have been adapted for aquaculture applications [102]. The initial applications of in vitro models
focused on the digestion of macronutrients, including proteins, carbohydrates, and lipids. As
controlled laboratory systems, these models provide insights into the release of nutrients and
bioactive compounds from complex food matrices. Hence, integrating findings from both in
vitro and in vivo approaches provides a comprehensive evaluation of novel functional

ingredients.
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Various model configurations, ranging from pH-static to dynamic systems, have been tested
depending on specific experimental objectives [103]. Simple closed-vessel systems typically
simulate a single step (gastric or intestinal) of enzymatic hydrolysis by mixing substrates with
crude digestive enzyme extracts and measuring the resulting products [102]. In contrast,
dynamic models simulate the entire digestive process, incorporating gradual enzyme addition
and continuous pH control to generate detailed digestion kinetics. However, due to their time-
consuming nature and high operational costs, the use of these advanced models is often
restricted to specific applications, such as evaluating targeted pharmaceutical product delivery

[104].

To bridge the gap between simplicity and physiological relevance, open systems using semi-
permeable membranes have been developed. These two-stage systems are adapted to the
physiology of aquatic species, simulating gastric (acidic) and intestinal (alkaline) phases to
evaluate the nutrient digestibility [105]. Additionally, these models are tailored using species-
specific enzymes, pH adjustment, and enzyme-to-substrate ratios to reflect the digestive
processes of fish and other aquatic animals [104]. As illustrated in Figure 4.1, during digestion,
low-molecular-weight products diffuse through the membrane and are continuously removed,
providing a dynamic estimate of potentially bioavailable nutrients. Despite their broad
application in aquaculture nutrition, these models have not yet been widely used to investigate
the bioaccessibility of nutrients and bioactive compounds derived from fungal biomass.
Therefore, Paper I1I evaluated the in vitro protein digestibility and antioxidant bioaccessibility
of fungal-derived ingredients and compared their digestive behavior with conventional
aquafeed ingredients, including fishmeal (FM), soybean meal (SBM), and wheat gluten meal
(WGM).

4.2 Methodology

To gain a comprehensive understanding the fate of MB within the fish digestive system, a
robust comparative experimental design was employed (Paper III). This approach compared
the digestibility of N. intermedia (NI) and A. oryzae (AO) produced using two different
fermentation methods. The fungal mycelium was produced through SmF using a glucose and
yeast extract medium while the MB (BNI and BAO) was produced through SSF of stale bread.
This direct comparison allowed for a critical evaluation of how bread matrix and the different
metabolic activities during SSF influence overall nutrient bioaccessibility. Furthermore, to

ensure the in vitro model accurately reflected different digestive physiologies, crude enzyme
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extracts from Nile tilapia and rainbow trout were used, representing omnivorous and
carnivorous feeding strategies. The use of species-specific extracts provided critical
mechanistic insights into how the fungal ingredients respond to different enzymatic profiles

and gastrointestinal conditions.

Stomach extract 3 y. '~ ,  Intestinal extract
(Acid phase) \ . / (Alkaline phase)
Ingredients Membrane

‘ l 3.500 Da MWCO

X Time series sampling Two-stage semipermeable Buffer reservoir
bioreactor

Figure 4.1 Schematic representation of the semi-permeable membrane bioreactor system used for in
vitro digestibility assays.

The digestibility simulation was conducted using two-chamber bioreactors separated by semi-
permeable membranes (MWCO 3,500 Da), following the methodology described by Morales
and Moyano [105]. Each unit consisted of an upper reaction chamber containing the substrate
and enzyme extracts under continuous magnetic stirring. The simulation began with a gastric
phase, during which the substrate was suspended and adjusted to a species-specific acidic pH
(Table 4.1). Following the gastric phase, the intestinal phase was initiated by adjusting the pH
to the appropriate alkaline level before the addition of intestinal enzyme extracts. Throughout
the entire assay, aliquots were periodically collected from the lower chamber to monitor the

continuous passive diffusion and kinetics of low-molecular-weight digestion products.

As detailed in Table 4.1, the experimental parameters were adjusted to mimic species-specific
gastrointestinal environments. Because fish are poikilothermic, their internal body temperature

depends on the surrounding environment [ 106]. Consequently, different species exhibit distinct
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optimal temperatures for physiological performance [107]; for instance, the optimal
temperature for rainbow trout ranges of 10 to 15 °C [108], whereas Nile tilapia thrive at
temperatures of approximately 25-30 °C [109]. However, to accelerate enzymatic activity and
reduce the duration of assays, in vitro simulated models generally use incubation temperatures

slightly above their respective physiological requirements [110].

Table 4.1 Experimental parameters used for the in vitro simulation of gastrointestinal digestion in
rainbow trout and Nile tilapia (Paper III).

Parameter Rainbow trout (O. mykiss) Nile Tilapia (O. niloticus)
Digestion system Carnivorous Omnivorous
Weight of model fish (g) 100 65
Incubation Temperature (°C) 20 25
Substrate amount (mg) 500 650
Gastric Phase (Stomach)

pH 4.0 5.7
Duration (min) 120 120
Acid protease activity added 05 )

(U/g fish) ’

Intestinal Phase

pH 8.5 7.4
Duration (min) 300 240

Alkaline protease activity

added (U/g fish) 318 >-6

Total hydrolyzed amino acids (AAs) in the lower chamber indicated protein digestibility
originating from multiple sources (Table 4.2). Both the substrate and the digestive enzyme
extract contain free amino acids (FAAs) capable of diffusing through the semi-permeable
membrane. Furthermore, while in vitro models typically evaluate endogenous digestive
enzymes, fungal-based ingredients contain exogenous enzymes that also contribute to protein
hydrolysis. To differentiate these effects, control assays were conducted in which enzymes
either the fish extract or the fungal ingredient were separately deactivated by heat stress (100
°C for 2 h) prior to digestion. Comparing the resulting profiles enabled precise identification

of the sources of the released AAs.
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Table 4.2 Identification of amino acid sources contributing to the total hydrolyzed amino acids during
in vitro digestion.

Free AA of ingredient
Ingredient by substrate enzyme
Total AAs Hydrolyzed by enzyme extract
Free AA of EE
Enzyme extract by substrate enzyme
Hydrolyzed Y Y

by enzyme extract

4.3 Comparative digestibility

When comparing the fungal products with the reference ingredients (Figure 4.2), the simulation
using rainbow trout crude enzyme extract consistently yielded significantly higher overall
protein hydrolysis than the Nile tilapia model. This trend aligns with the enzymatic profiles of
the two species. As a carnivorous species, rainbow trout have specialized proteolytic enzymes,

such as trypsin, chymotrypsin, and enteropeptidase [111].

AO and NI exhibited the highest overall protein digestibility in both fish species. Nevertheless,
BAO and BNI demonstrated competitive digestibility profiles relative to the reference
ingredients. Specifically, in the Nile tilapia model, both BAO and BNI yielded 39 mg AA per
100 mg protein, approximately twice the amount of hydrolyzed amino acids obtained from the
reference ingredients. In the rainbow trout model, MB exhibited digestibility comparable to
that of reference ingredients, yielding approximately 55 mg AA per 100 mg protein. Despite
the structural complexity, the MB remains bioaccessible and could be efficiently utilized by

both carnivorous and omnivorous fish.
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Figure 4.2 Total hydrolyzed amino acids (mg AA per 100 mg protein) released during in vitro digestion
of mycelium-based and reference ingredients using rainbow trout and Nile tilapia enzyme extracts. Bars
represent mean + SD. Different letters indicate significant differences within each enzyme source (P <
0.05).

The kinetic profiles of amino acid release during the two-stage in vitro digestion further
illustrate the hydrolysis mechanism for both Nile tilapia (Figure 4.3) and rainbow trout (Figure
4.4). By comparing simulations using active fish endogenous enzyme extracts (EE) with those
using deactivated enzyme extracts (DEE), the specific contribution of the fish's digestive
enzymes was isolated. For reference ingredients, a substantial gap was observed between the
active and deactivated curves, demonstrating a strong reliance on the fish's enzymes for
hydrolysis. Conversely, the MB ingredients exhibited minimal differences between the EE and
DEE kinetic profiles. This narrow gap indicates that the hydrolysis in BAO and BNI is
predominantly driven by mycelium enzyme activity. These dynamic results are consistent with
biochemical assays demonstrating higher endogenous enzyme activities in the MB compared

to AO and NI (Paper III).
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Figure 4.3 Kinetics of protein hydrolysis for seven ingredients during a 420-minute simulated digestion
using a rainbow trout model. EE, enzyme extract; DEE, deactivated enzyme extract. FM: fishmeal,
SBM: soybean meal, WGM: wheat gluten meal.
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Figure 4.4 Kinetics of protein hydrolysis for seven ingredients during a 360-minute simulated digestion
using a Nile tilapia model. EE, enzyme extract; DEE, deactivated enzyme extract. FM: fishmeal, SBM:
soybean meal, WGM: wheat gluten meal.

By considering the FAAs originating from both the ingredients and the fish enzyme extract, a
more detailed source allocation of the hydrolyzed amino acids was established (Figure 4.5). In
contrast to the reference ingredients, the fungal biomass exhibited exceptionally high initial
FAAs release, providing an immediate and bioaccessible nutrient source. Specifically, AO and

NI released approximately 56 and 35 mg AA per 100 mg protein, respectively. Furthermore,
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FM, SBM, and WGM demonstrated a dependence on the fish endogenous enzyme extract.
Conversely, MB (BAO and BNI) exhibited the lowest dependency on fish enzymes, indicating

that these ingredients actively contributed to their own digestion through inherent enzymatic

activity.
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Figure 4.5 Identification of the sources contributing to amino acids released during simulated digestion.

4.4 Dynamic changes in antioxidant capacity during digestion

In addition to protein digestibility, the bioaccessibility of bioactive compounds may also be
affected during digestion. Therefore, changes in the antioxidant capacity of the fungal
ingredients before and after digestion were evaluated using the ABTS™" radical scavenging
assay (Paper III). Because the ABTS™ radical is known to react with free amino acids, the
analysis may overestimate antioxidant capacity. To correct this interference, the antioxidant
capacity attributed to released amino acids was calculated and subtracted from the total
measured capacity, thereby enabling the determination of the residual antioxidant activity

originating from non-amino acid compounds.

Beyond protein hydrolysis, the in vitro model also evaluated the dynamic changes in total
antioxidant capacity (TEAC) before and after simulated digestion (Table 4.3). For all
mycelium-based ingredients, the GIT simulation resulted in substantial increase in antioxidant
activity compared with the pre-digestion state. This increase is likely driven by the enzymatic

breakdown of the substrate matrix, which releases bound bioactive compounds during
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digestion [112]. Consistent with the protein digestibility results discussed previously, the
rainbow trout simulation generated significantly higher final TEAC values than the Nile tilapia
model. This difference reflects the stronger proteolytic capacity of rainbow trout, which is
capable of cleaving and releasing a higher amount of low-molecular-weight antioxidant
peptides from the protein matrices.

Table 4.3 Changes in total antioxidant capacity (TEAC, umol/100 mg) of fungal ingredients before and
after in vitro simulated gastrointestinal digestion (Paper III).

Initial TEAC Final TEAC

Fish species Ingredients (pre-digestion) (post-digestion) Non-AA source

NI 2.1+£0.0 152+0.9 ND*

Rainbow trout BNI 0.6+0.3 19.5+0.5 92+1.1
AO 2.0+0.0 14.7+0.2 ND

BAO 0.8+0.3 15.0+£0.5 5.8+0.8
NI 2.1£0.0 43+0.1 ND

Nile tilapi BNI 0.6+0.3 6.7+0.8 2.8+0.7
tle tilapia AO 2.0£0.0 6.6%0.5 ND

BAO 0.8+0.3 53+0.7 2.0+0.3

*Note: ND = Not Detected. Values are expressed as mean + standard deviation. Different superscript letters within
the same column indicates significant differences.

However, the most important functional insight emerges from the source fraction of this
antioxidant activity. While NI and AO exhibited high post-digestion antioxidant capacities, this
activity was primarily attributable to amino acids and peptides. In contrast, the digestion of the
BNI and BAO released a substantial proportion of non-AA antioxidant compounds. In the
rainbow trout simulation, nearly half of the total antioxidant capacity observed for BNI (9.2
out of 19.5 umol/100 mg) was derived from non-AA sources. This fraction is likely associated
with matrix-bound phenolic acids present in the bread substrate and retained in MB. These
compounds are predominantly bound to cell-wall polysaccharides and can be released through

the combined action of fungal carbohydrases and digestive enzymes [113, 114].

28



Chapter 5

In Vivo Feeding Trial

The in vitro digestibility model presented in Chapter 4 provided valuable insights into the
bioaccessibility of nutrients and bioactive compounds from mycelium and MB produced by
Neurospora intermedia and Aspergillus oryzae. Among the evaluated ingredients, MB
produced by N. intermedia demonstrated high protein digestibility, elevated antioxidant
bioaccessibility, and strong endogenous enzymatic activity (Paper IIT). Additionally, rainbow
trout (Oncorhynchus mykiss) was selected as the target species because it exhibited the highest
release of hydrolyzed amino acids during the in vitro digestion simulations, indicating a greater

capacity to utilize fungal-derived nutrients than Nile tilapia.

However, simulated models cannot fully capture the complex physiological interactions that
occur within a living organism, including nutrient absorption, metabolism, and overall animal
performance. Therefore, in vivo feeding trials are essential for determining whether the
nutritional and functional advantages observed under simulated gastrointestinal conditions

translate into physiological performance under practical farming conditions [115].

5.1 Feed formulation and production

Feed is a critical component in aquaculture, directly influencing both fish growth and health.
Furthermore, it accounts for 50-60% of operating costs, making it the largest production
expense [116]. Feed quality and stability also substantially affect water quality and
environmental pollution in farming systems [117]. Consequently, proper feed formulations are
essential to ensure optimal growth rates, welfare, environmental sustainability, and the
economic viability of the industry [116-118]. Fish species, age, feeding habits, and water
temperature are the primary factors that determine optimal diet formulations. For example,
carnivorous species such as rainbow trout require higher dietary protein and lipid compared

with herbivorous species [22]. In addition, juvenile fish generally require higher protein and
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lower fat levels compared with post-smolts and broodstock. Therefore, standard nutrient

requirements are established for each life stage of individual fish species.

As discussed in Chapter 2, there is growing interest in sustainable protein alternatives such as
single-cell proteins including microalgae and filamentous fungi. These resources are
particularly attractive due to their high nutritional value and their ability to upcycle low-value
substrates into high-quality biomass. While most replacement efforts have focused on utilizing
these microorganisms strictly as novel protein sources, Paper IV explores the broader benefits
of filamentous fungi. For instance, filamentous fungi such as Neurospora intermedia produce
a range of bioactive compounds such endogenous enzymes, pigments, and antioxidants, that
may provide functional benefits such as enhanced digestion, and immunostimulatory effects

[36-38].

A control diet was formulated according to established nutritional guidelines for juvenile
rainbow trout including 43% protein and 22% lipid [119, 120]. The selection of MB inclusion
levels was based on a combination of literature evidence, the in vitro evaluation, and
compositional analysis of the ingredient. Previous studies have reported safe inclusion levels
of fungal mycelium of up to approximately 20% crude protein without adverse effects on
growth performance [39]. Building upon these findings, higher inclusion levels were applied
in the present study to further explore the functional and nutritional potential of MB beyond
minimal substitution. The inclusion rate was further supported by in vitro digestion results
(Paper III), which demonstrated high protein bioaccessibility and significant endogenous
enzyme activity in MB. In addition, the amino acid profile of MB was characterized by a
relatively high lysine content compared with soybean meal and lower methionine levels
relative to fishmeal (Paper IV). This profile supports its potential to partially replace plant-

based protein sources while improving the essential amino acid balance.

Based on these considerations, two experimental diets were formulated with MB inclusion
levels of 10% (MB10) and 20% (MB20). Fishmeal content was maintained at 150 g/kg across
all diets, while the contents of soybean and wheat meal were progressively reduced. All diets
were formulated to be isonitrogenous and isolipidic (Table 5.1), ensuring that any observed
differences in fish performance could be attributed to MB inclusion rather than nutritional

imbalances.
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Table 5.1 Diet formulations and proximate analysis of formulated diets (MB10 and MB20) versus
control diet.

Ingredients (g /kg) Control MB10 MB20
Mycelium-bread (MB) 0.0 100 200
Fishmeal 150 150 150
Blended Soy Protein® 160 115 64
Fish oil 116 116 116
Soybean oil 53 53 53
Wheat meal 157 126 103
Premix and Additives® 5.7 5.7 5.7
Carboxy-methyl cellulose 50 25 0
Yttrium oxide 0.1 0.1 0.1
Other ingredients® 300 300 300

Proximate composition (g/Kg)

Protein 431.3 431.6 431.4
Lipids 221.9 222.0 221.8
Carbohydrates 144.4 124.4 104.2
Fiber 65.0 65.0 65.0
Ash 76.3 79.4 82.1
Energy (MJ/Kg) 18.8 18.8 18.8

*Blended Soy Protein includes an equal mixture (50:50) of Soycomil R-60% and Soybean 50%. "Includes Vitamin
C (7 g), Vitamin E (2 g), Lysine (1.9 g), Threonine (1.2 g), Methionine (1.5 g), Astaxanthin (0.65 g), and
Monocalcium phosphate (8.9 g). ¢ Other ingredients maintained at constant inclusion levels: Poultry meal (50 g),
Meat & Bone meal (90 g), Wheat gluten (95 g), and Corn gluten (60 g).

5.2 Pellet characteristics

The physicochemical characterization of aquafeed pellets is essential for ensuring both
nutritional efficiency and environmental sustainability in aquaculture facilities. Structural
properties such as water-holding capacity (WHC), pellet hardness, and nutrient leaching
directly influence pellet stability, digestion dynamics, and environmental impact [121, 122].
Stable pellets reduce nutrient losses, thereby improving feed utilization and minimizing
nutrient discharge and environmental pollution [123]. Feed processing, particularly extrusion,
plays a key role in determining pellet quality and modifying the functional properties of feed
ingredients. The extrusion process involves high temperature, steam, pressure, and mechanical
shear, which promote starch gelatinization and pellet expansion [124]. However, these thermo-
mechanical conditions can also affect sensitive bioactive compounds [125]. Therefore, the
antioxidant capacity (Table 5.2) and endogenous enzyme activities (Paper IV) of the
formulated diets were evaluated before and after extrusion to assess the functional properties
of MB.
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Table 5.2 Effect of the extrusion process on the antioxidant capacity of the experimental diets (Control,
MBI10, and MB20).

Parameters Extrusion Control MB10 MB20 SEM Pinor4

ABTS (umol TE/g) Pre 25.55 13.68 10.40 3.04 0.07
Post 12.70 21.09 11.96 6.87 0.62
Pre 1.41° 5.43%® 6.912 1.07 0.01

0,

DPPH (%) Post 1465 4620 759 022 0.00

Phenolic content (mg GAE/g) Pre 0.29¢ 0.51° 0.66* 0.01 0.00
Post 0.33¢ 0.52° 0.69* 0.02 0.00

Note: Data are presented as means. SEM is calculated from the pooled standard deviation. The presented values
before extrusion (Pre) and after the extrusion (Post).

Radical scavenging activity (DPPH) and total phenolic content increased with increasing MB
inclusion both before and after extrusion, indicating that MB is a key contributor to the
antioxidant potential of diets. In contrast, ABTS values showed variation but no significant
differences among treatments. The behavior of antioxidant compounds during extrusion is
complex and depends on both the chemical nature of the compounds and the processing
conditions. While thermal treatment may lead to the degradation of certain heat-sensitive
molecules like vitamins [126], it can also promote the release of bound phenolics or induce

structural transformations that enhance their measurable antioxidant activity [127].

The enzymatic response to extrusion was variable. Acid protease activity remained associated
with MB inclusion, while alkaline protease activity increased after extrusion. Conversely, -
1,4-glucanase activity decreased substantially after processing, suggesting sensitivity to heat,
whereas xylanase activity remained relatively stable or increased, particularly at higher MB
inclusion levels. Despite its negative effects on protein structures, extrusion may effectively

degrade trypsin inhibitors and reduce phytic acid levels [128].

The physical characterization of the formulated pellets revealed that MB inclusion significantly
(p <0.05) reduced pellet hardness, which decreased from 1.77 kg in the control group to 1.49
kg and 1.38 kg in the MB10 and MB20 diets, respectively (Figure 5.1). Filamentous fungal
biomass contains high levels of structural fibers composed of chitin, chitosan, and S-glucans,
which can modify the physical matrix of the aquafeed [39]. While harder, tightly compacted
pellets can slow down gastrointestinal digestion and reduce overall dry matter and protein
digestibility, softer and more porous pellets facilitate efficient nutrient absorption [121].

Therefore, the reduction in pellet hardness observed with increasing MB inclusion may
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improve nutrient availability during digestion while maintaining adequate mechanical stability

for feed handling and feeding operations.

Feed Washing
20 1
=
&
-
%15 - M
z 10 = B _\
° - £ o
g :
E s
o0
g Control -#-MB10 -E-MB20
0 T T T T ]
0 20 40 60 80 100
Time (min)
‘Water Holding Capacity
140 -
< 120 A ey
=) -
€ 100 - -
E 80 1 I
f 60 -
=)
e 40
20 A
0
Hardness
3 =
g
E 1 [T
5 9 ]
g 7] ] x .
- ]
;“] -
° y
o . l
il
Control MB10 MB20

Figure 5.1 Physicochemical characteristics of the experimental diets (Control, MB10, and MB20),
including amino acid leaching (feed washing), water-holding capacity (WHC), and pellet hardness.
Values are presented as mean + standard deviation.

Furthermore, MB influenced the water-holding capacity (WHC) of the pellets. MB10 showed
an approximately 30% increase in WHC compared with the control, while MB20 had a 20%
increase. WHC plays a critical role in digestion kinetics; pellets with lower WHC accelerate
gastric evacuation and reduce the retention time in GIT, whereas prolonged gastric retention

improves nutrient utilization [129].
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The changes in pellet characteristics may also be related to diet formulation. As MB inclusion
increased, the proportion of soybean meal in the diets decreased (Table 5.1). Since soybean
meal contributes to pellet binding during feed processing, its partial replacement with MB may
have contributed to the observed reductions in pellet hardness and changes in water-holding
capacity. Evaluation of feed leaching over time demonstrated that amino acid losses had
correlation with MB inclusion. MB20 exhibiting the highest leaching values, followed by
MBI10 and the control diet (Figure 5.1). This increased leaching behavior is likely associated
with the high concentration of FAAs present in MB, as previously observed during the in vitro

digestibility analysis (Paper III).
5.3 Experimental setup

The in vivo feeding trial was conducted using a recirculating aquaculture system (RAS).
Rainbow trout (Oncorhynchus mykiss) fingerlings were obtained from Vianneéns Fiskodling
AB (Sweden) and acclimatized to the experimental conditions for two weeks at the University
of Gothenburg. During this period, the fish were fed a commercial diet and reached an average
initial weight of 32.0 = 0.6 g. The experimental design consisted of three dietary treatments
with three replicate tanks per treatment. A total of 162 fish were randomly distributed among
nine 70-L tanks (18 fish per tank). Water temperature was maintained at 12.4 + 1.1 °C under a

12 h light: 12 h dark photoperiod, and water quality parameters were continuously monitored.

During the 75-day feeding trial, the fish were fed their respective experimental diets (Control,
MBI10, and MB20). The fish were manually fed twice daily at a rate of 1.5% of their body
weight (BW), according to standard protocols [130]. The study was approved by the Swedish
Board of Agriculture (Approval No. 5.8.18-22192/2023). At the end of the trial, body weight
and fork length were recorded for all fish. Five fish per tank were randomly sampled for blood
and tissue analyses. Liver and visceral fat samples were collected to determine somatic indices.
Fillets were obtained (n = 15 per treatment) for analyses of yield, proximate composition, color,

fatty acid profile, and antioxidant capacity.

5.4 Growth performance

The growth performance and survival of rainbow trout are presented in Table 5.3. Specific
growth rate (SGR), feed conversion ratio (FCR), and condition factor are key indicators of fish
performance. SGR describes the rate of increase in body weight over time on a logarithmic

scale, providing a standardized measure of growth efficiency. FCR reflects feed utilization
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efficiency and is defined as the amount of feed required to produce a unit of biomass gain,
where lower values indicating more efficient feed conversion. The condition factor is a
morphometric index that relates body weight to length and is used to assess the overall

physiological condition and well-being of the fish.

Initial body weight and length did not differ significantly among the treatments (p = 0.69),
indicating comparable starting conditions. After 75 days, fish fed MB-containing diets
exhibited significantly higher final body weights than the control group (p < 0.05), reaching
150.0 = 28.3 g and 142.2 = 27.3 g in the MB10 and MB20 groups, respectively, compared to
112.9 £ 35.1 g in the control group. A similar trend was observed for final body length. Survival
was numerically higher in the MB10 and MB20 groups (100%) compared with the control
(92%).

Table 5.3 Growth performance and survival parameters of rainbow trout fed the experimental diets
(Control, MB10, and MB20) over the 75-day trial.

Control MB10 MB20 SEM Panova
Initial weight (g) 323 32.7 32.0 0.6 0.69
Final weight (g) 112.8° 150.0° 142.2° 42 0.01
Initial length (cm) 13.2 13.3 13.2 0.1 0.74
Final length (cm) 20.2° 22.0° 21.7° 0.2 0.01
Survival (%) 92.6° 100.0 100.0° 1.1 0.01

Note: Values are expressed as mean. SEM = Standard Error of the Mean. Panova for final weight and final length
indicates a significant difference (p < 0.05) between dietary treatments, (n = 54 fish per diet).

In addition to absolute growth, SGR was significantly higher in the MB treatment groups
(Figure 5.2). This improvement was accompanied by increased feed intake and a lower FCR,
indicating more efficient utilization of the diets. The condition factor remained similar across
all treatments, suggesting that the increased growth was proportional and did not adversely

affect body conformation.
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Figure 5.2 Growth performance and feed utilization parameters (Feed Conversion Ratio, Specific
Growth Rate, Condition Factor, and Feed Intake) of rainbow trout fed the experimental diets (Control,
MB10, and MB20) over the 75-day trial. Significant differences (p < 0.05) are indicated by asterisks.

5.5 Health and physiological indicators
5.5.1 Hematology

Hematological parameters are widely used as indicators of fish health, nutritional status, and
physiological stress [131]. Among these parameters, plasma cortisol is considered a primary
biomarker of stress. Acute stressors, including handling, transportation, and sudden
temperature fluctuations, can induce rapid increases in cortisol concentrations. Chronic
elevation of cortisol can affect energy metabolism, increase oxygen demand, suppress immune

responses, and ultimately reduce growth performance [132]. Suboptimal feed formulation,
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whether caused by nutritional deficiencies, contamination, or insufficient functional
supplementation, is recognized as a source of chronic stress in aquaculture [133, 134]. In the
present study, the difference of plasma cortisol was not significantly different among the dietary
treatments (Paper IV), indicating that dietary inclusion of MB did not induce physiological

stress.

In addition to stress indicators, hematological variables associated with oxygen transport were
evaluated. Hemoglobin (HDb) is the primary oxygen-carrying protein in erythrocytes, whereas
hematocrit (Hct) represents the proportion of blood volume occupied by red blood cells.
Rainbow trout fed MB-containing diets exhibited significantly higher Hb and Hct values than
fish fed the control diet (Paper IV). Hemoglobin concentrations ranged between 71 and 88 g
dL"!, which is within the normal range reported for rainbow trout [135]. Elevated Hb and Hct
levels generally indicate enhanced oxygen transport capacity, which support higher metabolic
activity and growth performance [136]. Mean corpuscular hemoglobin concentration (MCHC),
which reflects the average concentration of hemoglobin within erythrocytes, did not differ
significantly among treatments. The stable MCHC values suggest that erythrocyte quality and

hemoglobin loading remained normal despite the changes observed in Hb and Hct.

5.5.2 Somatic indices

Beyond hematological parameters, somatic indices were evaluated to assess the physiological
condition and energy allocation of fish fed the experimental diets. The hepatosomatic index
(HSI) represents the relative size of the liver and is commonly used as an indicator of metabolic
activity, nutrient storage, and liver health. In rainbow trout, HSI values typically range from
1.4 to 2.1 under normal conditions [137]. In the present study, HSI was significantly lower in
the MB10 and MB20 groups than in the control group (1.07% and 1.12% versus 1.46%,
respectively). A reduced HSI is often associated with lower hepatic lipid accumulation and
more efficient nutrient utilization [138]. The observed reduction in HSI suggests that dietary
MB may have influenced hepatic metabolism and reduced energy storage in the liver. This
interpretation is further supported by the improved feed conversion ratio and growth

performance observed in MB-fed fish.

To determine whether these changes were associated with changes in whole-body fat
deposition, the visceral fat index (VFI) was also measured. Visceral adipose tissue represents
the primary lipid storage site in rainbow trout and plays an important role in energy metabolism

[139]. Excess dietary energy, particularly from high-fat diets, can lead to increased fat
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deposition [140]. However, VFI did not differ significantly among treatments, indicating that
the enhanced growth of MB-fed fish was not accompanied by excessive fat accumulation.
Together, the HSI and VFI results suggest that MB promoted growth without adversely

affecting body composition or energy balance.

5.5.3 Oxidative stress and antioxidant status

Since filamentous fungi contain a variety of antioxidant and bioactive compounds, oxidative
stress biomarkers were evaluated to determine whether MB inclusion influenced hepatic redox
balance. Lipid peroxidation (LPO) reflects oxidative damage to membrane lipids caused by
reactive oxygen species (ROS) and is known as an indicator of oxidative stress. Fish receiving
MB diets showed no increase in hepatic LPO compared with the control group. In contrast, the
MB20 group exhibited slightly lower LPO values, suggesting that MB did not promote
oxidative damage and may have contributed to the maintenance of cellular integrity. Similarly,

no significant adverse effects were observed in glutathione-related parameters.

The glutathione system constitutes one of the primary cellular antioxidant defense mechanisms.
Oxidized glutathione (GSSG) is formed when reduced glutathione neutralizes ROS.
Consequently, both GSSG concentration and the ratio of GSSG to total glutathione (tGSH) are
commonly used indicators of oxidative status [141]. Additionally, antioxidant enzymes such as
glutathione peroxidase (GPx) contribute to limiting lipid peroxidation by catalyzing the
reduction of peroxides [142]. In the present study, neither GSSG concentration nor the
GSSG:tGSH ratio differed significantly among treatments. The oxidative stress indicators
demonstrated that MB supplementation did not induce hepatic oxidative stress and maintained

normal redox homeostasis throughout the feeding trial.

5.6 Fillet quality

The ultimate goal of aquaculture production is to produce high-quality fillets for human
consumption. As detailed in Table 5.6, the inclusion of MB significantly affected both the
overall yield and proximate composition of rainbow trout fillets. Fish fed the MB10 diet
exhibited a notably higher fillet yield (53%) compared with the control group (47%) and the
MB20 group (48%) (Paper IV). Regarding fillet composition, moisture and ash contents
remained relatively stable across all treatments. However, a significant shift in lipid deposition
was observed. The crude fat content of the fillets increased substantially from 16.6% in the
control group to 23.1% and 20.1% in the MB10 and MB20 groups, respectively. In contrast,

crude protein content tended to decrease from 77.0% in the control group to 74.6% and 72.0%
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in the MB10 and MB20 groups, respectively, although these differences were not statistically
significant (p = 0.16). Similar inverse relationships between lipid and protein content have
frequently been reported in salmonid muscle tissue [143]. The higher fillet yield and lipid
deposition observed in MB-fed fish are also consistent with the improved growth performance

and feed utilization efficiency described in Section 5.4.

Beyond proximate composition, fillet color is a critical quality parameter important for
consumers, particularly in salmonid species. Colorimetric analysis of the raw fillets revealed
that dietary inclusion of MB influenced the visual appearance of the flesh (Table 5.6). Both the
MB10 and MB20 treatments resulted in a total color difference (AE) greater than 2.0 compared
with the control group (3.6 and 3.7, respectively). A AE value exceeding 2.0 indicates that the
color difference is perceptible to the human eye [144]. These visual differences were primarily
associated with changes in lightness (L*), a colorimetric parameter describing the transition
from black (0) to white (100), and yellowness (b*), which represents the yellow-blue color
axis. Fillets from MB-fed fish generally exhibited higher L* and b* values, particularly in the
anterior and medial regions of the fillet. Specifically, in the anterior section, L * increased from

37.0 in the control group to 40.7 in the MB20 treatment, while 5* increased from 3.4 to 6.5.

The observed color changes are consistent with the described compositional changes. Increased
intramuscular lipid content can influence the reflection and contributes to a lighter appearance
of the fillet [145]. Furthermore, fish are unable to synthesize carotenoids de novo and must
obtain these pigments from dietary sources [146]. Neurospora intermedia is known to produce
carotenoids, including neurosporaxanthin [53, 147]. Consequently, the increased yellowness
observed in MB-fed fish may reflect both enhanced lipid deposition and the accumulation of
fungal-derived carotenoids. The stronger response observed in the anterior and medial regions
is likely associated with spatial differences in lipid distribution along the fillet, as lipid content

generally decreases from the anterior toward the posterior region in rainbow trout [148].

Fillet oxidative stability was also evaluated, since increased intramuscular lipid content can
increase susceptibility to lipid oxidation, which compromises shelf life, flavor, and nutritional
quality [149]. Lipid oxidation was assessed using thiobarbituric acid reactive substances
(TBARS), which quantify malondialdehyde (MDA) produced during lipid peroxidation. In
addition, induced TBARS (i-TBARS) were measured to evaluate oxidative susceptibility under

accelerated conditions.
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Table 5.6 Spatial colorimetric analysis (L* a* b*, and AE) of raw fillets from rainbow trout fed the
experimental diets (Control, MB10, and MB20). Measurements were recorded at the anterior, medial,
and posterior sections of the fillet.

Anatomical
Parameter location Control MB10 MB20 SEM Panova

Anterior 37.0° 37.3° 40.7® 0.7 0.00
L* Medial 3590 36.6® 38.2% 0.6 0.01
Posterior 37.7 36.7 37.6 0.8 0.69
. Anterior 11.4 11.1 10.5 0.6 0.64
a Medial 13.2 12.1 11.6 0.5 0.13
Posterior 15.1 15.1 14.7 0.8 0.69
N Anterior 3.4° 3.6° 652 0.5 0.00
b Medial 43" 32® 560 0.6 0.02
Posterior 7.6° 520 5.8 0.7 0.04

Anterior - 0.43 4.83 - -

AE Medial . 1.71 3.11 ; -

Posterior - 2.62 1.86 - -

Note: Values are expressed as mean. SEM = Standard Error of the Mean. Different superscript letters within the
same row indicate significant differences (p < 0.05). 4E represents the color difference calculated relative to the
Control group for each specific location.

Despite the higher lipid content of MB-fed fish, no significant differences were observed in
antioxidant capacity or oxidative stability among treatments (Paper IV). Radical scavenging
activity measured by both DPPH and ABTS assays, remained comparable across dietary
groups. Likewise, neither basal TBARS nor induced TBARS values differed significantly
among treatments. Nevertheless, fish receiving MB diets consistently exhibited numerically
lower lipid peroxidation values than the control group. For example, basal TBARS decreased
from 0.120 pg MDA per mg soluble protein in the control group to 0.067 and 0.079 ng MDA
per mg soluble protein in the MB10 and MB20 groups, respectively. A similar trend was
observed for induced TBARS.

Although these differences were not statistically significant, the consistent reduction in lipid
oxidation markers suggests a potential protective effect of MB inclusion. This effect may be
related to bioactive compounds originating from the fungal biomass, including carotenoids and
antioxidants. Carotenoids are known to localize within lipid-rich tissues and function as radical

scavengers, thereby helping to protect unsaturated fatty acids from oxidative degradation [150].
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Chapter 6

Techno-Economic Analysis and Life Cycle Assessment

The in vivo feeding trial presented in Chapter 5 demonstrated that dietary inclusion of
mycelium-bread (MB) improved growth performance, feed utilization, and several fillet quality
attributes of rainbow trout without compromising fish health or welfare. However, biological
performance alone is insufficient to determine the practical applicability of a novel feed
ingredient. For successful industrial implementation, alternative feed ingredients must also be
economically viable and environmentally sustainable. Therefore, evaluating the broader
economic and environmental implications of incorporating fungal-derived ingredients into

aquafeeds is a critical step toward their commercial adoption.

Life Cycle Assessment (LCA) provides a standardized framework for quantifying the
environmental impacts associated with products and production systems according to ISO
14040 and ISO 14044 standards. By evaluating material flows, energy use, and emissions, LCA
enables the identification of environmental hotspots and the comparison of alternative
production scenarios [151]. The adoption of novel feed ingredients also depends on production
costs, process efficiency, and scalability. Techno-Economic Analysis (TEA) complements LCA
by evaluating the economic viability of production systems, including capital and operating
expenditures, profitability, and scale-up potential [152]. The integration of LCA and TEA
provides a comprehensive framework for evaluating novel feed ingredients within a circular

bioeconomy context [153, 154].

This chapter integrates the biological performance data generated during the rainbow trout
feeding trial (Paper IV) with the mass balance data obtained from the SSF process (Paper I)
to evaluate the environmental and economic implications of incorporating MB into aquafeeds.
Through a combined LCA and TEA approach, the chapter assesses whether the nutritional and
functional benefits demonstrated in the previous chapters can be translated into a sustainable

and economically viable feed solution for future aquaculture production.
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6.1 System boundaries, functional unit and scenario definition

LCA conducted in this thesis follows a cradle-to-gate approach and is divided into three stages:
upstream sourcing, processing, and the product gate (Figure 6.1). The upstream stage includes
the extraction and production of conventional feed ingredients, modeled using database
averages. In this context, stale bread was treated as a zero-burden co-product until collection,

following circular economy allocation principles [151].

Consistent with comparative feed LCA studies [151, 155], several assumptions were applied
in the assessment. First, all production scenarios were assumed to operate under identical
farming conditions, water quality, and fish husbandry practices. Second, biological emissions
and operational energy consumption associated with fish production, including electricity use
in recirculating aquaculture systems (RAS), ammonia emissions, and fecal waste generation,
were assumed to be identical across dietary treatments and were therefore excluded from the
comparative assessment. Consequently, the system boundary was restricted to the
environmental impacts associated with ingredient sourcing, MB production through SSF, feed
manufacturing, and the quantity of feed required to produce fish biomass. The aquafeed
production facility was assumed to represent an average aquafeed producer. The distance
between the MB production and the aquafeed production unit was assumed to be 60 km, while

the feed production and fish farm units were assumed to be located at the same site.

To capture the effects of dietary quality on production efficiency, the functional unit (FU) was
defined as 1 metric tonne of live harvested rainbow trout (Oncorhynchus mykiss) at the farm
gate. In this context, the farm gate refers to the point at which fish leave the aquaculture
production system and are ready for transport to processing or distribution facilities. This
functional unit was selected to account for differences in biological performance among dietary

treatments and to enable direct comparisons of production efficiency.
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Figure 6.1 Defined system boundaries and process flow of stale bread valorization into mycelium-
enriched aquafeed and fish production. Notes: Solid arrows indicate material flows, dashed arrows
indicate upstream inputs, and circles labeled T denote transportation processes. RAS = Recirculating
Aquaculture System.

To incorporate biological performance into the assessment, feed conversion ratio (FCR) values
obtained from the in vivo feeding trial (Paper I'V) were used to scale feed requirements for the
production of 1 tonne of live fish. This approach links environmental impacts directly to feed
efficiency, which is considered one of the major determinants of aquaculture sustainability
[151, 155].

e Scenario 1 (Control) Conventional rainbow trout diet without MB inclusion.
e Scenario 2 (MB10) feed formulation including 10% of MB.
e Scenario 3 (MB20) feed formulation including 20% of MB.

For each scenario, the life cycle inventory (LCI) was adjusted according to the feed formulation
and the experimentally determined FCR, allowing the environmental and economic impacts

compared basis on the producing of functional unit.

6.2 Techno-economic analysis
To evaluate economic feasibility, process simulations were initially developed using SuperPro
Designer® (Intelligen, Inc.). Separate production models were constructed for the conventional

feed, MB10, and MB20 scenarios. The simulated systems included raw material handling,
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grinding, mixing, SSF, drying, feed formulation, extrusion, and cooling. Experimental feed
formulation from the feeding trial (Paper IV) and the MB production process (Paper I) were

incorporated into the process simulations.

Figure 6.2 provides an overview of the scenarios considered in the simulated aquafeed
production systems. Scenario 1 (conventional feed) included only the aquafeed manufacturing
stage, consisting of ingredient blending and extrusion. In contrast, Scenarios 2 and 3 (MB10
and MB20) included an additional processing stage in which stale bread was converted into
MB through drying, grinding, sterilization, inoculation with Neurospora intermedia, SSF, and

post-processing (drying and milling) prior to incorporation into the feed formulation.

i
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Figure 6.2 Block flow diagram of the process design for producing MB-integrated aquafeed. The blue
boundary represents Scenario 1 (conventional aquafeed production). The green boundary represents
Scenarios 2 and 3 (MB10 and MB20), including the production of MB through SSF prior to aquafeed
manufacturing.

The techno-economic assessment was performed assuming identical annual production
capacities across all scenarios. Capital investment, annual revenue, net present value (NPV),
payback period, annual operating costs, and feed production costs were determined for each
production scenario. Annual revenue was calculated based on scenario-specific feed selling
prices, while the resulting economic indicators provided a comparative assessment of
investment feasibility. Furthermore, the economic implications at the fish production level were
estimated based on the commonly reported assumption that feed accounts for approximately
60% of the farm-gate production cost of rainbow trout. Feed production cost and FCR were

used to estimate the production cost of functional unit.

As expected, the incorporation of SSF substantially increased the capital requirements of the
production system while maintaining the same feed production capacity. Total capital

investment nearly doubled, increasing from 55.5 million SEK for conventional feed production
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to approximately 78.1 million SEK for the MB10 and MB20 scenarios (Table 6.1). This
increase was primarily associated with the installation of additional fermentation and post-
processing equipment, including sterilization, drying, milling, and material-handling units
required for MB production. Similarly, annual operating costs increased from 24.5 million SEK
per year to more than 30 million SEK per year owing to the additional equipment, labor,
maintenance requirements, and energy consumption associated with MB production.

Table 6.1 Techno-economic performance indicators and financial metrics for the production of standard
and MB integrated (MB10 and MB20) aquafeeds.

Metric Conventional feed MBI10 MB20
Annual production (t yr 1) 1,394 1,362 1,359
Capital investment (SEK) 55,539,000 78,137,000 78,085,000
Operating cost (SEK yr ) 24,484,000 30,760,000 30,246,000
Net present value "(SEK) 40,178,000 29,625,000 23,978,000
Annual revenues (SEK yr 1) 34,863,000 40,856,000 39,411,900
Feed production cost (SEK t ') 17,560 22,590 22,260
Payback time (yr) 4.30 5.22 5.49

" Including 7% interest rate

Despite the increase in capital and operating expenditures, the incorporation of MB reduced
dependence on several conventional feed ingredients. Annual raw material costs decreased
from approximately 15.0 million SEK per year in the conventional formulation to 13.0 and
11.5 million SEK per year in the MB10 and MB20 scenarios, respectively. These savings
resulted primarily from lower requirements for soybean meal, wheat meal, and carboxymethyl
cellulose. However, the reduction in ingredient costs was insufficient to offset the additional
expenses associated with fermentation, drying, sterilization, and downstream processing

operations.

Consequently, the production cost of aquafeed increased from 17,560 SEK per tonne for
conventional feed to 22,590 and 22,260 SEK per tonne for MB10 and MB20, respectively. This
corresponded to increases of approximately 29% and 27% for MB10 and MB20, respectively,
compared with the conventional feed scenario. Although the MB20 formulation exhibited a
slightly lower production cost than MB10 due to the greater replacement of conventional feed
ingredients, conventional feed production remained the most economically favorable option

because of its lower capital investment and operating costs.

The conventional feed scenario generated the highest profitability, with an NPV of 40.2 million
SEK and a payback period of 4.3 years (Table 6.1). Among the MB-based scenarios, MB10
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yielded a higher NPV (29.6 versus 24.0 million SEK) and a shorter payback period (5.22 versus
5.49 years) compared with MB20. However, aquafeed manufacturing costs alone do not fully
represent economic performance in aquaculture production. The in vivo feeding trial
demonstrated that dietary MB improved FCR, thereby reducing the amount of feed required to
produce a given quantity of fish biomass. Therefore, feed production costs were subsequently
adjusted according to the experimentally determined FCR values to evaluate the economic

implications at the fish production level.

When biological performance was incorporated into the assessment, the economic
disadvantage associated with MB production was substantially reduced. As discussed
previously, feed production costs increased by approximately 29% and 27% for MB10 and
MB20, respectively, compared with conventional aquafeed. However, the improved FCR
mitigated this economic penalty. The cost of the feed required to produce 1 tonne of live fish
increased from 24,953 SEK in the conventional scenario to 26,882 and 26,044 SEK for the
MB10 and MB20 scenarios, respectively (Table 6.2).

Table 6.2 Estimated fish production costs based on FCR and feed manufacturing costs for rainbow trout
fed conventional, MB10, and MB20 diets.

Parameter Conventional feed MB10 MB20
FCR 1.42 1.19 1.17

Feed production cost (SEK t ! feed) 17,560 22,590 22,260
Feed cost for fish production (SEK t ! fish) 24,935 26,882 26,044
Estimated fish production cost (SEK t! fish) 41,558 44,803 43,407

To estimate farm-gate production costs, baseline non-feed expenditures, including labor,
facility maintenance, and energy costs, were assumed to account for 40% of the total production
cost. Using this assumption, the estimated cost of producing one tonne of rainbow trout was
41,558 SEK for the conventional feed, compared with 44,803 and 43,407 SEK for the MB10
and MB20 scenarios, respectively (Table 6.2). Thus, fish production costs were only 7.8% and
4.4% higher for MB10 and MB20, respectively, than for the conventional feed, despite the

considerably higher feed manufacturing costs.

These findings highlight the importance of integrating biological performance into techno-
economic assessments of feed ingredients. While MB production is associated with higher
capital and operating costs, improved feed utilization partially offsets additional expenses at
the fish production level. Consequently, the economic outlook for MB becomes considerably

more favorable when evaluated from a whole-system perspective rather than solely from the
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feed manufacturing points of view. Further improvements in process efficiency, reductions in
energy demand, and optimization of fermentation operations could enhance the economic

competitiveness of MB-based aquafeeds relative to conventional formulations.

6.3 Life cycle impact assessment

Figure 6.3 presents the environmental impacts associated with the three dietary treatments
expressed per functional unit. The inventory combined experimental data and secondary
datasets. Feed formulations and FCR values were obtained from the in vivo feeding trial (Paper
IV), while mass balance data for MB production were derived from the SSF process described
in Paper I. Environmental data for conventional feed ingredients, energy production,
transportation, and auxiliary materials were obtained from the Ecoinvent 3 database integrated
into SimaPro®. Stale bread was modelled as a zero-burden feedstock prior to collection,
consistent with circular bioeconomy allocation principles. Furthermore, all scenarios were
assumed to operate under identical farming conditions, and impacts associated with fish
farming infrastructure, recirculating aquaculture system (RAS) operation, and biological
emissions were excluded from the assessment. Consequently, differences among scenarios are
attributable solely to feed ingredient sourcing, MB production, feed manufacturing, and the

quantity of feed required to produce the functional unit.

As shown in Figure 6.3, the inclusion of MB improved several key environmental indicators.
Global warming potential decreased by 23% and 31% in the MB10 and MB20 diets,
respectively, while agricultural land use decreased by 29% and 43% compared with the
conventional feed. Freshwater eutrophication declined by 18% and 23%, and marine
eutrophication by 27% and 38% in the MB10 and MB20 diets, respectively. These
improvements were primarily driven by the reduced use of conventional agricultural
ingredients, such as soybean meal and wheat, which are associated with greenhouse gas
emissions, land occupation, and nutrient losses from fertilizer application. In addition, the
improved FCR observed in fish fed MB-containing diets reduced the amount of feed required

per unit of fish production, thereby decreasing upstream environmental impacts.

47



P o™ o™
S & &
o o ‘0 \° & N 6‘
N @ o § \3\‘ ‘@Q\\ “»Q\\ \9 ‘te o
o i o S S » o o <¢
e o N o RS & O & @
‘&v. "&zﬁ \\@s B 55"\%
. é Qc
& 3
0

Conventional feed = MB10 =MB20

Figure 6.3 Characterized life cycle impact assessment (LCIA) indicators per functional unit for selected
categories. ReCiPe 2016 Midpoint (H) V1.0 method (excluding infrastructure and long-term
emissions).

In contrast, ionizing radiation and water consumption increased with MB inclusion. The
increase in ionizing radiation was primarily attributable to the increased energy demand of MB
production, particularly during fermentation and sterilization. Because the selected Swedish
electricity source includes a substantial contribution from nuclear power, higher electricity
consumption results in elevated ionizing radiation impacts through upstream processes such as
uranium mining and fuel processing. Water consumption also increased, reaching its highest
value in the MB20 diet. Although the inclusion of stale bread reduced the demand for
conventional agricultural ingredients, the additional processing steps required for MB
production, particularly sterilization, fermentation, drying, and associated electricity
consumption, contributed to higher water consumption impacts. Overall, the results indicate
that MB can reduce environmental impacts associated with conventional agricultural feed
ingredients, although improvements in fermentation process efficiency are needed to minimize

energy- and water-related burdens.

To identify the main environmental hotspots, a contribution analysis was performed by
grouping the inventory into three stages: agricultural raw material production, SSF process,

and aquafeed manufacturing (Table 6.3). Across most impact categories, agricultural
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production remained the dominant contributor. However, increasing MB inclusion shifted part
of the environmental burden from agriculture to the SSF process. For example, the contribution
of agriculture to global warming potential decreased from 71% in the conventional diet to 63%
in MB20, whereas the contribution of SSF increased to 29%. A similar trend was observed for
freshwater eutrophication and water consumption, where SSF accounted for up to 55 percent

of total impacts in the MB20 scenario.

The hotspot analysis also explains the increase in water consumption observed with MB
inclusion. While the replacement of conventional crop ingredients reduced agricultural water
consumption impacts, additional resource demands associated with the SSF process became
increasingly important at higher MB inclusion levels. Consequently, environmental burdens
were shifted from agricultural production to processing-related activities.

Table 6.3 Hotspot analysis of selected environmental impact categories for conventional feed, MB10,

and MB20 diets. Contributions are grouped into Agricultural ingredients, SSF, and aquafeed
manufacturing stages and expressed as percentages of total impact.

. Agricultural SSF process Aquafeed process
Impact category Diet ingredients (%) %) %)
. Standard
Global warming MB10
potential MB20 29
Standard 26
Fossil fuel scarcity ~ MB10
MB20
Fresh Standard
elrlfrso V;]lzilzz{cion MB10
P MB20 33

Standard - [EEEEESE T NS
45 33

Water consumption ~ MB10

MB20 37 L

Note: Row percentages do not sum to 100% because secondary contributors (such as marine ingredients, micro-
additives, and transportation) are excluded from this hotspot summary. Thresholds for categorization are low (<
25, Green), moderate (25.1-50 %, Yellow), significant (50.1-75%, Orange), and dominant hotspot (> 75 %, Red).

6.4 Comparative sustainability assessment

The comparative sustainability assessment, visualized using a multidimensional radar chart
(Figure 6.4), illustrates the sustainability trade-offs associated with incorporating MB into
aquafeeds. Compared with the conventional diet, the MB10 and MB20 treatments exhibited
lower values for global warming potential, land use, eutrophication, and FCR, indicating

improved environmental performance and feed efficiency. In contrast, MB-containing diets
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were associated with higher capital investment, fish production costs, ionizing radiation
impacts, and water consumption. These results demonstrate that the environmental benefits of
MB inclusion are accompanied by increased processing-related resource and energy demands.
Nevertheless, MB represents a promising ingredient for improving aquafeed sustainability
through the combined benefits of resource recovery, reduced dependence on agricultural feed

ingredients, and improved environmental performance.

Ionizing radation Production cost

‘Water consumption Capital investment

Eutrophication Global warming

Landuse

Conventional feed MB10 —MB20

Figure 6.4 Radar chart shows the normalized environmental, economic, and production performance
indicators of the Conventional, MB10, and MB20 diet. Values are expressed relative to the conventional
diet (100%) for production 1tonne of live fish at farm gate.

This thesis contributes to the United Nations Sustainable Development Goals (SDGs), a global
framework designed to promote environmental sustainability, social well-being, and economic
development by 2030. Specifically, it contributes primarily to SDG 12 (Responsible
Consumption and Production), SDG 2 (Zero Hunger), and SDG 14 (Life Below Water) by
converting stale bread into a high-value aquafeed ingredient through fungal bioconversion and
circular bioeconomy principles. Furthermore, the research contributes to SDG 9 (Industry,
Innovation and Infrastructure) through the development and evaluation of an innovative

biotechnology platform integrating SSF, aquaculture nutrition, life cycle assessment, and
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techno-economic analysis. The demonstrated reductions in global warming potential of up to
31% support SDG 13 (Climate Action), while the reduction in agricultural land use of up to
43% contributes to SDG 15 (Life on Land) by decreasing pressure on terrestrial ecosystems
associated with conventional feed production. Overall, the findings demonstrate how food
waste valorization can simultaneously advance food security, resource efficiency,

environmental sustainability, and innovation in aquaculture systems.
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Chapter 7

Concluding Remarks and Future Perspectives

7.1. Concluding remarks

This thesis evaluated the potential of converting stale bread into a functional aquafeed

ingredient through SSF using the edible filamentous fungus Neurospora intermedia. Through

integrated biological, nutritional, environmental, and economic assessments, the study

established MB as a promising circular bioeconomy solution for sustainable aquaculture. The

main conclusions are presented below:

Neurospora intermedia efficiently valorized carbohydrate-rich stale bread, significantly
increasing protein content and enhancing the nutritional value of the resulting MB through
the production of bioactive compounds and endogenous enzymes.

The combined valorization of stale bread and spent sunflower oil through SSF provided an
effective strategy for recovering carbon and energy from food industry side streams.

In vitro digestion demonstrated that MB provides highly bioaccessible nutrients. Fungal
enzymes produced during SSF enhanced substrate degradation and amino acid hydrolysis,
resulting in digestibility comparable to that of fishmeal and soybean meal.

MB was successfully incorporated into extruded aquafeeds at inclusion levels of up to 20%
(MB20). A 75-day rainbow trout feeding trial confirmed improved feed utilization, with
MB20 reducing the FCR without compromising pellet quality or fillet characteristics.
TEA and LCA indicated that, although SSF introduces additional processing costs, capital
requirements, and resource demands, these impacts are partially offset by improved fish
performance, reduced feed requirements, and lower environmental burdens associated with

conventional agricultural feed ingredients.

7.2. Future perspectives

e Although MB diets improved growth performance and feed efficiency, the long-term

effects of fungal biomass on fish health warrant further investigation. Particular attention
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should be given to the influence of fungal bioactive compounds, such as f-glucans and
chitin, on gut microbiota, intestinal morphology, immune function, and disease resistance
throughout a complete production cycle.

¢ Enhancement of the nutritional profile of MB is required to maximize its potential as a
replacement for fishmeal and fish oil. Future research should explore the optimization of
oleaginous fungal strains and oil-rich substrates to overcome sustainability challenges
associated with plant and marine-derived oil sources.

e As this study was limited to rainbow trout, further evaluation in other key aquaculture
species is required. Particular attention should be given to Nile tilapia and Atlantic salmon,
the world's most widely farmed fish and high-value aquaculture species, to assess the
broader applicability of MB-based feeds.

e The ecological implications of using filamentous fungi in aquafeeds remain largely
unexplored. Future studies should investigate how waste streams originating from
mycelium-based diets affect aquaculture farming systems and surrounding aquatic
ecosystems, with particular emphasis on nutrient cycling, microbial community structure,
water quality, and ecosystem functioning.

e The techno-economic analysis demonstrated that production scale represents is a critical
factor influencing the commercial viability of MB. Future research should therefore focus
on process scale-up and optimization of energy and utility consumption, particularly during
sterilization, aeration, and drying operations. Improving process efficiency is expected to
reduce both production costs and environmental burdens, thereby enhancing the economic

competitiveness and sustainability of MB relative to conventional aquafeed ingredients.

Overall, the findings of this thesis demonstrate that the fungal valorization of stale bread offers
a promising pathway toward the development of sustainable aquafeed ingredients, contributing
to circular resource utilization, reduced reliance on conventional feed resources, and the long-

term sustainability of aquaculture production.
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