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Abstract

The increased demand for seafood, due to both population growth and an increased
health awareness, has resulted in an increased demand for fish feed in aquaculture
production. This since wild fish capturing cannot fulfill the demand in a sustainable
way. Traditionally, fishmeal has been the major protein ingredient in fish feed, pro-
viding the fish with the essential amino acids needed for optimal growth. However,
the production of fishmeal has decreased rapidly the past decades. Instead, plant
based protein sources has partly replaced fishmeal. The issues with this replace-
ment is the different amino acid composition and the presence of antinutritional
substances, resulting in decreased growth rates.

One alternative that is gaining interest is the use of single cell protein (SCP) as a
potential protein ingredient in fish feed. SCP consists of microorganisms such as
yeast, bacteria, algae and filamentous fungi. SCP has several advantages, such as
similar amino acid composition to fishmeal, short generation time, no requirement
to arable land and the ability to grow on various substrates. The filamentous fungus
Paecilomyces variotic was selected in this project due to its high protein content and
ability to grow on residual streams from the forest indutry.

Since the proteins in SCP are intracellular, cell wall degradation can result in higher
digestibility. Further, if the polysaccharides in the cell wall are decreased, the pro-
tein content of the SCP would increase, resulting in a fish feed ingredient of higher
quality. To achieve this, the following cell wall degradation methods were investi-
gated: High Pressure Homogenization (HPH), enzymatic lysis with -glucanase and
a combination of the two methods. After the different treatments, pH-shifting was
performed in order to precipitate the proteins. The pellets obtained were analyzed
for protein content. Further, the carbohydrate concentration was determined in the
supernatant to investigate the effect of the enzyme, and samples from the pellets
were studied in a light microscope to study the cell wall degradation. Further, extru-
sion was investigated as a possible treatment method, and both the physicochemical
and structural properties of the extruded samples were investigated. Growth and
survival of Artemia was evaluated in a feeding trial.

The results showed that HPH resulted in the highest degree of cell wall degrada-
tion. The pH-shifting resulted in protein concentrate with a higher protein content
(about 50 %) than the untreated biomass (35-40 %), with a yield of 53.81 %. When
analyzing the physicochemical and structural properties of extruded samples, it was
concluded that extrusion at 115 °C, with a screw speed of 120 rpm and with a
moisture content of 40 % resulted in samples which held together well, both in the
micro- and macrostructure, and had the lowest water solubility index (WSI) among
the extruded samples. Finally, extrusion appeared to increase growth and survival
in Artemia during the feeding trial, but no significant difference was found.

Keywords: single cell protein, fish feed, cell wall degradation, filamentous fungi.
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Introduction

The world population is constantly increasing, by 2050 it is estimated that it will
reach 9.1 billion people (FAO 2009). Due to this increase, the Food and Agricul-
ture Organization of the United Nations (FAO) predicts that an increase in food
production with about 70 % will be necessary in order to feed the growing global
population. Simultaneously, about 20-30 % of the environmental impact caused by
human activity is related to food production (Hartmann and Siegrist 2017). There-
fore, the need for sustainable protein sources is more relevant than ever due to global
climate change, resulting in future challenges for the agriculture and food industries.

Seafood is an important source of nutritious food and protein. The demand for
seafood is increasing due to both population growth and an increase in health aware-
ness (Ayadi, Rosentrate, and Muthukumar 2012). This while wild fish capturing
has remained at a relatively constant level of about 90 million tonnes the past two
decades (see Figure 1.1). Additionally, 33.1 % of fish stocks were classified as over-
fished and 59.8 % classified as maximally sustainably fished in 2015 (FAO 2018).
An illustration of the development of global trends in marine fish stocks between
1975-2015 is shown in Figure 1.2. Therefore, increasing the fishing is not a sus-
tainable option since this could have serious consequences not only for the marine
ecosystems, but also for the many people in coastal communities relying on fish as
their main protein source (FAO 2018).

So, in order to meet the increasing demand for seafood, aquaculture has become
an important source of seafood. The aquaculture production has an annual growth
of around 7 %, making it one of the fastest growing animal food-producing sectors
(Ayadi, Rosentrate, and Muthukumar 2012). Today, aquaculture almost contributes
to half of the total world fish production, see Figure 1.2. Consequently, this leads
to a high demand for fish feed.

Traditionally, fishmeal has been the main feed during aquaculture. Fishmeal is the
crude flour obtained after milling and drying of fish or fish parts subjected to heating
and pressing, and fish oil is a yellow/brown liquid obtained from the same process
(FAO 2018). Fishmeal is still considered the most nutritious and digestible protein
source option in fish feed, providing the fish with high-quality protein, essential
amino acids and minerals (Ayadi, Rosentrate, and Muthukumar 2012).
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Figure 1.1: World fisheries and aquaculture production (million tonnes). Source:
Data adapted from FAO 2018.

However, the production of fishmeal has decreased by about one third of the produc-
tion since 1988 (FAO 2018).Today, fishmeal is more selectively used as an ingredient
at lower levels for specific stages of production, even though it is still considered the
main protein source for most species (FAO 2018). The reason behind the declined
production is partly due to adoption of good management practices and certification
schemes, resulting in lower volumes of wild caught species used for fish feed (FAO
2018). This fact, in combination with an increasing price, has resulted in scientists
and companies searching for new alternative protein sources for fish feed.

One alternative source commonly used to partly replace fishmeal is plant based
protein sources, such as soybean meal (Ayadi, Rosentrate, and Muthukumar 2012).
One issue with replacing fishmeal completely with plant based sources is the dif-
ferent amino acid composition and the presence of antinutritional substances, for
example protease inhibitors, phytates and alkaloids (Francis, Makkar, and Becker
2001). Further, soybean production has several sustainability issues. To begin with,
soybean production is non-competitive in Europe compared to imports due to low
yields (Tallentire, Mackenzie, and Kyriazakis 2018). This makes Europe dependent

3
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on imported soybean protein for feed and food.

Global trends in marine fish stocks between 1975-2015
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Figure 1.2: Global trends in the marine fish stocks between 1975-2015. Source:
Data adapted from FAO 2018.

Secondly, soybean production worldwide has resulted in environmental issues, for
example water pollution and loss of biodiversity in the producing countries (Sun
et al. 2018). An example of the consequences from the increasing demand for soy-
bean is the deforestation in the Brazilian Amazon (Sun et al. 2018). Due to the
discussed sustainability issues for soybean, new sources of protein supply for feed
and food are investigated. An alternative which is gaining interest is the use of
single cell protein (SCP). SCP consists of microorganisms such as yeast, bacteria,
algae and filamentous fungi. Unlike plant sources, many SCP have a similar amino
acid composition to fishmeal, making them better suited as feed since deficiencies
of essential amino acids results in decreased growth performance and feed efficiency
ratios (Ayadi, Rosentrate, and Muthukumar 2012). Furthermore, microorganisms
generally have a short generation time, requires no arable land and can be cultured
on cheap and sustainable substrates. The filamentous fungus Paecilomyces variotii
is known to grow on various substrates, one of them being residual streams from
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the forest industry (Bajpai 2017). This opens up the possibility to turn forest raw-
material into protein-rich fish feed (Alriksson et al. 2014). Further, P. variotii has a
protein content of about 55 % (w/w) (Bajpai 2017), making it an interesting choice
for production of fish feed. It is also interesting to investigate the functionality of
the proteins to explore possible applications in food as well.

This master thesis was a part of the project SALMONAID, a cooperation between
RISE, Processum, SLU and Domsjo fabriker. The project aims to produce SCP of
P. variotii of high quality by cultivation on residual streams from the forest industry
for replacement of soybean meal in fish feed.

This master thesis was a continuation of previous results from Marianthi Zioga, who
examined different cell wall degradation methods on P. wvariotii and their effect on
the protein concentration in the soluble phase (Zioga 2018). This master thesis will
increase the knowledge of the functional properties of treated P. wariotii such as
protein solubility, water holding capacity (WHC) and water solubility index (WSI).
This will increase the understanding of how different treatment methods can improve
the functional properties of P. variotii when used as a protein source in fish feed.
Furthermore, by investigating different cell wall degradation treatments along with
the efficiency of a protein precipitation method this master thesis has the potential
to find methods to increase the quality of P. variotii as a protein source by isolating
the proteins from the fungal biomass.

1.1 Aim

One of the main aims with this master thesis was to investigate cell wall degradation
treatments followed by pH-shifting as a method to isolate the proteins in the fungal
biomass of P. wvariotii. The other main aim was to investigate the WHC, WSI
and macro- and microstructure of the biomass after different extrusion conditions.
Finally, a feeding trial in Artemia was performed to investigate growth and survival
of the model organism when fed biomass from different treatments. Hopefully, this
work will increase the knowledge of the functional properties of P. variotii and how
different treatments can increase the quality of the fungus as a protein source in fish
feed.

1.2 Clarification of the issue

This master thesis aimed to answer the following questions:

o Which cell wall degradation method is most efficient?

o What is the protein solubility after different cell wall degradation treatments,
and at which pH value is the isoelectric point found for the proteins?

o Can pH-shifting be used to increase the protein content after cell wall degra-
dation?
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e How does different extrusion conditions affect the functional properties of the
fungal biomass?

e Does cell wall degradation or extrusion of the biomass result in increased
growth and survival of Artemia in a feeding trial?

1.3 Limitations

One limitation was that the original batch of fungal biomass was used up after the
first six month of the project. This resulted in analysis of biomass from different
batches during the project.

Another limitation was the nitrogen-to-protein (N:P) conversion factor. With less
time restriction, a specific N:P conversion factor would be decided based on mea-
surement of amino acid content of the fungal biomass (Sriperm, Pesti, and Tillman
2011). This since the traditionally used factor 6.25 results in an overestimation.
Instead, the factor 5 was chosen based on a literature study (Grossmann et al. 2018;
Safi et al. 2017; Phong et al. 2018; Wanzenb et al. 2017). Further, due to both fi-
nancial, practical and time limitations, the feeding trial was performed on the model
organism Artemia and with limited equipment and time. Optimally, a feeding trial
on fish is recommended to be conducted since the aim of the SALMONAID project
is to produce a protein source in fish feed. In addition, it would also be necessary
to redo the feeding trial on Artemia in order to obtain significant results.

Another limitation was the extrusion conditions. With less time restriction, a facto-
rial design and multiple regression analysis would have been performed to optimize
the condition variables based on several physical and nutritional parameters.
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1.4 Background

The following section will contain background information about the concept of
SCP, including a brief history. Further, information regarding the use of SCP as
fish feed will be provided, along with information about the fungus P. wariotii.
Then, a section about the different cell wall degradation methods is included, with
advantages and disadvantages with the different methods, followed by a section
about protein precipitation and pH-shifting. Finally, extrusion is explained, followed
by sections about water holding capacity, water solubility index and Artemia.

1.4.1 Single cell protein

The term SCP refers to the dried cells of microorganisms such as bacteria, yeast, al-
gae and filamentous fungi (Kuhad et al. 1997). The protein can either be consumed
directly as part of the cell, or extracted and processed into food products.

The use of microorganisms in food production is not a new concept. Already 2500
BC Saccharomyces cerevisiae was used for production of bread (Kuhad et al. 1997).
However, the use of microorganisms directly as food or feed is a relatively recent
discovery. During World War I, Germany managed to replace half of their imported
protein sources with the yeast Candida utilis (Nasseri et al. 2011; Bajpai 2017;
Ugalde and Castrillo 2002). The interest in yeast as a source of protein declined
when the war ended, but reappeared during World War II. The research about SCP
continued between the 60’s and 80’s as a consequence of the Food and Agriculture
Organization of the United Nations (FAO) enlightening the protein gap (Bajpai
2017). However, due to developments in the agricultural field, the process of SCP
was outcompeted by the cheap agricultural crops (Bajpai 2017). Further, high nu-
cleic acid content and low digestibility are the main factors limiting SCP for human
consumption from a nutritional point of view (Nasseri et al. 2011).

Today, one successful example of SCP is Quorn™, a product containing mycopro-
teins from the filamentous fungus Fusarium venenatum (Ritala et al. 2017). The
food product was launched in 1985, and is the only SCP at the moment used for
human consumption (Ritala et al. 2017).

1.4.1.1 The use of Single cell protein as fish feed

Since the feed represents 40-70 % of the operating costs in an aquaculture pro-
cess (Ayadi, Rosentrate, and Muthukumar 2012), it is crucial to find a cheap and
sustainable protein source when searching for new feed alternatives. Many of the
microorganisms used as SCP have the advantage of being able to utilize inexpensive
feedstock and waste material for growth (Nasseri et al. 2011), making it possible to
produce inexpensive and sustainable biomass for production of, among other things,
fish feed. Another advantage with SCP is the high amount of protein in the cells,
see Table 1.1.
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Table 1.1: Average composition of the main SCP microorganisms (% dry weight)
(Nasseri et al. 2011)

Composition | Fungi | Algae | Yeast | Bacteria

Protein 30-45 | 40-60 | 45-55 50-65
Fat 2-8 7-20 2-6 1-3
Ash 9-14 8-10 9-10 3-7

Nucleic acid 7-10 3-8 6-12 8-12

To obtain a fish feed of high quality, many nutritional factors need to be considered.
One important factor for optimal growth performance is protein content. The re-
quirement varies between species, but one of the fish species with the highest protein
requirement is salmon, which has a demand of 40-50 % or higher in their diet (Ayadi,
Rosentrate, and Muthukumar 2012). Further, the amino acid composition is impor-
tant when developing a fish feed. To obtain a high feed efficiency, it is desirable to
have a similar amino acid composition as fishmeal. The general fish requirements of
essential amino acids at different dietary protein levels are listed in Table 1.2.

Table 1.2: Amino acid requirements (% of dry matter) of fishmeal at different
dietary protein levels (%) (Tacon 1987).

Amino acid Dietary protein level (%)
45 50 95
Arg 1.94 2.15 2.37
Cys* 0.31 0.35 0.38
His 0.82 0.91 1.00
Ile 1.26 1.40 1.54
Leu 2.30 2.55 2.81
Lys 2.66 2.96 3.25
Met 0.87 0.96 1.06
Phe 1.31 1.45 1.60
Tyr* 1.04 1.15 1.27
Thr 1.45 1.61 1.77
Trp 0.27 0.30 0.33
Val 1.50 1.66 1.83

*Non-essential amino acids

The physical quality of a fish feed is another important factor, especially due to the
increase of bulk transport, big packages and pneumatic delivery systems (Samuelsen,
Mjgs, and Oterhals 2013). Exposure of the fish feed pellet to harsh environments
can result in attrition and product loss. Therefore, the functional properties of the
feed material after different treatments is highly relevant when developing new feed
products. The feed quality is usually increased by addition of starch and other
binding molecules, along with processing of the material using water, steam and
mechanical energy to avoid fragmentation (Samuelsen, Mjgs, and Oterhals 2013).
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1.4.1.2 Properties of Paecilomyces variotii

The filamentous fungus P. variotii has gained interest due to several beneficial prop-
erties. To begin with, P. variotii has a crude protein content of about 55 % (w/w)
(Nasseri et al. 2011). This makes it very interesting as an alternative protein source
in fish feed. Further, P. variotii has a favourable amino acid composition (see Ta-
ble 1.3), has a relatively rapid growth, is easy to separate from the substrate and
show no signs of toxic effects in test animals (Bajpai 2017). A study conduced by
Alriksson et al. in 2014 analyzed the composition of P. variotii, and their results
are shown in Table 1.3. Unfortunately, not all relevant amino acids were analyzed
in the study.

Table 1.3: Biomass composition of P. variotii (g/100 g biomass) (Alriksson et al.
2014).

Biomass nutrient | P. variotii(g/100 g biomass)

Protein 48
Fat 5
Carbohydrate 37
Water 5
Ash 5

Amino acid Composition (g/100 g biomass)
Arg 2.7
Thr 1.8
Ile 2.0
Leu 3.1
Lys 2.9
Met 0.7
Val 24
Trp 0.6

In Finland, P. wvariotii was used between 1975-1983 in a process called the Pekilo
process (Ugalde and Castrillo 2002; Silvennoinen and Koivo 1983). In the Pekilo
process, P. variotii was cultured on spent sulfite liquor to produce SCP with high
crude protein content (Bajpai 2017). The SCP was even approved as animal feed
and food in Finland, though the process is not currently operating (Bajpai 2017;
Ugalde and Castrillo 2002).

The cell wall composition of P. wariotii varies between strains, but consists of
the polysaccharides o-(1— 3)-glucan and B-glucan-chitin complex (Domenech et al.
1994). For a general illustration of the fungal cell wall, see Figure 1.3. Chitin is the
second most abundant polysaccharide after cellulose and has an important structural
function in the cell wall of fungi, homologous with cellulose in plants (Pusztahelyi
2018). Similar with cellulose, chitin has a crystalline or semi-crystalline structure,
making it a rigid and resistant material (Pusztahelyi 2018). Therefore, a lot of en-
ergy can be required in order to degrade the cell wall. The chemical structure of
chitin is provided in Figure 1.4.
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B-glucan is a polysaccharide consisting of D-glucose monomers linked by (3-glycosidic
linkages (Halpern 2013), see Figure 1.5.

surface coat glycoproteins

amorphous
matrix e, s,
% e o "-'o‘. :.a ®s
glucans
structural
polysaccharides chitosan

)
cell membrane

Figure 1.3: General cell wall structure of fungi. The picture originates from Wiki-
media commons under the license CC-BY-3.0 (Maya and Rike 2013).

B-glucans in the cell wall of fungi can provide fibre when turning SCP from fungi
into for example fish feed (Ritala et al. 2017). Further, 3-glucans can even increase
the value of the feed due to their immunostimulatory effect (Bajpai 2017; Halpern
2013). Steen (2014) studied the B-glucan content of P. variotii, and found a high
value of 19.6 % (w/w dry biomass) (Steen 2014). However, it is uncertain if this
type of B-glucan have the positive immunostimulatory effect.

10
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Figure 1.4: Chemical structure of chitin.
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Figure 1.5: Chemical structure of 3-glucan.

1.4.2 Cell wall degradation methods

Many of the valuable components produced by microorganisms are intracellular and
are therefore not secreted, resulting in a need for cell disruption in order to obtain
them and achieve high high nutrient digestibility (Uhlmann et al. 2013; (verland
and Skrede 2017). Since filamentous fungi is not traditional food for fish species,
the fish generally lack the gastro-intestinal enzymes needed to degrade the cell walls
(Overland and Skrede 2017).

There are several different methods to achieve cell wall degradation, both chemical
and mechanical. In this section, enzyme treatment, high pressure homogenization
treatment and drying and milling will be explained, along with advantages and
disadvantages with the methods. It should also be added that different methods
can have different effects depending on the species and strain of the microorganism
(Klimek-Ochab et al. 2011). Further, a combination of different treatments might
be necessary in order to achieve an optimal cell disruption (Baldwin and Robinson
1994).

11
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1.4.2.1 Enzyme treatment

Enzymes can be used either to completely disrupt cells or to achieve partial dis-
ruption (Nasseri et al. 2011). Cell degradation through enzyme treatment has the
advantage of being conducted under gentle conditions, along with a high speci-
ficity (Klimek-Ochab et al. 2011), making it possible to for example target the cell
wall. Further, less energy is required compared to mechanical treatments (Klimek-
Ochab et al. 2011). Unfortunately, the method might be too expensive for industrial
scale (Klimek-Ochab et al. 2011) and is very slow compared to mechanical methods
(Nasseri et al. 2011).

Several studies have tested enzymatic treatment in combination with mechanical
treatments (Nasseri et al. 2011). Baldwin and Robinson (2014) obtained an en-
hanced disruption of Candida utilis by first applying enzymatic treatment, followed
by high pressure homogenization. Another study successfully increased the protein
release from yeast cells by first disrupting the cells using high pressure homogeniza-
tion (four cycles, 400 bars), then using lytic enzymes (Asenjo and Dunnill 1981).

1.4.2.2 High pressure homogenization

HPH is a mechanical disruption method suitable for large-scale applications (Bald-
win and Robinson 1994). The method applies high pressure to the cells by forcing a
liquid sample through a restricted homogenization valve (Klimek-Ochab et al. 2011;
Balasubramaniam et al. 2016). When the pressurized sample is passing the valve,
dissipation of kinetic energy results in the reduction of particle size and the com-
pression results in heat generation (Balasubramaniam et al. 2016). There are several
different types of valves and techniques available within high pressure homogeniza-
tion.

The method requires relatively large energy inputs, therefore process optimization
can be necessary to reduce the energy requirement (Baldwin and Robinson 1994).
However, it can be very efficient in disintegrating cells of microorganisms with rigid

cell walls (Safi et al. 2017).

1.4.2.3 Drying and milling

Primarily, the physical treatment drying is applied in order to remove large amounts
of water in the biomass (Pohndorf et al. 2016). One disadvantage with the drying
is the possible effect it can have on the product, for example on the protein quality
and other cell components (Pohndorf et al. 2016). This, of course, depends on the
drying conditions. A positive effect from the drying is an increased digestibility of
for example yeast and microalgae (Nasseri et al. 2011). There are several different
drying methods available, for example solar-drying, freeze-drying, oven-drying and
spray-drying (Ansari et al. 2018).

Milling is a well-established mechanical disruption method used in several indus-
tries (Montalescot et al. 2015). Bead mills are commonly used when grinding paint

12
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pigments, minerals and other products (Montalescot et al. 2015). It has also been
shown to be a successful method for degradation of several microbial cells (Postma
et al. 2017). The degradation can occur under mild conditions and requires low
amounts of energy (Postma et al. 2017).

The combination of drying and milling requires relatively large amounts of energy,
but is more beneficial financially compared to enzymatic or chemical methods (Mon-
talescot et al. 2015). This due to the high costs of enzymes and the need to remove
chemicals from the product in many processes (Montalescot et al. 2015). It is also
applicable for large scale production.

1.4.3 Protein precipitation and pH-shifting

To separate proteins from other components in an aqueous solution, several different
methods can be applied, such as salting out, isoelectric point (pI) precipitation and
solvent precipitation (Grossmann et al. 2018). The pl of a protein is the pH value at
which the net charge of the molecule is zero (Arancibia-Miranda et al. 2011), thus
causing the protein to precipitate out of the aqueous solution. At pH values above
pl, the surface of the protein is mainly negatively charged due to loss of protons.
This results in repulsive forces against other negatively charged molecules (Novak
and Havlicek 2016). On the other hand, if the pH value is below pl, the protein sur-
face will predominantly be positively charged as a consequence of proton addition,
and once again will repulsive forces occur between molecules with the same charge
(Novak and Havlicek 2016). However, at pl, the repulsive forces will be reduced,
and attracting forces will cause aggregation and precipitation (Novdk and Havlicek
2016). The pl of most proteins is in the range of pH 4-7 (Novak and Havlicek 2016).

The effect on solubility of a protein by pH can be used to separate and concentrate
proteins. This is called pH-shifting. To solubilize muscle proteins, the pH can either
be lowered to about pH 3 or increased to around pH 11 (Hinchcliffe et al. 2018).
Centrifugation can then be applied in order to sediment unwanted components from
the solution. Then, the pH is adjusted to the pl of the proteins to precipitate them
out of the solution.

13
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1.4.4 Extrusion
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Figure 1.6: Illustration of an extruder.

Extrusion is a method using a combination of temperature, mechanical shear, pres-
sure and moisture to process materials (Chen, Wei, and Zhang 2011). During ex-
trusion, several chemical and structural transformations occur, such as starch gela-
tinization, protein denaturation and complex formations between compounds (Ja-
fari, Koocheki, and Milani 2017). Several factors distinguish extrusion from other
cooking methods. For example, the moisture content is usually between 10-40 %
(Guy 2001; Camire 2001), which is low compared to conventional cooking methods.
Another distinguishing factor is the temperature. Usually, temperatures between
100-180 °C are used, which is high compared to other methods (Guy 2001). This
allows for short processing times and full transformation of raw material. In order
to obtain a desired structure after the extrusion, different dies can be applied.

Extrusion is a common process method when producing fish feed pellets, due to
several beneficial properties of the pellet compared to other processing methods.
Extruded pellets have a higher durability, increased water stability and a higher
water absorption ability than steamed pellets (Hilton, Cho, and Slinger 1981). Fur-
ther, extrusion is also known to improve the bioavailability of carbohydrates, destroy
antinutritional factors, increase the solubility of nitrogen and dietary fibre, denatu-
rate deteriovative enzymes and thereby reduce lipid oxidation as well as destroying
microbial pathogens (Irungu et al. 2019).

Different compounds have different functional roles during extrusion. Therefore,

14
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each of the different functional roles will be explained in sections below.

1.4.4.1 Structure compounds

The structure of the raw material is dependent on the type of biopolymers, such
as biopolymers of starch and protein (Guy 2001). These biopolymers create three-
dimensional networks in which the other food components are located to form the
texture of the material. The raw material thus have a strong impact on the structure
and quality of the extruded product (Wild 2016). Wheat and maize flours are the
most commonly used materials during extrusion (Guy 2001). The structure of an
expanded extruded product is formed by creating a melted fluid from the biopoly-
mers and through transportation of bubbles of water vapour into the fluid, creating
a foam (Guy 2001). The biopolymers creates a cell wall around the bubbles, allowing
them to expand until they burst. Afterwards, the temperature is rapidly decreased,
resulting in a fast increase in viscosity as a result of moisture loss. The cellular
structure becomes more rigid as a result of the increase in viscosity, followed by a
glassy state formation (Guy 2001).

In recent years, high moisture extrusion (moisture content = 50-75 %) has been
utilized to manufacture textured vegetable protein (TVP) products with a fibrous
structure. To create TVP’s the proteins are initially denaturated during the ex-
trusion process with high moisture content and elevated temperatures. In a second
step, the proteins form intermolecular covalent bonds in order to polymerize (Wild
2016). Finally, the protein alignments are stabilized during a cooling procedure,
creating a protein network (Wild 2016).

1.4.4.2 Dispersed phase compounds

After extrusion with flour, a continuous phase of starch polymers can usually be
observed in the microscopic structure. In this continuous phase, several different
disruptive phases can be present. This could for example be proteins or fibres
(Guy 2001). The size of the proteins will depend on their original size as well as
their resistance to shear stress (Guy 2001). One effect of these dispersed-phase
materials being present in the foamed structure is reduction of expansion (Guy
2001). Secondly, their presence can affect the elasticity of the extruded material
when it leaves the die exit (Guy 2001).

1.4.4.3 Plasticizers and lubricants

In low moisture extrusion (moisture content< 25%), the physical interactions causes
frictional and mechanical energy in the extruder (Guy 2001). As a result, no exter-
nal heating is usually necessary during the process. At higher moisture levels, the
water acts as a plasticizer, causing a reduction in interactions (Guy 2001).

Other compounds which can affect the extrusion process is oil and fat. These com-

pounds lubricate particles, resulting in a decrease in shear stress and thus in expan-
sion (Guy 2001).
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1.4.5 Water holding capacity and Water solubility index

The most important functional properties of proteins are related to their interaction
with water. Water holding capacity (WHC) of a protein can be defined as the ability
to prevent water from being released while influenced by pressure, centrifugation or
heating (Zayas 1997). The water-protein interaction determines several important
functional properties of proteins, such as solubility, swelling, viscosity and gelation
(Zayas 1997). When adding proteins to a feed or food product, it is important to
understand the mechanism of the protein-water interaction in order to find out if
the proteins will function as a gel, a collodial dispersion or precipitate.

Water solubility index (WSI) is often used as an indicator for molecular degradation
and starch conversion (Rashid et al. 2015). During extrusion, the mechanical forces
results in shorter fragments of the large starch molecules being released and thereby
increases the water solubility (Rashid et al. 2015).

1.5 Artemia

Artemia is a small zooplanktonic anthropod with a body shaped in a leaf-like struc-
ture (Abatzopoulos et al. 2002). The outer part of the body is covered with a thin
exoskeleton made of chitin, with muscles attached to it. Adult Artemia are between
8-12 mm in length (FAO 2019). They can be found globally in hypersaline habitats,
for example in salt lakes and coastal salt ponds (FAO 2019). Since their survival
depends on their environment having a high enough salinity to eliminate nearly all
potential predators, Artemia have adapted an exceptional osmoregulatory capacity
(FAO 2019). This is achieved by transfer of ions and fluid from the gut into the
haemolyph in approximately the same rate as fluid is lost to the environment from
the body wall (Abatzopoulos et al. 2002).

Artemia can reproduce in two separate ways, either by nauplius or cyst production
(FAO 2019). This is determined by the environmental conditions. If the conditions
are favourable, Artemia will produce nauplius to replicate. On the other hand,
during unfavourable conditions, for example when the Artemia are exposed to tem-
perature stress, starvation or low oxygen levels, the females will produce an embryo
which will become surrounded by a thick shell (FAO 2019). While at this stage,
the embryo enters metabolic arrest and is called a cyst. When the conditions be-
come favourable, the cyst will hatch and the embryonic development continues (FAO
2019). Under favourable conditions, Artemia nauplius can become adults in 8 days
and live for several month (FAO 2019).

The natural feed of Artemia is purine-rich bacteria and algae (Abatzopoulos et al.
2002). However, Artemia are not able to feed during the early stages of nauplii (lar-

val stage), since the digestive tract is under development (Abatzopoulos et al. 2002).

In research, Artemia is used as a model organism for different applications. One ex-
ample is a study from 2018 which used Artemia as a model organism when studying
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the effect of long term exposure to neurotoxic pesticides (Gambardella et al. 2018).
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In this section, the different methods will be explained in sections. Since there were
several steps and methods performed during the master thesis, an overview of the
methods used are presented in Figure 2.1.

Cell wall
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Figure 2.1: Flow-chart of all the different methods used. All samples have a
distinctive colour and are numbered 1-5. The boxes either represent a treatment
step, an analysis or a material (for example pellet obtained after a centrifugation

step or dried, milled fungal biomass).
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2.1 Biomass production and pretreatment

The filamentous fungus Paecilomyces variotii (CCUG 28186) was cultured on resid-
ual streams from the forest industry at RISE Processum AB in Ornskoldsvik, Sweden
(Alriksson et al. 2014). The harvested biomass collected from the bioreactor was
separated from the liquid fraction with the use of vacuum filtration. The obtained
filter cakes were then washed with two volumes of distilled water. After the purifica-
tion step, the filter cakes of raw, wet biomass were stored at -80 °C (Alriksson et al.
2014). Filter cakes from different batches were sent to the Department of Agrifood
and Bioscience at RISE in Gothenburg and stored at -20 °C until further use.

Before the different treatment methods, pieces of the filter cakes were weighted and
defrosted in a diluent at room temperature for 30 minutes, see Table 2.1 and Table
2.2 for details. Since the lowest volume necessary to run the HPH was 500 ml, 50
g of wet, raw biomass was defrosted in 500 ml of diluent. Since the enzyme used
in the experiment had an optimal activity around pH 5, two different diluents were
used depending on if the sample would undergo enzymatic lysis treatment or not.
The preparation of sodium citrate buffer (pH 5, 8.14 mM) is presented in A.1. In
Figure 2.2, the defrosting of three different samples of raw, wet biomass is shown (A).

Table 2.1: Pretreatment of the different samples. The frozen pieces of filter cake
biomass were defrosted in either Milli-QQ water or sodium citrate buffer (pH 5, 8.14
mM) at different ratios.

Treatment Diluent Ratio Biomass/Diluent
Reference Milli-Q water 1:5
Enzyme Sodium citrate buffer 1:5
HPH Sodium citrate buffer/Milli-QQ water 1:10
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Figure 2.2: A. Defrosting of the filter cake biomass samples in diluent at room
temperature. B. Samples after homogenization with Ultra Turrax.

When defrosted, the samples of diluted raw, wet biomass were homogenized with
Ultra Turrax at 16 000 rpm for 4 min. Figure 2.2 B shows the samples after homog-

enization.

Table 2.2: Summary of the different treatments.

Treatment Raw, wet biomass (g) | Diluent (ml) | Enzyme (g)
Reference 20 100 -
Enzyme 20 100 0.2

HPH (+Enzyme) 50 500 -(0.25)
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2.2 Cell wall degradation treatments

In this section, the different cell wall degradation treatments will be explained.
In Figure 2.3, a flow-chart of the different steps in the treatments are presented.
In order to obtain both the insoluble and the soluble proteins after each cell wall
degradation treatment, pH-shifting was introduced a few months into the project.
Therefore, some protein content results are obtained from samples only undergoing
sedimentation without a pH-shifting step (as shown in Figure 2.1). This will be
clarified in the result.

Raw, wet biomass

filter cake (frozen)
¥

Defrosting in diluent
(30 min, RT)

[}
Homogenization
(4 min, 16000 rpm)
I

I
Reference —

1 ' En'zyme b o HPH + Enzyme
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hiing glucanase omogenization | | ——

(2 h, 37 °C) (1 pass 100 bar, (2h.37°C)
1 3 passes 600 bar) * l
ot 1 it
shifting pH- shifting
shifting

Figure 2.3: Flow-chart of the different steps during the cell wall degradation treat-
ments.

2.2.1 Reference

The reference sample consisted of thawed fungal biomass which had been homog-
enized in MilliQ-water (see Figure 2.2). pH-shifting was also performed on the
reference sample (more details can be found in section 2.3).

2.2.2 Enzyme treatment

After homogenization, the sample was incubated at 37 °C for 2 h after addition of
the enzyme (-glucanase from Trichoderma longibrachiatum. The amount of enzyme
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added was 1:100 of the amount of raw, wet biomass weighted initially (0.1 g enzyme
per 10 g of raw, wet biomass).

2.2.3 High pressure homogenization

The high pressure homogenizer used was GEA Niro Soavi (NS100IL PANDA). The
sample was added to the container of the HPH, and a beaker was placed to collect
the sample. First, the sample was passed through the instrument at 100 bar since
the biomass easily clogged the pipes on the first run. Then, the pipes were cleaned
from lumps of biomass and the sample was passed 3 times at 600 bar. After the HPH
treatment, the sample was divided in two (250 ml was used for HPH treatment, and
250 ml was used for HPH + Enzyme treatment).
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2.3 pH-shifting

To isolate the proteins, pH-shifting was introduced as a solubilization and precipi-
tation method after the cell wall degradation treatments (see Figure 2.1 and Figure
2.4).

SCP samples (1-4)

!

Protein solubilization
(pH 12) & 15 min
incubation

Cellwall | |  Centrifugation 1
pellet (60 min, 4000 rpm)

— Supernatant |

Protein precipitation
(pH 4.5) & 15 min
incubation

Centrifugation 2
(20 min, 4000 rpm)

Protein Supernatant
concentrate 2

Figure 2.4: Flow-chart of the steps during pH-shifting. All steps were performed
in room temperature.

To determine the protein solubility and isoelectric point of the proteins, Pierce™Rapid
Gold BCA Protein Assay Kit (Thermo scientific) was used to measure protein con-
centration. The protein solubility and protein yields were calculated according to
a study by Hinchcliffe et al. (2018), using the following equations (where the ho-
mogenate represents the treated samples 1-4 in Figure 2.3):

Protein solubility after centrifugation 1 (after pH 12):

Protein concentration
Protein solubility (%) = 100 Supernatant 1

Protein concentrationgomogenate
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Protein solubility after centrifugation 2 (after pH 4.5):

Protein concentrationg,pernatant 2

Protein solubility (%) = 100 : .
Protein concentrationg,pernatant 1

Protein yield centrifugation 1:

Protein concentrationg,pernatant 1 * X ml Supernatant 1

Protein yield (%) = 100
J (%) Protein concentrationpomogenate * X ml Homogenate
Protein yield centrifugation 2:

Protein concentration %« X ml Supernatant 2
Protein yield (%) = 100« |1 Supernatant 2 p

Protein concentrationgypernatant 1 * X ml Supernatant 1

First, a standard curve was prepared according to the manual from Thermo scien-
tific, see Appendix A.2. Bovine serum albumin was used as a standard to create
the curve. The absorbance was measured at 480 nm (Ultrospec 1000 UV /Visible
Spectrophotometer Pharmacia Biotech). The equation obtained from the standard
curve was used to convert absorbance into protein concentration in later measure-
ments.

When the standard curve was accurate enough (the lower limit of R? was set to
0.98), the next step was to investigate the protein solubility at different pH values
to be able to optimize the pH-shifting (performed both for the reference sample and
the HPH sample). First, the aim was to find the pH at which the SCP had the
highest solubility. Therefore, pH 8, 9, 10, 11 and 12 was first investigated. To begin
with, a SCP reference sample was prepared (treatment method 1 in Figure 2.3). A
sample from the reference was saved in order to measure the protein concentration
in the homogenate (performed by diluting the homogenate sample x20 in MQ-water,
followed my BCA analysis, see section below). The pH was adjusted during con-
stant magnetic stirring using 1 M NaOH and 1 M HCI. The pH was measured using
bench meter pH 1100 L. After pH adjustment, the samples were incubated at room
temperature for 15 min, followed by centrifugation (4000 rpm, 20 min). The super-
natant was collected for protein concentration analysis and the pellet was stored at
-80 °C and was later analyzed for protein content. The procedure was repeated for
an HPH sample.

The homogenate samples (both from the reference treatment and the HPH treat-
ment) and the supernatant samples were diluted with Milli-QQ water and vortexed.
80 pL of each sample was added to a 2.5 mL cuvette. Then, 2 mL of working reagent
(prepared according to the manual obtained from Thermo scientific) was added to
each cuvette. Since the reaction occur rapidly once the working reagent is added,
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the samples were incubated for 5 min, then 500 uL of 1 M HCIl was added to slow
down the reaction. The absorbance was then measured at 480 nm. Duplicates were
used to ensure accurate results, and the BCA-analysis was repeated two times to
ensure reproducibility.

After investigating the SCP solubility at high pH-values, the pH in supernatant 1
(the supernatant after centrifugation 1) was adjusted to pH 3, 3.5, 4, 4.5, 5 and
5.5 to optimize the protein precipitation using 1 M HCIl during constant magnetic
stirring. The samples were then incubated (15 min, RT) followed by centrifuga-
tion (4000 rpm, 20 min). The supernatant (supernatant 2) was collected and the
pellet (protein concentrate) at the bottom of the tubes were stored at -80 °C. The
protein concentration in the soluble phase was measured in the supernatants using
BCA-analysis. Duplicates were used to ensure accurate results. The procedure was
repeated for a HPH sample.

After the optimization, the time during centrifugation 1 was changed to 60 min since
larger sample volumes were centrifuged compared to the optimization phase.

2.4 Dry matter analysis using a vacuum oven

The dry matter (TS) of the pellets were determined using a vacuum oven. First, the
containers were weighted. Then, the pellet samples were added to the containers
and their combined weight were determined and written down. The samples were
put in a vacuum oven (Fistreem vacuum oven) at 80 °C for 28 h. The containers
were then weighted once again, and the dry matter (%) of the samples were calcu-
lated using the following formula:

Wcan ainer+dsample — Wcon ainer
TS(%) = 100 * fainer +dsampl t

container+isample — ” container

Were Weontainer+dsample 18 the combined weight of the container and dry sample (g),
Weontainer is the weight of the container (g) and Weontainer+isample 18 the weight of
the container and sample before the drying (g).

2.5 Protein content analysis and carbohydrate con-
tent analysis

The first pellet samples obtained (only protein precipitation, no pH-shifting step)
were sent away for analysis of protein content at RISE Processum AB in Orn-
skoldsvik, Sweden. The pellet samples were first dried to a TS value of about 90
%. Then, the nitrogen content of the samples were determined using the Dumas
method, and a factor of 5 was used to convert the result to protein content. The
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values presented in the results are mean values of two measurements. Factor 5 was
chosen after a literature study (Grossmann et al. 2018; Safi et al. 2017; Phong et al.
2018; Wanzenb et al. 2017).

To investigate the effectiveness of B-glucanase, supernatant from all the different
treatments were sent to RISE in Boras for analysis of carbohydrate content. The
method used was neutral sugar assay, which is based on rapid hydrolysis with high
concentration of sulfuric acid, followed by derivatization of the hydrolysis products
using phenol. The quantity was determined through absorbance measurement at
490 nm against an external standard curve of glucose.

Both the cell wall pellet and the protein pellet (also called protein concentrate) were
analyzed for protein content at RISE in Boras using an elemental analyzer (Leco
CHN628) to measure the nitrogen content. To convert the results to protein content,
a factor of 5 was used. Before analysis, the samples were dried in an oven at 105
°C for 18 h and the dry matter of the samples were determined using the formula
in section 2.4. The protein content was determined using a mean value from two to
four measurements, depending on the amount of available sample volume.

2.6 Extrusion

Since extrusion is a common process method when producing fish feed pellet, the
effect of extrusion on water holding capacity, water solubility index and structure
of the fungal biomass was investigated. Before extruding the biomass, the texture
of the fungal biomass at different water content values were investigated. An ex-
perimental design was performed taking into consideration the texture at different
moisture contents, see Table 2.3.

Table 2.3: Experimental design for the extrusion. The table shows the weight of
frozen, dried fungal biomass used (g) and the value within the brackets shows the
amount of water mixed in (g). For exact values, see Appendix A.6.

Temperature Moisture content (%)

30 % 40 % 50 %

115 °C 140 (60) | 120 (80)

125 °C 120 (80) | 100 (100)

Dried biomass were mixed with water in a mixer until a homogeneous sample was
obtained. The samples were transferred to labeled plastic bags. The single screw
extruder (Teach Line E20T (Dr. Collin GmbH, Germany) was setup. The screw
speed was set to 75 rpm and the die diameter utilized was 2 mm. The temperatures
were set for each zone in the extruder before adding the samples one by one. For
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details, see Appendix A.6. The extruded samples were then collected in plastic bags
and stored at -40 °C until further use. An additional extrusion of fungal biomass
was performed at SLU in Uppsala and evaluated in this project. Here, a twin screw
extruder (Brabender KETSE 20/40, Germany) with a 3 mm die diameter was used.
The biomass samples with a moisture content of 40 % were extruded at 115 °C and
a screw speed of 120 rpm.

2.7 Sample preparation before microscopy

To investigate the effect on the cell wall from the different degradation treatments,
the samples were placed on microscope slides and observed under a light microscope.
To be able to distinguish the proteins, a staining procedure was performed (iodine
and light green solution 1:2). About 4-10 drops of the staining solution was added
to eppendorf tubes with sample depending on the sample volume, followed by an
incubation of 10 min. A plastic pipette was used to transfer a small sample volume
to a microscope slide, and the samples were covered with a cover glass. The samples
were then observed under the light microscope (Nikon Microphot-FXA), and images
were taken using the software NIS-Elements D 5.10.00.

For the extruded samples, freeze sectioning was performed prior to microscopy.
Frozen extruded samples were placed on a circular plate, both in vertical and hor-
izontal position. PELCO®Cryo-Embedding compound (TED PELLA INC.) was
applied on the samples. The plates were then lowered into liquid nitrogen for rapid
freezing. The samples were sectioned at -15 °C (LEICA CM1900) and the sam-
ples were placed on polysine glass slides (Thermo Scientific). The samples were
fixated in a glass box containing glutardialdehyde solution (25 %) for 1.5 h. After
fixation, the samples were stained using a diluted iodine and light green solution
(3:5). Ome drop of staining solution was applied on the samples and incubated for
5 min before rinsing. A cover glass was then put over the samples before observation.

2.8 Water holding capacity and Water solubility
index

A centrifugation tube was weighted. After documenting the value, approximately
0.1 g of sample was added to the tube and the weight of the sample was written
down. Milli-Q water was added to obtain a total volume of 10 ml in the tube. The
tube was vortexed for 20 s every 10 min during 1 h. The sample was then centrifuged
(4000 g, 25 min). The supernatant was transferred to a preweighed glass plate and
dried in an oven at 85 °C overnight. The final weight of the dried sample was then
noted. The pellet obtained after centrifugation was dried in the tube at 50 °C for
25 min, and the final weight was equally written down.
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To obtain accurate results, triplicates were used during the procedure. The WHC
and WSI of the samples were calculated using the following equations:

A = Initial weight of sample
B = Final dried weight of remaining pellet
C = Final dried weight of supernatant

B—-A
WHC (g water bound/g solid) = —

WSI (%) = 100 * A;l

2.9 Feeding trial on Artemia
In the feeding trial, the following feeding samples were selected:

» Starvation sample

o Dried and milled P. wvariotii (reference)

« Milled extruded sample (115 °C, 40 % moisture content, 120 rpm)
« Protein concentrate from HPH

The trial was designed after a manual (Brine Schrimp Direct 2019). Approximately
5 L tap water was added to each of the four 5.2 L plastic boxes, and 150 g salt
without iodine was added to each box during mixing. To de-chlorinate the water,
the boxes were left open in room temperature for 48 h. 4 g of Artemia cyst were
added to each box to hatch. Two light sources were placed above the boxes during
the whole experiment, and water pumps were placed on the bottom of the boxes
to ensure good circulation and oxygen levels in the water. The feed materials were
prepared in different ways due to different dry matter contents. 0.5 g of dried and
milled P. variotii was diluted in 6 ml tap water. Similarly, 0.5 g of milled, extruded
sample was diluted in 5 ml tap water. This to obtain a dry matter content of about
10 % for all samples (the dry matter content of the HPH protein concentrate (the wet
pellet obtained after pH-shifting of sample treatment 3, see Figure 2.3 and Figure
2.4)). Each day after hatching, 6 drops of each feed was added to the corresponding
box.

To ensure a pH value between 7.5-8, the pH was measured daily. To buffer the
pH, MgSO, was used since Artemia tolerate high concentrates of that substance
(Hammer 1986). To analyze the growth, the length of 14-25 Artemia was measured
each day in the light microscope for all samples (with some exceptions due to low
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2. Method

amounts of Artemia). The larval stage of the Artemia was also analyzed by com-
paring the larvae with the stages presented in Figure 2.5. To measure survival, the
amount of Artemia in 1 ml was counted by transferring 1 ml of water sample from
each box to a petri dish after mixing and counting the number of moving Artemia.
This was performed in triplicates for all the samples.

B T e L N L T o T e Vo L

Fic. 33— Larvan Staces oF THE DBrine Sarime (Aztemia
salina), (After Sars.)

A, Nauplius, just hatched ; B—I, later stages, showing progressive
increase in number of somites and appendages. The adult
form of this species is shown in Fig, 53, p. 164

Figure 2.5: The larval stages of Artemia (Calman 1911).

2.10 Statistical analysis

During the different assays, 2-4 replicates were used depending on the amount of
available material. To evaluate significance and variance, single factor ANOVA and
t-test (when comparing only two groups) was used. A difference was considered
statistically significant if p<0.05. Standard deviations are presented in graphs and
tables. Calculations were performed in Microsoft Excel 2010, and graphs were cre-
ated in MATLAB R2018a.
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Result and Discussion

3.1 Cell wall degradation

To be able to obtain the intracellular proteins in the biomass of P. variotii, different
cell wall degradation treatments were investigated. In this section, the result from
the measurement of protein content in the untreated fungal biomass (Raw) and in
pellets obtained after different cell wall degradation treatments followed by centrifu-
gation is presented, as well as microscopy images to evaluate the efficiency of the
degradation methods.

The result of the protein content analysis is presented in Figure 3.1. As illustrated,
the treatment methods did not result in higher percentage of protein content in
the pellet. The reason for the decrease in protein content could be a high degree
of soluble proteins, resulting in a lower protein concentration in the pellet. It is
also possible that harsh treatment methods such as HPH can result in disintegra-
tion of the proteins into peptides, making it more difficult to sediment them into
the pellet phase. The result for the enzyme treatment indicates that proteins are
degraded during the incubation at a higher rate than the enzymatic degradation of
the carbohydrates. A reason for this could be activity of endogenous proteases dur-
ing the incubation. This was later investigated by addition of a sample treatment
undergoing the same incubation conditions as the Enzyme sample, except with no
addition of -glucanase. This sample treatment was named Incubation. To increase
the protein content of pellets, pH-shifting was introduced.
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35 T T T

Protein content (%)

Raw Reference Enzyme HPH HPH + Enzyme
Treatment

Figure 3.1: Protein content in dry matter basis (%) of pellets from the different
cell wall degradation treatments after sedimentation (see Figure 2.3). The protein
content in the raw, untreated biomass is also presented (Raw). The protein content
was determined using the Dumas method, and the values in the figure are mean
values from two measurements. Unfortunately only the mean values were obtained,
therefore no error bars could be included in the graph.
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Carbohydrate concentration {mg/mL)

Reference Enzyme HPH HPH + Enzyme
Treatment

Figure 3.2: Carbohydrate concentration (mg/mL) in the supernatant of the dif-
ferently treated samples.

In Figure 3.2, an increasing trend of carbohydrate concentration in the supernatant
can be observed from the enzyme treatment. Since the concentration is higher in
the Enzyme sample compared to the Reference (with the same increasing trend il-
lustrated for the HPH and HPH + Enzyme samples), 3-glucanase seems to be active
and degrade the cell wall, thus releasing carbohydrates to the supernatant. Since

only one measurement was performed for each sample, no significant difference could
be determined.
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Figure 3.3: Observation of samples under light microscope. A. Reference sample.
B. Enzyme sample. C. HPH sample. D. HPH + Enzyme sample. The samples are
stained with iodine and light green.

In Figure 3.3 it can be seen that the long, branched mycelium structure is still intact
in the reference (untreated, see Figure 2.3) and enzyme treated samples (A and B).
The proteins (stained green) are located inside the cells in these samples, indicating
that the enzyme treatment was inefficient in degrading the cell walls. The cell walls
and fibres are unstained, and due to no visible impact from the iodine staining, low
amounts of starch was present in all samples. Since enzyme treatment is considered
a mild method, it might result in degradation while the cells keep their original
shape (Safi et al. 2017).

In HPH and HPH + Enzyme samples (C and D), cell wall degradation is clearly
visible since the long mycelium structure is interrupted. This indicates that the
HPH method is effective in disrupting the cell walls. A study by Grossman et al.
(2018) evaluated the cell wall degradation and protein precipitation in the microal-
gae Chlorella protothecoides. In their results, high pressure homogenization resulted
in a high degree of cell wall disruption (99.9 % reduction after 6 passes at 150 MPa)
(Grossmann et al. 2018). This supports the optical result on cell wall degradation
in Figure 3.3.

The results in section 3.1 shows that HPH appears to be the most effective cell wall
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degradation method when evaluating the protein content of the pellets and the dis-
ruption of the mycelium structure. Therefore, the other methods were deselected,
and the results after this section will focus on HPH. However, since proteins are re-
leased into the soluble phase, a precipitation method is necessary to prevent protein
losses during the cell wall degradation method.

3.2 pH-shifting

The pH-shifting method was implemented to precipitate proteins that had been
released to the solution during the cell wall degradation treatments. The protein
concentration in the supernatant was measured using BCA analysis and calculated
using the equations presented in section 2.3.
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Figure 3.4: Protein solubility (%) at different pH values to optimize the solubi-
lization step in Reference and HPH samples. The error bars show the standard
deviation (n=3 with a few exceptions, see Appendix).
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From the result in Figure 3.4, it was concluded that pH 12 should be used to solu-
bilize the proteins, since the highest protein solubility was found at pH 12 for the
HPH sample. Since the aim was to use pH-shifting on HPH treated samples, the
pH-values used were based on the results for HPH. The Reference sample was mea-
sured in order to compare if the HPH resulted in a higher protein yield. In Figure
3.4, it is clearly illustrated that HPH treatment increases the amount of released
proteins to the soluble phase. The differences in protein solubility at different pH
were significant for both the Reference and the HPH samples (p<0.05). For details,
see Appendix A.3.

The reason for the high values of protein solubility could be due to the chosen anal-
ysis method. The solubility is calculated by comparing the protein concentration
in supernatant 1 with the protein concentration in the homogenate. Since BCA
analysis measures protein concentration in the soluble phase, it is possible that a
high amount of proteins are inside the cells in the homogenate samples, thus the
BCA analysis results in an underestimation of the protein concentration in the ho-
mogenate. Consequently, this leads to an overestimation of the protein solubility.

To obtain fair measurements of protein concentration in the samples, addition of a

base during homogenisation could of been added. This in order to keep the proteins
in the liquid phase during the measurements.
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Figure 3.5: Protein solubility (%) at different pH values to optimize the protein
precipitation. The error bars show the standard deviation (n=2 for all the samples
except two, see Appendix A.3.)

In Figure 3.5, there is a distinct difference in protein solubility between the Refer-
ence and the HPH sample. The isoelectric point of the proteins were found at pH
4.5 for the HPH sample. However, a protein solubility of about 26 % is relatively
high. To obtain a high yield (for values, see Table 3.1), it would be desirable to
optimize the pH-shifting further, either by continuing to investigate different pH
values and incubation times, or by investigation of other methods such as salt-
ing out and solvent precipitation. Another way would be to investigate different
HPH conditions and the effect on protein solubility. This since harsh treatment
conditions might result in peptide formation, making it difficult to precipitate the
peptides. Grossman et al. (2018) investigated pH-shifting after cell wall degradation
on Chlorella protothecoides using BCA analysis as well, and they obtained a very
low degree of precipitation. They explained that a possible explanation could be a
high hydrophilicity of proteins, preventing them from precipitating at their isoelec-
tric point. Secondly, they mentioned that complex formation between proteins and
polysaccharides could also increase the solubility.
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Contrary, Hinchcliffe et al. (2018) obtained a total yield of about 60 % when using
pH-shifting on herring by-products using a modified Lowry assay to determine pro-
tein concentration. Therefore, the efficiency of the method could be highly affected
by the raw material, or the analysis method.

It is clear in Table 3.1 that HPH resulted in cell wall degradation and thus a release of
proteins to the soluble phase. This due to the increased yield during the pH-shifting
for the HPH treated sample compared to the Reference.

Table 3.1: Protein yields during pH-shifting on Reference and HPH samples. The
total yield was calculated by multiplying the yields from centrifugation 1 and 2.

Reference HPH

Protein yield (%) Centrifugation 1 | 39.44 £1.04 | 75.11 £2.21

Protein yield (%) Centrifugation 2 | 56.17 £1.16 | 70.31 £1.68
Total yield (%) 22.16 £0.61 | 53.81 £1.73

In Figure 3.6, the protein content (%) of the protein pellet and cell wall pellet is
shown. There are significant differences between the protein pellets and between
the cell wall pellets (p-value < 0.05). Since the protein content has decreased in the
cell wall fraction from HPH treatment compared to the other samples, it once again
appears as if HPH is the most effective method for cell wall degradation. A protein
content of about 50 % in the protein pellet is an increase compared to the raw,
untreated biomass with a protein content of about 35-40 %. However, it would be
desirable to obtain a protein content of 60-80 % to make the procedure financially
viable.

When comparing the Incubation sample with the Enzyme sample, no significant
difference was found in the cell wall fraction. However, there was a significant dif-
ference in the protein pellet fraction. Since the amount of enzyme added is not
subtracted from the measurement, this could be a possible explanation.
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Figure 3.6: Protein content (%) (dry matter) in the precipitated cell wall pellet
(sediment 1 during the pH-shifting) and protein pellet (also called protein concen-
trate, sediment 2 during the pH-shifting) from the different treatments. Only one
measurement was performed for the Reference Protein pellet sample, therefore the

error bar showing the standard deviation is not correct (see Appendix A.4 and A.5
for details).

3.3 Extrusion

Since extrusion is a common process method when producing fish feed pellets, the

effect on structure and some physicochemical properties of the fungal biomass after
different extrusion conditions was investigated.
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WHG (g water bound/g solid)

SCP E115/30 E 115/40 E 125/40 E 125/50 E115/40T

Figure 3.7: Water holding capacity (WHC) in g water bound/g solid before ex-
trusion (SCP) and after different extrusion conditions. The first value after letter E
shows the extrusion temperature, and the second value shows the moisture content.
The T in the last sample in the figure stands for twin screw.

The result in Figure 3.7 shows that extruding the dried fungal biomass at 115 °C
increases the WHC. From the ANOVA analysis, it can be concluded that there is a
significant difference between the samples (see Appendix A.18). When performing
t-test assuming equal variance between the samples, there are significant differences
in WHC between the two temperatures, and between a moisture content of 50 %
against the other two moisture contents (see Appendix for details). Therefore, a
moisture content of 50 % seems to significantly decrease the WHC. If it is desired
to obtain a high WHC of the extruded sample, the dried fungal biomass should be
extruded at 115 °C and with a moisture content of 30 or 40 %. From these results, it
can be concluded that the extrusion conditions have a significant effect on the fungal
biomass, which needs to be considered when developing the production process.

Extrusion resulted in a significant increase in WSI for all the extrusion conditions,
see A.20)and Figure 3.8. However, a significant difference was only found between
the moisture contents 30 % and 50 %. There was a significant difference between
the single and the twin screw, which shows that E 115/40 T had a significantly
lower WSI than the other extruded samples. The increase in WSI compared to the
SCP could be an issue when developing a fish feed, since a high water solubility
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results in ingredient separation in water and thereby weakens the pellet structure
and increases waste in the water (Irungu et al. 2019). Since E 115/40 T resulted in
the lowest WSI among the extruded samples, it appears to be the preferred extru-
sion condition when considering WSI. It would, however, be necessary to continue
to optimize the extrusion conditions to decrease the WSI.

Since extrusion result in functional changes of the biomass, it would be interest-
ing to perform a factorial design and multiple regression analysis to optimize the
extrusion process and improve the physicochemical properties of the dried fungal
biomass. This was done in a study by Irungu et al. (2019), where the aim was to
optimize the extrusion process for production of a fish feed from local food ingre-
dients. In their study, they wanted to investigate how die diameter, temperature
and pre-conditioning time affected expansion, bulk density, floatability, durability,
water absorption, water solubility, water stability and in vitro protein digestibility.
It would be very interesting to study these parameters as well in an extruded pel-
let containing both SCP of P. wariotii as a protein source, along with other feed
ingredients such as carbohydrates and lipids. One limitation with extrusion is the
potential loss of heat sensitive vitamins and water soluble nutrients (Irungu et al.
2019). This should also be investigated when developing the fish feed.
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WSI (%)

sCP E 115/30 E 115/40 E 125/40 E 125/50 E115/40T

Figure 3.8: Water solubility index (WSI) in % before extrusion of dried fungal
biomass and after different extrusion conditions. The first value after letter E shows
the extrusion temperature, and the second value shows the moisture content. The
T in the last sample in the figure stands for twin screw.
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Table 3.2: The macro- and microstructure of the extruded samples. The extrusion
conditions are presented in the following order: temperature, moisture content and
screw speed. The samples are stained with light green and iodine, making the
proteins stained green and the starch stained purple.

Microstructure cross | Microstructure longi-

Macrostructure . . .
section tudinal section

115 °C
30 %
75 rpm

LS

115 °C
40 %
75 rpm

&

115 °C
40 %
120

rpm

125 °C
40 %
75 rpm

125 °C
50 %
75 rpm
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In Table 3.2, an observation is the dryness of the samples extruded at 125 °C, which
resulted in samples that did not hold together well lengthwise. Therefore, extrud-
ing at 120 rpm, 115 °C and with a moisture content of 40 % seems optimal when
analyzing the macrostrucure.

A different microstructure was observed for all extruded samples compared to the
unextruded, dried and milled fungal biomass, see Figure 3.9. In the dried fungal
biomass, the mycelium structure had partly remained after the drying and milling.
However, after extrusion, a phase stained partly in green is observed, with yellow,
disruptive aggregates present. The unstained components are polysaccharides, and
proteins are stained green.

Figure 3.9: Light microscopy image of dried and milled fungal biomass. The
sample was moistured with Milli-Q water, dipped in liquid nitrogen and sectioned
at -15 °C (in the same way as the extruded samples) before staining and observation
in the light microscope.
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The reason for the variance in thinness between the fractions of the samples (as
shown in Table 3.2) is the capability of the fractions to hold together. The sample
extruded with a twin screw at 115 °C, 40 % and at 120 rpm had a microstructure
which held together well in both cross- and longitudinal section. Therefore, an im-
age of this sample in larger scale is shown in Figure 3.10.

In Figure 3.10, the different components are clearly distinguished. Proteins (stained
green) appears to be included in the matrix with the polysaccharides (unstained),
creating a structural network. The yellow aggregates could be proteins with differ-
ent properties than the ones stained with light green or a combination of several
components, but further studies are needed to confirm this. To continue, it would
be interesting to use other techniques to find out for certain what the different com-
ponents are in the structure. An example of this could be the usage of confocal
microscopy and staining to for example locate the 3-glucans, the cell walls or the
proteins in the sample.

Figure 3.10: Light microscopy image of an extruded sample (115 °C, 40 %, 120
rpm).
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3.4 Feeding trial on Artemia

In this project, Artemia was used as a model organism to investigate potential
differences in growth and survival between samples from different treatments. Three
different samples; dried and milled fungal biomass, wet protein pellet from HPH
treatment and pH-shifting (see Figure 2.3 and 2.4) and milled extruded sample
(twin screw, 115 °C, 40 % moisture content, 120 rpm), were evaluated in the Artemia
feeding trial. It should be clarified that only a selection of individuals from each
feeding sample was analysed during the feeding trial, and it was assumed that this
selection group was representative for the whole population.
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Figure 3.11: Histogram showing the frequency of number of counted Artemia in 1
ml water for each of the four feeding samples. The x-axis shows number of counted
Artemia, the y-axis shows the frequency of which a certain amount of Artemia was

counted in 1 ml sample.
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In Figure 3.11, it is clearly illustrated that dried fungal biomass and HPH protein
concentrate resulted in the lowest amount of live Artemia during the feeding trial.
The Extrusion sample had the most evenly distributed frequencies over the time
period and as shown in Figure 3.12 had a high number of living Artemia at the end
of the feeding trial. This may indicate that extrusion as a treatment method results
in a feed that can increase the survival when studying Artemia. To confirm this,
it would be necessary to redo the feeding trial. Optimally, it would be desirable to
perform the feeding trial in aquariums and for a longer time period. It can take 2-3
weeks for the nauplius to become adults, and afterwards they can survive for another
4-5 weeks (Ward’s Science 2008). Therefore, it would be desirable to increase the
feeding trial period to at least 4 weeks. Here, the feeding trial only lasted for 9 days
due to time limitation.

Starvation SCP

o o
[= 4 o 12
£ E
& »
—= 10 — 10
E E &
c 8 c 8 +
B g
E 6 o o £ 6
= o = =5
< <
= 4 Q o] = 4 W »
5 (%] o o o] o 5 b
2 o Q o o £ 21 + + +
= O =
2 2 < ¥ ol

0 0 == +

Day 3 Day 4 Day 7 Day 8 Day 9 Day 3 Day 4 Day 7 Day 8 Day &
Extrusion HPH Protein concentrate
L @
2 12 S 12
E £
& &
—= 10 —= 10
IS £
£ 8 £ 8
o no *
*

< <
w 4 = 4 *
@ @
€ 2 € 2r #* * #
2 -
2 2 il . . 7

0 0 + . +-

Day 3 Day 4 Day 7 Day 8 Day 9 Day 3 Day 4 Day 7 Day 8 Day 9

Figure 3.12: The number of Artemia in 1 ml sample (with three replicates) for
each day and each feeding sample.

In Figure 3.12, there is a decreasing trend in the amount of Artemia in all samples
except for the Extrusion sample. The Artemia were left unsupervised between day
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5-6 (not able to count during the weekend), which seems to have resulted in a
decrease. A reason for this could be the absence of feed, or a decrease in pH since
no MgSO, were added these days.

Figure 3.13: Images taken during the determination of the length of the Artemia
in the light microscope. The images illustrates the different larval stages (A-D), see
Figure 2.5.

In Figure 3.13, examples of the different larval stages are presented. It should be
mentioned that the determination of the larval stage was subjective. Therefore, the
results should only be used as an indication of the development of the Artemia dur-
ing the trial period. No full grown Artemia (stage E) was found during the feeding
trial. This was probably due to both the limited time, and since the conditions were
not optimal for the Artemia. To obtain better conditions, it would be necessary to
optimize oxygen levels, feed doses, salinity and temperature.
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Figure 3.14: During the feeding trial, some Artemia in the Starvation sample
appeared to starve. This is illustrated in the image above showing an Artemia from
day 9.

In Figure 3.14, an example of an Artemia which appears to starve is shown (compare
with image C in Figure 3.13). This phenomena was only found in the Starvation
sample, which indicates that the Artemia needed addition of feed once they reached
a certain larval stage.
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Figure 3.15: Mean length (um) of the Artemia in the different feeding samples
during the feeding trial.

In Figure 3.15, the mean length of the Artemia during the trial is shown (Artemia
from all different larval stages was measured). It should be mentioned that some
days, less than 14 Artemia were measured since there were so few in the sample
(mainly HPH Protein concentrate), see Appendix A.25. There was a significant
difference between the samples (see Table A.26), but no significant difference was
found between the Starvation and the Extrusion samples. Therefore, it can be
concluded that these two samples resulted in the fastest growth. Further, since new
Artemia hatched during the whole feeding trial, the mean length does not necessarily
illustrates the growth in a representative way. Therefore, the maximum length of
the Artemia was also investigated, see Figure 3.16.
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Figure 3.16: Maximum length (um) of the Artemia in the different feeding samples
during the feeding trial.

When analyzing the maximum length, it appeared as if Extrusion resulted in the
maximum growth with one exception (day 8). However, the Starvation group also
grew well. Once again, to draw conclusions it would be necessary to redo the experi-
ment, but from these results it appears as if extrusion could increase the growth and
survival. Since Artemia larvae do not eat during their early stages, it is important
to also study the later stages in a feeding trial. Therefore, it would be desirable to
perform the trial for at least 4 weeks. However, SCP and HPH Protein concentrate
appears to decrease the survival and growth. This could be due to a decrease in
water quality from the feed or faeces, or due to the fact that the Artemia are unable
to digest the feed.
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Figure 3.17: Pie charts showing the proportion of Artemia in each larval stage
(A-D) during the feeding trial (see Figure 3.13).

The pie charts in Figure 3.17 shows once again that Starvation and Extrusion re-
sulted in the fastest growth when comparing the proportion of Artemia in the larval
stages.

To summarize, Extrusion appears to be a promising treatment method to stimulate
survival and growth in Artemia. However, this sample did not significantly differ
from the Starvation sample, therefore it would be necessary to redo the experiment
for a longer period of time (e.g. 4 weeks). Due to time restrictions, no dose-response
trial was performed for the different feeds prior to the trial. This would be necessary
to make sure that the right amount of feed was added. A more advanced equipment
with in- and outflow of water and with an ability to clean the equipment during the
feeding trial would also improve the experiment.

In a study conducted by Alriksson et al. (2014), a feeding trial of the fish Tilapia
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3. Result and Discussion

using 66 % fishmeal substitution with dried and milled P. variotii resulted in a 12 %
increase in growth compared to the control. This indicates that the fungal biomass
has high digestibility in Tilapia, and possibly in other species as well. Cell wall
degradation could hopefully result in even higher degrees of growth during feeding
trials, but studies are necessary to confirm this. In yeast biomass, disrupted cells
provided a higher digestibility in rainbow trout than intact yeast cells (@verland
and Skrede 2017). Therefore, a next step would be to investigate the bioavailability
of dried and milled P. variotii as well as biomass of the fungus undergoing different
cell wall degradation treamtments such as extrusion in a fish feeding trial.

52



4

Conclusion

Cell wall degradation and pH-shifting can be used to obtain higher protein content
in fungal biomass of P. wariotii, but to make the procedure financially viable it
would be desirable to obtain a protein concentration between 60-80 % (dry matter
basis). HPH appears to be the most efficient cell wall degradation method, result-
ing in the highest yield of released protein isolate (about 50 % protein content on
dry matter basis) during the pH-shifting (53.81 % total yield compared to 22.16 %
for the Reference sample). It was also visible during the light microscopy analysis
that HPH resulted in the highest degree of cell wall degradation (see Figure 3.3).
However, since HPH followed by pH-shifting requires several different steps, some
of them energy-consuming, it is possible that the procedure is too expensive for fish
feed production.

The extrusion conditions significantly affected the physicochemical properties of the
biomass such as WHC and WSI. Extruding at 115 °C, with a moisture content of
40 % and a twin screw (screw speed = 120 rpm) overall resulted in the best proper-
ties when considering WSI and stability (fractions which held together well during
freeze sectioning when observed using a light microscope), but further optimization
is necessary.

The results from the feeding trial indicated that extrusion could result in improved
growth and survival in Artemia compared to the groups provided dried and milled
fungal biomass or HPH protein concentrate, but the feeding sample did not sig-
nificantly differ from the starvation sample during the trial. It would therefore be
interesting to redo the experiment for a longer time period and analysing more
features of the Artemia.
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Future work

To continue, it would be interesting to investigate other cell wall degradation meth-
ods, for example High Power Ultrasound (HPU). This to investigate both the ef-
ficiency on cell wall degradation and the subsequent effect on protein solubility at
different pH levels. As mentioned previously, it would also be interesting to opti-
mize the HPH conditions using for example factorial design and regression analysis
to study the effect on cell wall degradation and protein solubility from different con-
dition variables.

To obtain high protein yields after cell wall degradation, it would be necessary to
optimize the protein solubilization at high pH and the isoelectric precipitation. This
could be achieved either by trying to optimize the pH-shifting, or by investigating
other precipitation methods such as salting out and solvent precipitation. To get a
better understanding of how to obtain a high yield of protein concentrate, it would
also be valuable to study where the proteins are located in the fungal cells.

Extrusion resulted in good physicochemical properties such as WSI, but it would be
necessary to continue to optimize the extrusion conditions and the physicochemical
properties using for example factorial design and multiple regression analysis. It
would be necessary to investigate the physiochemical properties of the dried and
milled fungal biomass in combination with all feed ingredients. Some physicochem-
ical properties that would be interesting to optimize with all feed ingredients are:
WSI, durability, water absorption, bulk density, floatability and water stability. Fur-
ther, it would be important to study how nutrients are affected by the extrusion,
especially heat sensitive compounds.

To further understand how extrusion affects the dried and milled fungal biomass, it
would be necessary to use other techniques such as confical microscopy and different
staining procedures. For example, $-glucans could be stained using antibodies to
distinguish them, making it possible to see how these polysaccharides are affected
by extrusion. Another example would be to stain the cell walls or the proteins.

Finally, since no significant difference was found between the extrusion and the star-
vation sample during the feeding trial, it would be interesting to redo the experiment
in Artemia. Since the larvae do not eat during their early stages, it would be inter-
esting to increase the trial period to at least 4 weeks. It would also be desirable to
use more advanced equipment with the possibility of in- and outflow of water or the
ability to clean the equipment during the feeding trial. A dose-response experiment
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5. Future work

should also be performed prior to the trial. To continue, it would also be important
to study the bioavailability of the fungal biomass before and after different treat-
ments in a fish species.
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A

Appendix

A.1 Sodium citrate buffer preparation

2.1 g of citric acid was added to approximately 900 ml of Milli-Q water. Then, the
pH of the buffer was adjusted to pH 5 by addition of NaOH (1 M). When the desired
pH was obtained, the volume was increased to 1 1 by addition of Milli-Q water.

A.2 Standard curve BCA analysis

The procedure was performed according to the user guide obtained from Thermo
scientific. The kit used was Pierce™Rapid Gold BCA Protein Assay Kit (Thermo
scientific). Table A.1 contains the volumes used in the dilution scheme.

Table A.1: Dilution scheme for the standard curve procedure (working range =
20-2000 pg/mL).

| Vial | Diluent (uL) | BCA (uL) | BSA concentration (mg/mL) |

Stock 0 950 2
A 0 300 (Stock) 2
B 125 375 (Stock) 15
C 250 250 (Stock) 1
D 150 150 (Vial B) 0.75
B 250 250 (Vial C) 0.5
F 200 200 (Vial E) 0.25
G 150 150 (Vial F) 0.125
H 200 50 (Vial G) 0.025
I 250 0 0
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BCA Standard curve
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Figure A.1: Standard curve for the BCA analysis.

A.3 Protein concentration measurements from the
pH-shifting

A.3.1 Reference

Table A.2: Data from the protein concentration measurement of the homogenized
Reference sample.

| Protein concentration (mg/mL) |

11.277
14.040
13.389
13.795
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Table A.3: Data from the protein solubilization of the Reference sample.

| pH | Protein concentration (mg/mL) | Protein solubility (%) |

7.861 49.438
8 7.445 46.823
7.878 49.545
7.615 47.890
9 7.216 45.381
7.607 47.837
7.233 45.488
10 7.173 45.114
7.488 47.089
8.056 50.665
11 8.430 53.014
8.786 95.255
12 8.141 51.200
8.370 52.640

Table A.4: Data from the protein precipitation of the Reference sample.

| pH | Protein concentration (mg/mL) | Protein solubility (%) |

3.387 40.124
3 2.882 34.143
2.950 34.947
3.341 39.570
35 3.629 42.989
3.591 42.536
3.260 38.616
3.642 43.139
4 3.723 44.094
3.434 40.676
3.604 42 687
45 4.049 47.964
3.964 46.959
5 4.490 53.192
4.533 53.694
55 6.544 77.518
6.625 78.473

Table A.5: ANOVA Table for the protein solubilization in the Reference sample.

’ Source \ SS \ df \ MS \ F \ P-value ‘
Between groups | 107.388 | 4 | 26.8469 | 10.256 | 0.00104
Within groups | 28.7944 | 11 | 2.61767

Total 136.182 | 15
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Table A.6: ANOVA Table for the protein precipitation in the Reference sample.

’ Source \ SS \ df \ MS \ F \ P-value ‘
Between groups | 2564.59 | 5 | 512.918 | 133.059 | 1.9E-09
Within groups | 42.403 | 11 | 3.85482

Total 2606.99 | 16

A.3.2 HPH

Table A.7: Data from the protein concentration measurement of the homogenized
HPH sample.

| Protein concentration (mg/mL) |

12.579
14.832
12.211
12.805
12.890

Table A.8: Data from the protein solubilization of the HPH sample.

| pH | Protein concentration (mg/mL) | Protein solubility (%) |

3 8.565 65.353
8.684 66.260
9 9.040 68.979
9.058 69.109
10 8.854 67.555
9.423 71.893
1 9.516 72.605
9.618 73.282
12 10.297 78.563
10.186 77.721
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Table A.9: Data from the protein precipitation of the HPH sample.

| pH | Protein concentration (mg/mL) | Protein solubility (%) |

3 2.925 28.559
3.107 30.341

35 3.018 29.471
2.891 28.228

4 2.696 26.322
2.861 27.938

45 2.611 25.493
' 2.679 26.156
5 2.573 25.120
2.751 26.860

55 2.844 27.772
' 2.929 28.600

Table A.10: ANOVA Table for the protein solubilization in the HPH sample.

] Source \ SS \ df \ MS \ F \ P-value ‘
Between groups | 159.686 | 4 | 39.921 | 20.814 | 0.00257
Within groups 9.590 5 | 1.918

Total 169.276 | 9

Table A.11: ANOVA Table for the protein precipitation in the HPH sample.

’ Source \ SS \ df \ MS \ F \ P-value ‘
Between groups | 22.571 | 5 | 4.514 | 4.717 | 0.0428
Within groups | 5.742 | 6 | 0.957

Total 28.313 | 11

A.4 Protein content in protein concentrates from
the pH shifting

Since material was lost during the drying of a Reference sample, only one replicate
was analyzed.
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Table A.12: Protein content (%) in the protein concentrate obtained during the
pH-shifting. The mean values are followed by the standard deviation.

| Protein content (%) |

Reference | Incubated Enzyme HPH! HPH?
47.164 38.300 42.492 54.895 45.960
37.391 42.898 54.740 46.705
46.031
46.843
46.427
Mean values
47.164 ‘ 37.843 £0.640 ‘ 42.695 +0.287 ‘ 54.818 +0.109 ‘ 46.393 +0.393

Table A.13: ANOVA Table for the protein content in the protein concentrate.
Since only one value for the Reference was obtained, the ANOVA was performed
without including the Reference sample.

’ Source \ SS \ df \ MS \ F \ P-value ‘
Between groups | 208.789 | 2 | 104.390 | 8.147 | 0.0118
Within groups | 102.517 | 8 | 12.815

Total 311.305 | 10

A.5 Protein content in cell wall pellet obtained
from the pH-shifting

Table A.14: Protein content (%) in the cell wall pellets obtained during the pH-
shifting.

| Protein content (%) |

Reference Incubated Enzyme HPH
32.231 28.471 28.974 19.977
33.692 29.679 29.180 20.006
37.793 31.771 30.140 20.368
34.824 29.347 29.785 20.300

Mean values
34.635 £2.042 | 29.817 £1.211 | 29.520 +0.466 | 20.163 +£0.173

Table A.15: ANOVA Table for the protein content in the cell wall pellet.

’ Source \ SS \ df \ MS \ F \ P-value ‘
Between groups | 439.663 | 3 | 146.550 | 74.716 | 5HE-08
Within groups | 23.538 | 12 | 1.962

Total 463.200 | 15

VII



A. Appendix

A.6 Extrusion

Table A.16: Amounts of SCP and water mixed before the extrusion.

Temperature (°C) | Moisture content (%) | SCP (g) | Water (g)
115 30 140.61 60.09
40 119.59 79.46
125 40 119.96 79.86
20 100.01 100.09

A.7 Water holding capacity and water solubility

index

Table A.17: Water holding capacity (g water bound/g protein concentrate) for the
extruded samples.

|

WHC (g water bound/g solid)

|

SCP E 115/30 E 115/40 E 125/40 E 125/50 | B 115/ 40 T
3.047 4150 4819 2.6183 2.269 3.874
3.186 5477 4.395 3.468 2.558 3.656
3.210 3.640 4.618 3.590 2.476 3.611

Mean values

3.148 £0.088 [ 4.422 £0.948 | 4.611 £0.212 | 3.225 £0.529 | 2.434 £0.149 | 3.714 £141

Table A.18: ANOVA Table for the WHC of the extruded samples.

] Source \ SS \ df \ MS \ F \ P-value ‘
Between groups | 10.241 | 5 | 2.048 | 9.649 | 0.0007
Within groups | 2.547 | 12 | 0.212

Total 12.788 | 17

Table A.19: Water solubility index (%) for the extruded samples.

| WSI (%)

SCP E.115.30 E.115.40 E.125.40 E.125.50 E.115.40.T
63.103 84.364 83.935 84.211 86.076 78.858
63.577 84.747 84.872 84.091 85.741 78.690
62.797 84.765 85.337 84.637 85.741 78.204

Mean values

63.159 +0.39 \ 84.625 +0.23 \ 84.715 +0.71 \ 84.313 +0.29 \ 85.853 +0.25 \ 78.584 +0.34
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Table A.20: ANOVA Table for the WSI of the extruded samples.

’ Source \ SS \ df \ MS \ F \ P-value ‘
Between groups | 1145.50 | 5 | 229.11 | 1446 | 3E-16
Within groups 1.90 12 | 0.158

Total 11474 | 17

Table A.21: p-values from t-tests on WHC performed for the different extrusion
variables (assuming equal variance, two-tailed)

’ Variables \ t Stat \ p-value ‘
115 °C vs 125 °C 4.43 0.0007
30 % vs 40 % 1.16 0.272
30 % vs 50 % 3.59 0.023
40 % vs 50 % 3.49 0.0058
75 rpm vs 120 rpm | -0.065 0.949

Table A.22: p-values from t-tests on WSI performed for the different extrusion
variables (assuming equal variance, two-tailed)

’ Variables \ t Stat \ p-value ‘

115 °C vs 125 °C | -1.876 0.083
30 % vs 40 % 1.167 0.271
30 % vs 50 % -7.140 0.002
40 % vs 50 % -1.853 0.094

75 rpm vs 120 rpm | 14.758 | 1.7E-09
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A.8 Feeding trial

Table A.23: Number of moving Artemia in 1 ml water with 3 replicates during the
feeding trial. Unfortunately, only one sample was calculated the first day, as shown

in the table.

Starvation | SCP | Extruded | HPH Protein
Day 2 | 0 | - - - 5 -1 - -
Day 3 |4 |3 5 5 9/5| 5 2
Day4 |2 |6 3 9 318] 9 1
Day 76| 3 ) 1 110 O 0
Day 8 |2 | 4 3 0 113] 1 0
Day 9 |23 1 4 919 12 2

Table A.24: pH of the samples during the feeding trial.

|

\ Starvation \ SCP \ Extruded \ HPH Protein ‘

Day 1 7.71 7.54 7.58 7.81
Day 2 7.82 7.72 7.7 7.78
Day 3 7.56 7.58 7.61 7.57
Day 4 7.67 7.56 7.70 7.74
Day 7 7.43 7.44 7.52 7.63
Day 8 7.73 7.83 7.80 7.84
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Table A.25: Measured length (um) of the Artemia in the different feeding samples.

’ Day \ Starvation \ SCP \ Extruded \ HPH Protein ‘

506.57
585.42
550.56
497.71
452.90
400.65
9 510.38
543.15
314.48
532.47
591.50
497.73
583.41
027.24
567.28 674.07 687.01 553.68
589.30 612.72 585.80 528.03
518.29 580.50 597.18 511.37
544.02 543.92 531.08 571.61
528.86 575.81 602.15 498.98
501.49 583.64 616.30 486.00
580.54 527.50 591.86 499.44
580.93 521.64 662.22 527.49
3 524.50 955.91 615.16 424.23
469.49 571.33 271.59 554.99
582.80 528.80 631.66 533.57
630.65 566.01 582.31 486.16
557.40 449.20 068.41 474.13
606.23 536.44 610.63 535.23
263.46 627.69
536.37 665.16
642.68
533.49 598.11 587.11 547.61
469.23 782.22 798.97 620.12
580.10 576.31 572.40 508.55
969.3 955.62 554.67 568.95
560.99 531.32 786.04 5967.75
257.51 550.03 651.32 585.65
491.50 611.31 850.79 543.79
4 586.45 477.71 578.08 513.63
600.18 448.57 792.19 549.22
688.55 959.15 062.78 520.71
808.97 237.27 530.65 588.07
a87.97 581.80 022.25 552.95
D74.27 624.80 520.71 553.23
042.28 529.03 857.88 599.65
578.03 963.85 610.09
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XII

566.93 520.49 621.14
207.67 556.20 738.91
534.62 560.61 652.90
461.57 853.38

473.72

583.02

D74.74
623.46 543.29 288.54 596.10
820.66 511.86 806.16 696.32
539.59 842.38 487.72 627.53
605.78 752.12 716.88 537.25
781.38 772.42 847.86 526.58
890.30 570.49 754.59
872.12 515.61 798.55
552.71 815.63 808.92
995.14 591.30 897.69
567.18 614.40 533.51

791.42 1233.04

735.47 536.28 618.21 503.70
971.04 619.36 620.36 569.47
575.24 639.36 614.50 505.80
606.35 595.76 626.96 578.72
924.81 641.56 562.75 571.21
815.65 626.03 513.54 591.24
654.17 594.22 278.04 268.86
651.92 899.96 547.59 286.66
827.55 544.23 617.58 570.00
949.66 585.50 627.71 995.85
971.90 773.62 283.93
903.37 549.39 639.65
853.87 5925.57 606.65
1177.70 557.11 286.96
680.90
650.83
661.21
683.73 859.89 848.61 679.60
590.86 599.32 718.41 590.90
763.35 690.67 1027.70 598.10
797.16 775.97 677.35 673.13
868.87 789.93 1103.13 504.03
791.47 535.28 714.80 561.36
840.40 746.34 773.42 517.82
784.54 614.07 625.47
840.04 628.05 840.84
638.16 743.27 636.94
668.05 623.56 830.48
848.71 837.36 744.21
653.35 601.59 672.04
671.73 781.98 770.76
829.66 640.03 711.88




A. Appendix

737.57 763.56
577.10
855.57
585.36
610.36
589.69
738.87
590.97

Table A.26: ANOVA Table for the measured length of the Artemia during the
feeding trial.

] Source \ SS \ df \ MS \ F \ P-value ‘
Between groups | 673930 3 | 224643 | 15.05 | 3.8E-09
Within groups | 4433332 | 297 | 14927

Total 5107262 | 300
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