
Full Terms & Conditions of access and use can be found at
https://www.informahealthcare.com/action/journalInformation?journalCode=saga20

Acta Agriculturae Scandinavica, Section A — Animal
Science

ISSN: (Print) (Online) Journal homepage: www.informahealthcare.com/journals/saga20

Biomass of the oleaginous yeast Rhodotorula
toruloides as feed ingredient in the diet of Arctic
char (Salvelinus alpinus): impact on quality; safety
and sensory outcome

M. Brunel, V. Burkina, S. Sampels, A.K. Dahlberg, V. Passoth & J. Pickova

To cite this article: M. Brunel, V. Burkina, S. Sampels, A.K. Dahlberg, V. Passoth & J. Pickova
(20 Mar 2024): Biomass of the oleaginous yeast Rhodotorula toruloides as feed ingredient in
the diet of Arctic char (Salvelinus alpinus): impact on quality; safety and sensory outcome, Acta
Agriculturae Scandinavica, Section A — Animal Science, DOI: 10.1080/09064702.2024.2322145

To link to this article:  https://doi.org/10.1080/09064702.2024.2322145

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

View supplementary material 

Published online: 20 Mar 2024. Submit your article to this journal 

Article views: 266 View related articles 

View Crossmark data

https://www.informahealthcare.com/action/journalInformation?journalCode=saga20
https://www.informahealthcare.com/journals/saga20?src=pdf
https://www.informahealthcare.com/action/showCitFormats?doi=10.1080/09064702.2024.2322145
https://doi.org/10.1080/09064702.2024.2322145
https://www.informahealthcare.com/doi/suppl/10.1080/09064702.2024.2322145
https://www.informahealthcare.com/doi/suppl/10.1080/09064702.2024.2322145
https://www.informahealthcare.com/action/authorSubmission?journalCode=saga20&show=instructions&src=pdf
https://www.informahealthcare.com/action/authorSubmission?journalCode=saga20&show=instructions&src=pdf
https://www.informahealthcare.com/doi/mlt/10.1080/09064702.2024.2322145?src=pdf
https://www.informahealthcare.com/doi/mlt/10.1080/09064702.2024.2322145?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/09064702.2024.2322145&domain=pdf&date_stamp=20 Mar 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/09064702.2024.2322145&domain=pdf&date_stamp=20 Mar 2024


Biomass of the oleaginous yeast Rhodotorula toruloides as feed ingredient in the
diet of Arctic char (Salvelinus alpinus): impact on quality; safety and sensory
outcome
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ABSTRACT
The aim of this study was to test the impact of replacing vegetable oils commonly used in the feed
of Arctic char (Salvelinus alpinus) with biomass of the oleaginous yeast Rhodotorula toruloides. For
that, a control feed containing vegetable oils and an experimental feed including yeast biomass at
15% level, were fed to Arctic char. Sensory properties of the fish were tested. The content of
undesirable compounds in the new feed ingredient were evaluated. Selected heavy metals and
organic pollutants were measured in the yeast biomass and the levels found were below the
limits of the regulations defined by the European Union. Moisture and ash contents were similar
between the two feeds. Hepatic activity of 7-ethoxyresorufin-O-deethylase was evaluated
between the two fish groups and no significant differences were observed. The sensory analysis
conducted on heat treated fish fillets with untrained volunteers showed no perceptible sensory
difference.

ARTICLE HISTORY
Received 27 June 2023
Accepted 15 February 2024

KEYWORDS
Aquaculture; salmonids;
organic pollutants; heavy
metals; vegetable oil;
sustainability; fish welfare

Introduction

Fish is one of the most traded food commodities world-
wide. Fisheries and aquaculture represent an important
source of food, income, livelihood and nutrition (FAO,
2020). The demand for fish has increased during the
last decades due to its highly beneficial protein
content and lipid composition. Weekly consumption of
fish is recommended by different health agencies and
institutes as marine products are an essential source of
long chain n-3 fatty acids, EPA 20:5(n-3) and DHA 22:6
(n-3). DHA cannot be synthesised in sufficient amounts
in humans and is a required element of the diet
(Swedish Food Agency, 2023; Scientific Advisory Com-
mittee on Nutrition (SACN), UK 2004). Studies have
confirmed the beneficial effects of consumption of
marine DHA and EPA on health with improvement of
brain function (memory and cell development), neuro-
protective effects, antitumor activity and anti-inflamma-
tory effects (Swanson et al., 2012; Zhang et al., 2019).

To respond to the growing fish consumption, aqua-
culture has steadily developed while wild capture
fisheries have stagnated (FAO, 2020). There is a need

to investigate new aquafeed ingredients for sustainabil-
ity while ensuring the health of animals and consumers.
Fish feeds for predatory species are traditionally com-
posed of fishmeal and fish oil (FO) as essential constitu-
ents, to cover the demand for animal protein and long
chain polyunsaturated fatty acids (LCPUFA) of the
farmed fish (Tacon et al., 2011). The aquafeed ingredient
fish oil (FO), rich in n-3 LCPUFA, is often a main limiting
component in the production of fish feeds and aquacul-
ture consumes around 75% of the total global supply of
FO (Tocher, 2015). Parts of FO are currently replaced with
vegetable oils (VOs), mainly rapeseed, soy, linseed and
palm oil, or with terrestrial animal fat, such as poultry
oil and tallow without detrimental effects on fish
health or growth (Bell et al., 2004; Emery et al., 2014;
Hatlen et al., 2015; Salini et al., 2015; Castro et al.,
2016). Finding alternatives to VOs may reduce monocul-
tures, land use changes, and reduce the carbon footprint
of aquaculture (Escobar et al., 2009; Azócar et al., 2010).
The oils sourced from terrestrial plants should be
replaced as they represent a competition for food pro-
duction and strain the use of resources. Research on
microbial oils is in progress to enable the use of new
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suitable and sustainable oil sources such as microalgae,
bacteria and yeasts. The utilization of oleaginous yeasts
as a lipid source can reduce the impact of food pro-
duction on the environment and climate (Abeln &
Chuck, 2021) as already shown for biofuel production
by oleaginous yeasts (Karlsson et al., 2017). Yeast oil is
a promising substitute to VOs as its production on agri-
cultural wastes has been shown to be 10-38% lower in
fossil primary energy demand than for the common pro-
duction of rapeseed oil (Sigtryggsson et al., 2023). In this
study, we focused on the vegetable parts of the fish
feed, and substituted these with an oleaginous yeast
biomass.

To produce lipids in a sustainable manner for fish
feed, oleaginous yeasts are considered as appropriate
candidates. These yeasts have the ability to accumulate
20% and more of their dry matter as lipids and can grow
rapidly on low-value substrates, as for example, lignocel-
lulose hydrolysate (Abeln & Chuck, 2021; Passoth et al.,
2023). A number of studies on yeast as a protein
source in fish feed has been published (Øverland et al.,
2013; Vidakovic et al., 2020), while little is known
about incorporating lipids from yeast biomass in fish
feed. At present, yeast culture for food/feed lipid pro-
duction is costly compared to VOs (Abeln & Chuck,
2021) due to the high-value carbon source, such as
glucose, currently used for the fermentation process
(Qin et al., 2017). New culture methodologies with the
use of waste glycerol, wastewater and lignocellulose
hydrolysate offer an opportunity to include low-value
substrates for microbial oil production and could
reduce the environmental impact of agriculture and for-
estry waste (Qin et al., 2017; Chmielarz et al., 2021). Lig-
nocellulosic biomass, as the most abundant and
renewable biopolymer on Earth (Sánchez & Cardona,
2008), is a relevant carbon source for yeast production.
Yeasts are capable of utilizing nutrients from lignocellu-
lose substrate after a pre-treatment of the lignocellulosic
biomass (mechanical, thermo-chemical or both) and
after an enzyme hydrolysis releasing monosaccharides
from the complex polysaccharide structure (Agboola
et al., 2021).

We have previously demonstrated in a small-scale
study that biomass of the oleaginous yeast Lipomyces
starkeyi grown on lignocellulose hydrolysate can be
used to replace VOs as a lipid portion in the feed of
Arctic char (Salvelinus alpinus) without effects on
growth or other general indices (Blomqvist et al.,
2018). Amino acid content and lipid composition of
L. starkeyi biomass-based feed were similar to control
feed formulated with VOs rich in saturated (SFA) and
monounsaturated fatty acids (MUFA) as for example
olive oil or palm oil (Brandenburg et al., 2016; Passoth,

2017). The present experiment used the oleaginous
red yeast Rhodotorula toruloides with a higher level of
polyunsaturated fatty acids (PUFA), a faster growth and
lipid accumulation compared to L. starkeyi (Brandenburg
et al., 2021; Passoth et al., 2023). Moreover, it produces
the carotenoids torulene, torularhodin β – and γ-caro-
tene, which have antioxidant activities (Nagaraj et al.,
2022).

The inclusion of yeast in fish feed has shown ben-
eficial effects on fish health, in particular on the
immune system (Navarrete & Tovar-Ramírez, 2014;
Agboola et al., 2021). Yeast cell walls are partly consti-
tuted of β-glucans, mannan-oligosaccharides and
chitin, depending on the yeast species. The addition of
β-glucans in fish feed through yeasts promotes fish
growth rate with increased weight gain, feed efficiency
as well as reduced feed conversion ratio and feed
intake (Agboola et al., 2021). Furthermore, the immune
response of fish is improved resulting in increased survi-
val rate and pro-inflammatory cytokine production,
improved serum biochemistry and decreased anti-
inflammatory cytokine production (Agboola et al.,
2021). Similarly, mannan-oligosaccharides intake in fish
has shown to result in improved growth rate with an
increased absorption of nutrients, feed efficiency and
improved immune function of fish with enhanced gut
barrier function (Agboola et al., 2021).

Another important aspect of the sustainable pro-
duction of food is the consumer acceptance of the
food products. Sensory properties like structure,
texture, taste and odour are important factors for consu-
mer acceptance (Ruiz-Capillas et al., 2021). Therefore,
there is a necessity to test possible effects of novel
feeds on the sensory aspects of the fish. A previous
study on Arctic char evaluated consumers´ perception
of fish fillet after replacing the proteins from fishmeal
partially with the baker´s yeast (Carlberg et al., 2018).
The sensory evaluation revealed no differences in the
fish fillets between the feeding groups. Exploring the
fish fillet perception is important with the inclusion of
different microbial ingredients, not used for direct
human consumption, in fish feed. The replacement of
VOs with microbial oil might affect the consumers’ per-
ception of fish fillet as fat content and types of fatty
acids determinate flavours (Besnard et al., 2016; Jaime-
Lara et al., 2023).

The aim of this project was to study the oleaginous
yeast R. toruloides, produced on agricultural waste
products, as a suitable ingredient in fish feed for Arctic
char. This was done (i) by investigating the possible
presence and levels of heavy metals and organic
pollutants, such as polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs) and
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hexachlorobenzene (HCB) in the yeast ingredient and
hydrolysate; (ii) by estimating cytochrome P450A1
monooxygenase (CYP1A1) activity in hepatic micro-
somes of both groups of fish with the measurement of
7-ethoxyresorufin-O-deethylase (EROD) activity; (iii) by
performing a sensory analysis of the farmed Arctic char
from the control group fed feeds with vegetable oils
and from the experimental group fed with yeast
biomass, respectively.

Materials and methods

Hydrolysate preparation and yeast culture

Wheat straw hydrolysate, an agricultural by-product
used for growing the yeast biomass in this study, was
prepared using steam explosion and enzymatic hydroly-
sis at the Department of Chemical Engineering, Lund
University, Sweden, as described in Blomqvist et al.
(2018). Briefly, wheat straw was soaked with 1% acetic
acid overnight and the collected biomass was steam
exploded at 190°C for 10 min. The liquid fraction was
collected and hydrolysed at pH 4.8 at 45°C with
8. Cellic CTec3 enzyme cocktail (Novozyme A/S, Bags-
værd, Denmark). After several steps of centrifugation
and filtration, the hydrolysate was collected (Blomqvist
et al., 2018).

The yeast strain Rhodotorula toruloides CBS 14 (Wes-
terdijk Fungal Biodiversity Institute, Utrecht, the Nether-
lands), selected as yeast candidate for the experimental
feed, was retrieved from 50% v/v glycerol stocks at −80°
C and maintained on YM-agar plates (Agar 16 g L−1,
glucose 10 g L−1, malt extract 3 g L−1, peptone 5 g L−1,
yeast extract 3 g L−1) at 25°C. Before cultivation into fer-
mentors, R. toruloides was inoculated as pre-culture
using a loopful of yeast cells from the YM-agar plates
into a 100 mL YPD-medium (glucose 20 g L−1, peptone
20 g L−1, yeast extract 10 g L−1) in a 500 mL baffled
shake flask on a rotary shaker at 150 rpm (25°C) for 2
days (Blomqvist et al., 2018; Nagaraj et al., 2022). After
inoculation, 100 mL of yeast culture was transferred to
a new 400 mL YPD medium into a 3 L Erlenmeyer
baffled flasks for inoculation (3 days) in the same con-
ditions as describe before. R. toruloides precultures
were harvested by centrifugation (4,000 × g, 10 min)
and washed twice with saline solution (NaCl, 9 g L−1).
The final cell pellet was resuspended in 10 mL of the
saline solution to be added to bioreactors at a final
optical density of approximately 5.0 (600 nm).

Cultivations of R. toruloides were performed in 8 L
Dolly fermentors (Belach Bioteknik, Stockholm,
Sweden) at 25°C, in a total volume of 5 L of lignocellu-
lose hydrolysate (wheat straw) consisting of 60% sterile

filtered cellulose- and 40% hemicellulose hydrolysate
(Blomqvist et al., 2018). A mix of nutrients (1.7 g L−1

Yeast Nitrogen Base without amino acids and without
ammonium sulphate (Thermofisher), 1 g L−1 MgSO4

and 2 g L−1 (NH4)3PO4) was added to fermenters (Bran-
denburg et al., 2021) and a desired pH of 6 was auto-
matically controlled and maintained by addition of
NaOH (25% w/w) or H3PO4 (3M). The aeration was
initiated at 1 L min−1 and increased continuously up to
5 L min−1 during the experiment. The dissolved
oxygen tension (pO2) was set to 20% and maintained
by changing the stirring speed between 200 and
600 rpm. Polypropylene glycol 2000 (1 mL, Alfa Aesar,
Karlsruhe, Germany) was added to the mix to prevent
foaming.

After completed fermentation, cells were harvested by
centrifugation at 5,400 × g for 10 min followed by a
washing step with deionized water and disruption of the
yeast cell walls using a French press (Constant systems
LTD, Daventry, UK) at 40 psi. The disrupted yeast cells
were stored at −20°C until their use in the fish feed.

Fish feed production

To test the effect of microbial ingredients on fish, two
feeds were formulated. An experimental feed was pre-
pared using 15% of yeast biomass while control feed
contained VOs and casein as described previously
(Brunel et al., 2022).

To reach a comparable fatty acid composition between
experimental and control feeds, the VOs ingredient
included in control feed was prepared by mixing together
palm oil and rapeseed oil (1:1) obtained from a local super-
market. The remaining ingredients were of similar pro-
portions between the two feeds. The control feed was
formulated according to former studies in salmonids
(Sánchez-Vázquez et al., 1999; Pettersson et al., 2009).

As described in Brunel et al. (2022), ingredients
included in each feed were blended manually and pre-
pared with a kitchen meat grinder. Each feed was cut
into 2-4 mm length pellets and dried overnight at
room temperature. The pellets were stored at −20°C in
airtight plastic bags until the beginning of the feeding
trial. The detailed amino and fatty acid composition of
each feed has been presented in Brunel et al. (2022).

Feeding trial

As previously described (Brunel et al., 2022), Arctic char
(n = 126, juveniles, both sexes) were kept in six water
tanks of 1 m × 1m (water depth of 20 cm) in a flow-
through freshwater system (10 L min−1) from Lake
Ansjön at Kälarne Aquaculture Centre North, Sweden,

ACTA AGRICULTURAE SCANDINAVICA, SECTION A – ANIMAL SCIENCE 3



with 21 fish per tank. Water temperature was on average
at 7.1 ± 1.8°C and rearing was carried out in the natural
photoperiod. Before the trial, all fish were randomly
assigned to different tanks according to the two feeds.
Fish were fed using a commercial feed and left to accli-
mate for 7 days before the start of the feeding trial.
When fish had an approximate mean weight across all
tanks of 165 g (with 6 fish measured), the feeding trial
started. The control group of fish was fed with control
feed containing VOs and casein while experimental fish
were fed with the experimental feed containing yeast
biomass. During the feeding trial, control and experimen-
tal feeds were distributed to the respective tanks by band
feeders 4 times a day with a feeding ratio of 2% of the
actual biomass in the tanks. After 19 days, fish were
weighed individually. The feeding period lasted until
fish had almost doubled their weight (72 days, without
sampling days). At the end of the trial, fish used for
sensory analysis (n = 60) were killed after anaesthesia
with a blow to the head. Fish not included in the
sensory analysis and sampled for chemical analyses (n
= 36) were anaesthetised using tricaine methanesulfo-
nate (MS-222, 30 mg L−1, Sigma Chemicals Co. St. Louis,
MO, USA) until overdose and received a blow to the
head in the same way as described in Cheng et al.,
2017. The survival rate of the fish during the feeding
trial was 100%. Several growth indices such as the total
body length (cm), body and liver weights (g) were
recorded as described in Brunel et al. (2022).

Fish sampled for sensory analyses were packed and
stored separately as one piece in vacuum bags at −20°
C while liver samples were stored at −80°C until ana-
lyses. The experiment was carried out in compliance
with the European legislation (i.e. Directive 2010/63/
EU), and was approved by the Ethical Committee for
Animal Experiments in Umeå, Sweden.

Lipid extraction and fatty acid analyses

Lipid extraction and gas liquid chromatography (GLC)
methods were used to determine total fat content and
FA composition of the feeds and of the fish fillet accord-
ing to Hara and Radin (1978) and Appelqvist (1968),
respectively. Briefly, the samples were homogenized
with an Ultra-Turrax (Janke and Kunkel, IKA Werke,
Germany) in a hexane-isopropanol mix (8 mL, 3:2, v:v)
three times 30 sec and separated with Na2SO4 (6 mL,
6.67%, w:v). The lipid fraction in hexane was transferred
and dried under nitrogen gas before gravimetric
quantification of the total lipid content. Samples were
stored in hexane at −80°C until further analysis.
Extracted lipids (2 mg) were methylated using boron
trifluoride (BF3) and methanol reagents (Appelqvist,

1968). Briefly, both NaOH (2 mL, 0.01 M) in dry methanol
and BF3 (3 mL, 14%) were added separately to each
sample and exclusively incubated at 60°C for 10 min in
the respective order. NaCl (2 mL, 20%) and hexane
(2 mL) were added simultaneously to each sample after
cooling. The upper phase was transferred to a new
tube and evaporated under nitrogen gas. FA methyl
esters (FAME) generated were stored in hexane at −80°
C for further analysis. A CP 3800 GC instrument (Varian
AB, Stockholm, Sweden) was used for FAME analysis in
the same way as described in Brunel et al. (2022).

Analyses of feed composition

The lipid content quantification of both feeds was per-
formed as described above. Crude protein content was
analysed by Eurofins Food & Feed Testing Sweden AB
(Lidköping, Sweden) following the methods ISO 16634-
1 2008 and ISO 16634 2016. Amino acid composition
was evaluated by Eurofins Food & Feed Testing
Sweden AB with SS-EN ISO 13903:2005 method.

The moisture and ash contents of each feed were
measured in 5 g of feed according to Nielsen (1994).
Shortly, 5 g of feed (in triplicates) was dried at 105°C for
16–18 h for moisture determination. To determine ash
content, 5 g of feed (in triplicates) was placed in a muffle
furnace at 200°C for two hours and at 550°C for 12 h.

Analyses of toxic compounds

PAHs
Both ingredients used for fish feed preparation, wheat
straw hydrolysate samples (n = 3, 50 mL) and yeast
samples (n = 3, 20 mL), were screened for presence of
PAHs. Each sample (dissolved in 50 mL milli-Q water)
was spiked with deuterium-labelled PAHs (Table S1, Sup-
plementary materials) before being liquid–liquid
extracted three times using normal-hexane (50 + 40 +
40 mL n-hx). The combined organic phase was gently
evaporated to 1 mL (hydrolysate) whereas the yeast
samples were evaporated to dryness for gravimetrical
lipid determination. After lipid determination, potassium
hydroxide dissolved in ethanol (3 mL, 1 M KOH) was
added to each yeast sample and saponified for 1 h at
60°C, similar to Sess-Tchotch et al. (2018). Next, water
(2 mL milli-Q) and n-hx (3 mL) was added and each
sample partitioned (10 min) and centrifuged (850 × g,
10 min). The organic phase was transferred to a new
test tube and the water phase was re-extracted two
times by adding n-hx (3 + 3 mL) and repeating the parti-
tioning and centrifugation steps. Final extracts from
wheat straw hydrolysate and yeast samples were
gently evaporated to 1 mL before each sample was
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applied on clean-up column composed of potassium
hydroxide-treated silica (KOH-silica, 5 g) and sodium sul-
phate (Na2SO4, 3 g). The analytes (PAHs) were eluted
with dichloromethane (30 mL DCM) (Arp et al., 2014).
Each sample was gently evaporated to 0.5 mL and the
solvent changed to toluene. Isotope-(13C)-labelled
recovery standard (CB-97; Table S2, Supplementary
materials) was added and the samples were transferred
to GC-vials with a final volume of 0.5 mL.

The instrumental analysis of the PAHs was performed
on a GC (Agilent Technologies, 7890B) coupled to a mass
spectrometer (MS, Agilent Technologies 5977A) using
selected ion monitoring (SIM) mode (Lundstedt et al.,
2014). Samples were injected in splitless-mode on a
DB-5MS column (60 m × 0.25 mm, 0.25 µm; Agilent
Technologies) with the following oven temperatures
70°C (2 min), 30°C min−1 until 125°C (2 min), 5°C min−1

until 310°C (5 min). Identification and quantification
were performed using authentic reference standards
(Table S1, Supplementary materials). The software
Agilent MassHunter Quantitative Analysis was used for
data evaluation.

PCBs and HCB
In a similar way as with PAHs, wheat straw hydrolysate
samples (n = 3, 50 mL) and yeast samples (n = 3,
20 mL), were screened for presence of PCBs and HCB.
Each sample (dissolved in 50 mL milli-Q water) was
spiked with isotope-(13C)-labelled PCBs and HCB (Table
S3, Supplementary materials), before liquid–liquid
extraction three times using normal-hexane (50 + 40 +
40 mL n-hx). The combined organic phase was gently
evaporated to 1 mL and then applied on a multilayer
clean-up column composed of silica (SiO2, 3 g), sulphuric
acid treated silica (40% H2SO4:SiO2, 6 g and 20% H2SO4:
SiO2, 3 g) and sodium sulphate (Na2SO4, 3 g). The ana-
lytes (PCBs and HCB) were eluted with n-hx:DCM
(60 mL, 4:1 v/v) (Dahlberg et al., 2021). The samples
were gently evaporated to 0.5 mL and the solvent
changed to isooctane. Isotope-(13C)-labelled recovery
standard (CB-97, Table S2, Supplementary materials)
was added to each sample and the samples were trans-
ferred to GC-vials with a final volume of 100 µL.

The instrumental analysis was performed using GC
(Agilent technologies 7890A) coupled to a triple quad
mass spectrometer (MS, Agilent technologies 7010 GC/
MS Triple Quad) using multiple reaction monitoring
mode (Dahlberg et al., 2020). Samples were injected in
splitless-mode on a DB-5 column (60 m × 0.25 mm,
0.25 µm; Agilent Technologies) with the following oven
temperatures 190°C (2 min), 3°C min−1–250°C, then 6°C
min−1–310°C (held for 1 min). Identification and quantifi-
cation were performed using authentic reference

standards (Table S3, Supplementary materials). The soft-
ware Agilent MassHunter Quantitative Analysis (for
QQQ) was used for data evaluation.

Heavy metals
Measurements of heavy metals in wheat straw hydroly-
sate and in yeast samples were performed by ALS Scan-
dinavia AB, Sweden.

Arctic char hepatic microsomes preparation and
measurement of EROD activity

The fish metabolic response after ingestion of the new
yeast biomass-based feed was assessed with the catalytic
activity of CYP1A1through evaluation of EROD activity.
CYP1A1 was selected for this study, as it is the most
studied isoform in fish due to its important role in the
metabolism of xenobiotic compounds (Whyte et al., 2000).

Hepatic microsomes (0.5 g of liver) were prepared
using the Ca2+ aggregation method (Rasmussen et al.,
2011). The final microsomal pellets were suspended in
50 mM potassium phosphate buffer containing 20% gly-
cerol (pH 7.4) and stored at −80°C until use. The concen-
tration of protein in the microsomal fractions was
determined with a commercially available kit (Bio-Rad
Laboratories, Inc.) according to the manufacturer´s
instructions, using ɣ-globulin as a standard. The
hepatic microsomes were diluted to obtain a protein
concentration of 5 mg mL−1.

The EROD activity was estimated as previously
described in a study developed for pigs (Zamaratskaia
& Zlabek, 2009) and adjusted for the activities in the
fish. Briefly, 0.2 mg of microsomal protein was incubated
in a medium consisting of potassium phosphate buffer
(50 mM, pH 7.4) and of 7-ethoxyresorufin (2 μM) in a
total volume of 0.5 mL. Enzymatic reactions were
initiated by adding NADPH (0.5 mM), followed by an
incubation time of 7 min at room temperature. The reac-
tions were stopped by adding 500 μL of ice-cold metha-
nol (100%). Microsomal protein was suspended by
centrifugation for 10 min at 7,500 × g. The concen-
trations of resorufin in the samples were estimated
with an ultra-high performance liquid chromatography
(UHPLC) using resorufin as a standard curve. EROD
activity was estimated based on resorufin formation
and expressed as pmol of product formed per minute
per milligram of microsomal protein.

The resorufin was quantified on a Shimadzu UHPLC-
Nexera series (Kyoto, Japan) equipped with autosampler
(SIL – 20AC) and quaternary pumps (LC-20AD). The
equipment included, connected in series, a column
oven CTO-20AC (at 35°C) and a fluorescence detector
RF-20Axs (λexc 530 nm and λem 582 nm, sensitivity was
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set at ‘high’ and response time 1 sec). Separation of
resorufin was achieved with a RP C18 Kinetex 100 Å
column (100 mm× 4.6 i.d., 2.6 μm particle size; Phenom-
enex, Aschaffenburg, Germany) equipped with a guard
column and an injection volume of 5 μL. The mobile
phase consisted of a methanol and water mix (0.1%,
v:v) as well as trifluoroacetic acid (1:1) in isocratic
mode. The flow rate was 1 mL min−1. The total run
time was 7 min with resorufin eluting at 3.2 min. Data
acquisition was performed with LabSolutions Software
v. 592. Resorufin calibration curve was prepared under
same detection conditions in 400–0.2 pmol mL−1 range.

Sensory test

A sensory analysis with the triangle test method (Sinkinson,
2017) was conducted at the Swedish University of Agricul-
tural Sciences (SLU) in November 2019 with 34 untrained
volunteers. Fish were filleted while keeping the skin intact,
and fillets were cut to pieces of approximately 3 cm ×
3 cm. The pieces were steamed-cooked separately in alu-
minium containers and without any additives in a water
bath at 70°C until the core temperature reached 60°C. Vol-
unteers received three samples of fillet with randomized
numbers and were asked to identify which of the samples
tasted different to the other two. The test persons were
requested to look at colour, smell and taste difference.

Statistical analyses

Differences in EROD activity between the two fish
groups were analyzed using the PROC MIXED function
in SAS software (version 9.4, SAS Institute Inc, Cary,
North Carolina, USA) with the different fish tanks as a
random factor.

Regarding sensory data, interpretation for significance
‘there is no difference between fish fed with vegetable
oils and fish fed with yeast biomass’ was based on the
number of answers ‘correct distinction between the two
fish with different feeds in taste, texture or others’ within
the total amount of answers/participants (N) including a
significance level at α≤ 0.05. According to Sinkinson
(2017), with N = 34, a minimum of correct responses for
α≤ 0.05 is equal to 17 to conclude that a difference
exists and to reject the hypothesis ‘no difference’.

Results

Safety evaluation of yeast biomass feed: organic
pollutants and heavy metals

The levels of PAHs, PCBs and HCB were below the limit of
quantification and/or detection for the hydrolysate

(wheat straw) used during yeast cultivation (Table 1).
In yeast sample, PCBs were below levels of detection
and/or quantification whereas PAHs were present and
measured at a concentration of 200 ng g−1 lipid and
HCB at a concentration of 0.21 ng g−1 lipid.

The proportion of yeast oil included in the fish feed
was 5.8%, corresponding to a quantity of 11 ng g−1 of
PAHs and a quantity of 0.01 ng g−1 of HCB in fish feed.

All evaluated heavy metals were detected below the
allowed values for the European legislation for food-
stuffs directly consumed (Table 2). Mercury was not
detected in any sample (hydrolysate and yeast biomass).

Moisture and ash contents of the fish feeds

Moisture and ash contents were evaluated and added to
previously published results on the composition of both
fish feeds (Brunel et al., 2022). The moisture and ash
proportions of the control and experimental feeds
were similar with 10% of moisture and 10–12% of ash
(Table 3).

Table 2. Heavy metal concentration (mg kg−1 or mg L−1) in
hydrolysate and in yeast biomass compared with maximum
levels for contaminants in foodstuffs by EU legislation (EU
leg.), European Food Safety Authority (EFSA) and FAO & WHO.

Element

EU leg.,
mg
kg−1

Hydrolysate,
mg L−1

Yeast,
mg
kg−1

LOQ
hydrolysate,
mg L−1

LOQ
Yeast,

mg kg−1

Al 1a 0.336 0.539 0.0100 0.500
As 0.01b 0.005 <LOQ 0.0030 0.005
Cd 0.05c 0.006 0.020 0.0001 0.002
Hg 0.50c <LOQ <LOQ 0.0010 0.005
Pb 0.30c 0.016 0.034 0.0005 0.010
a. European Food Safety Authority (EFSA), 2008.
b. FAO & WHO, 1995.
c. Commission Regulation (EC), 2006.

Table 1. Concentrations of organic pollutants in hydrolysate and
yeast samples (mean ± standard deviation, n = 3).
Concentrations are reported as the total sum of single
compounds quantified in the sample.

Σ17PAH Σ20PCB HCB

Hydrolysate, ng g−1 <LOQ or n.d. n.d. n.d.
Yeast, ng g−1lipid weight 200 ± 12 n.d 0.21 ± 0.02

n.d.: non-detected.
PAHs, polycyclic aromatic hydrocarbons (sum of naphthalene, acenaphthy-
lene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene,
pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene, benzo
(k)fluoranthene, benzo(a)pyrene, perylene, indeno(1,2,3-c,d)pyrene,
dibenz(a,h)anthracene, benzo(g,h,i)perylene).

PCBs, polychlorinated biphenyls (CB-28, −52, −77, −81, −101, −105, −114,
−118, −123, −126, −138, −153, −156, −157, −167, −169, −170, −180,
−189, −209).

HCB, hexachlorobenzene.
Hydrolysate: PAHs LOQ: 14–220 pg g−1, w:w; PCBs LOQ: 1.5–0.26 pg g−1, w:
w; HCB LOQ: 3.5 pg g−1, w:w.

Yeast: PAHs LOQ: 2.9–100 ng g−1, l:w; PCBs LOQ: 62–370 pg g−1, l:w; HCB
LOQ: 84 pg g−1, l:w.
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Fish lipid profiles and liver biomarker

Fish growth parameters were previously evaluated
(Brunel et al., 2022) and shown to be similar between
the two fish groups with the exception of liver weight
and hepatosomatic index (HSI), being significantly
higher in fish fed with the experimental feed.

To further confirm a similar fish metabolism between
the two feed groups, lipid profiles of fillets from large
and small fish from the same feeding trial were retrieved
from Jacobsson (2022), and compared with results
obtained in Brunel et al. (2022). Fatty acid profiles of
fish fillet between the control and experimental fish
groups and between large and small fish were compar-
able (Table 4a and b). Total fat content of fish fillet from
the same experimental study carried out at Aquaculture
Center North (Sweden) was comparable between
Jacobsson (2022) and Brunel et al. (2022) for the exper-
imental fish groups and varied for the control fish
groups.

To understand the higher liver weight and HSI
observed in Brunel et al. (2022), EROD activity was
measured in the livers and was found similar between
the fish fed with the experimental feed and the fish
fed with the control feed (Figure 1; p = 0.17 with tank
factor; p = 0.11 without tank factor).

Sensory test

A sensory triangle test was included in this study to
account for potential effects of the yeast biomass on
fish sensory attributes. From the total number of

participants attending the triangle test at SLU (34),
seven individuals recognized a difference in the
sensory characteristics of the fish servings. According
to the study by Sinkinson (2017), if the minimum
number of correct answers in a triangle test is more
than 17 for a total number of participants of 34 and
with a risk of 5%, there is a significant difference. In
this study, the number of correct answers was less
than 17 (Table 5), therefore, we can conclude that par-
ticipants could not identify a perceptible difference in
fish from different feeds by appearance, taste, texture
and smell.

Discussion

Oleaginous yeast biomass was tested as a new ingredi-
ent in fish feed to improve sustainability of aquaculture.
Finding renewable and safe alternatives to the current
lipid portion of fish feeds could benefit to the aquacul-
ture fish biodiversity as well as to the human popu-
lations relying extensively on fish production, with fish

Table 3. Composition of control and experimental yeast feeds
(% of dry matter) for fish in duplicates. Table from Brunel
et al. (2022), under Creative Commons Attribution License CC
BY 4.0. ‘Vitamin mix’ and ‘Mineral mix’ ingredients were
provided by NOFIMA (Norway) and ‘Astaxanthin & vitamin
mix’ ingredients were provided by Aller Aqua A/S (Denmark).
Further details on vitamin and mineral mixes composition can
be found as supplementary materials, Table S4.
Ingredients Control feed Experimental feed

Fish meal 52.8 53.5
Fish oil 12.5 12.6
Mineral mix 0.48 0.49
Vitamin mix 0.96 0.97
Astaxanthin & vitamin mix 0.14 0.15
Gelatine 0.48 0.49
Wheat meal 18.7 14.1
Ca2PO4 2.40 2.43
Casein 5.76 -
Vegetable oil 5.76 -
Yeast biomass - 15.3 (5.8% oil)
Chemical composition
Crude protein (%) 44.8 42.1
Total fat content (%) 19.8 18
Ash content (%) 10.7 11.8
Moisture content (%) 9.92 9.86

Table 4a. Total fat content and fatty acid profile (%) of fish fillet
from Arctic char fed with yeast biomass (experimental fish
group). Data from Jacobsson (2022) and Brunel et al. (2022)
under open access or under Creative Commons Attribution
License CC BY 4.0. Data are presented as the mean ± standard
deviation, with n sample size per group of fish.

Experimental
fish

Small fish
(Jacobsson,
2022) n = 4

Large fish
(Jacobsson,
2022) n = 4

Fish (Brunel
et al., 2022)

n = 6

Total fat
content (%)

8.28 ± 2.32 9.25 ± 1.13 6.46 ± 1.37

Fatty acid (%)
14:0 3.55 ± 0.19 3.58 ± 0.05 4.07 ± 0.16
15:0 n.d n.d 0.29 ± 0.10
16:0 14.0 ± 0.48 14.3 ± 0.41 15.2 ± 0.33
16:1(n-9) 6.01 ± 0.45 6.25 ± 0.52 0.29 ± 0.07
16:1(n-7) n.d n.d 5.81 ± 0.37
18:0 2.06 ± 0.19 2.08 ± 0.13 2.13 ± 0.10
18:1(n-11) 1.06 ± 0.27 1.15 ± 0.07 n.d
18:1(n-9) 28.2 ± 0.49 28.7 ± 0.86 28.0 ± 0.98
18:1(n-7) 2.79 ± 0.02 2.72 ± 0.11 2.33 ± 0.97
18:2(n-6) 6.93 ± 0.33 6.60 ± 0.29 6.73 ± 0.17
18:3(n-3) 1.81 ± 0.32 1.75 ± 0.06 1.79 ± 0.27
20:1(n-11) 1.07 ± 0.02 1.41 ± 0.57 n.d
20:1(n-9) 6.90 ± 0.33 7.21 ± 0.48 7.01 ± 0.29
20:2(n-6) 0.46 ± 0.07 0.43 ± 0.07 0.43 ± 0.05
20:4(n-6) 0.37 ± 0.17 0.44 ± 0.04 0.40 ± 0.11
22:1(n-11) 7.20 ± 0.14 6.92 ± 0.37 n.d
22:1(n-9) 0.80 ± 0.08 0.75 ± 0.08 n.d
20:5(n-3) 3.84 ± 0.09 3.50 ± 0.98 3.94 ± 0.21
C24:1 n.d n.d 0.51 ± 0.14
22:5(n-3) 1.01 ± 0.09 0.93 ± 0.05 1.04 ± 0.15
22:6(n-3) 10.2 ± 0.66 9.38 ± 0.53 11.0 ± 1.06
SFA 19.6 ± 0.62 19.9 ± 0.55 21.7 ± 0.31
MUFA 54.0 ± 0.61 55.1 ± 1.19 44.7 ± 1.44
PUFA 24.6 ± 0.67 23.0 ± 0.57 32.3 ± 1.17
n-3 16.9 ± 0.62 15.6 ± 0.65 25.1 ± 1.36
n-6 7.75 ± 0.11 7.47 ± 0.33 7.22 ± 0.38
n-3/ n-6 2.18 ± 0.08 2.09 ± 0.15 3.49 ± 0.34

Abbreviation: SFA, saturated fatty acids; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids; n.d, non-detected.
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as a source of essential nutrients and as a main source of
income (FAO, 2020). The modification of fish feed ingre-
dients can lead to a change in flavour, texture and

nutritional quality of the fish. In order to encourage con-
sumption of fish and to ensure its attractiveness to con-
sumers, a positive sensory experience is important.
Flavour, odour and texture contribute significantly to
food choice, appetite and intake (Boesveldt et al.,
2010; Boesveldt & de Graaf, 2017). This makes flavour
one of the most important determinants of food
choice. Therefore, it is essential to confirm a high
sensory quality of nutritional valuable products such as
fish and evaluate if taste is affected by novel feed ingre-
dients. The appearance, taste, texture or smell of the fish
fed different feeds could affect consumer acceptance of
fish fed yeast biomass.

To assess possible effects of differently fed fish on
sensory quality for human consumption, a sensory
analysis with the discriminative method triangle test
was performed in this study with untrained individuals.
The majority of the subjects could not identify a differ-
ence between fish from the different feeding groups in
a large perspective (smell, texture and colour). The
lipid levels in fish muscle can affect the sensory attri-
butes of the flesh (Rincón et al., 2016). The lipid
content of fish fillets from the same experimental trial
showed similar levels between the differently fed fish
in our previously published results (Brunel et al., 2022).
When comparing between groups of large and small
fish only (based on length and weight) from the same
trial (Brunel et al., 2022), the total lipid percentages of
fish fillet were also found similar between the different
fish sizes and between the feeding groups (Jacobsson,
2022).

In addition, the fatty acid lipid classes of fillets from
large and small fish of the same feeding trial have
been previously analysed (Jacobsson, 2022). The detec-
tion of free fatty acids has been linked to lipid degra-
dation by enzymatic hydrolysis (Andevari & Rezaei,
2011). Levels of free fatty acids related to lipid damage
tend to increase over time (Refsgaard et al., 2000; Ande-
vari & Rezaei, 2011) and with higher storage temperature
(Refsgaard et al., 2000). Free fatty acid levels can be an
indicator of fish freshness (Refsgaard et al., 2000; Ande-
vari & Rezaei, 2011). In small and large fish fillets from
Jacobsson (2022), the percentage of free fatty acids
was similar between the fish groups, indicating that
the addition of yeast biomass to the feed did not alter
the fish freshness and confirms our sensory results.
Differences in fatty acid profile of fish muscle can lead

Table 4b. Total fat content and fatty acid profile (%) of fish fillet
from Arctic char fed with vegetable oil ingredients (control fish
group). Data from Jacobsson (2022) and Brunel et al. (2022)
under open access or under Creative Commons Attribution
License CC BY 4.0. Data are presented as the mean ± standard
deviation, with n sample size per group of fish.

Control fish

Small fish
(Jacobsson, 2022)

n = 4

Large fish
(Jacobsson, 2022)

n = 4

Fish (Brunel
et al., 2022)

n = 6

Total fat
content
(%)

7.05 ± 3.11 13.0 ± 3.05 5.95 ± 2.06

Fatty acid
(%)

14:0 3.45 ± 0.24 3.55 ± 0.20 4.04 ± 0.13
15:0 n.d n.d 0.33 ± 0.16
16:0 14.1 ± 0.20 15.1 ± 0.28 15.4 ± 0.60
16:1(n-9) 4.98 ± 0.70 5.96 ± 0.31 0.41 ± 0.12
16:1(n-7) n.d n.d 5.28 ± 0.44
18:0 2.12 ± 0.10 1.98 ± 0.54 2.18 ± 0.13
18:1(n-11) 1.25 ± 0.01 1.17 ± 0.07 n.d
18:1(n-9) 27.4 ± 1.27 29.0 ± 0.39 26.8 ± 1.39
18:1(n-7) 2.80 ± 0.17 3.05 ± 0.09 2.44 ± 1.19
18:2(n-6) 7.06 ± 0.16 6.19 ± 0.15 6.80 ± 0.30
18:3(n-3) 2.01 ± 0.08 1.76 ± 0.04 1.96 ± 0.21
20:1(n-11) 1.07 ± 0.05 1.07 ± 0.04 n.d
20:1(n-9) 6.83 ± 0.26 7.27 ± 0.31 6.98 ± 0.30
20:2(n-6) 0.49 ± 0.04 0.48 ± 0.03 0.54 ± 0.09
20:4(n-6) 0.40 ± 0.13 0.27 ± 0.22 0.51 ± 0.03
22:1(n-11) 7.27 ± 0.14 7.25 ± 0.26 n.d
22:1(n-9) 0.83 ± 0.06 0.79 ± 0.06 n.d
20:5(n-3) 4.03 ± 0.22 3.29 ± 0.22 4.11 ± 0.31
24:1 n.d n.d 0.58 ± 0.11
22:5(n-3) 0.88 ± 0.17 0.90 ± 0.05 1.05 ± 0.13
22:6(n-3) 11.7 ± 1.91 8.77 ± 0.55 11.3 ± 0.96
SFA 19.7 ± 0.33 20.7 ± 0.38 22.0 ± 0.82
MUFA 52.4 ± 2.06 55.6 ± 1.22 43.6 ± 1.63
PUFA 26.5 ± 2.13 21.7 ± 0.50 33.2 ± 0.96
n-3 18.6 ± 1.93 14.7 ± 0.53 25.5 ± 1.01
n-6 7.95 ± 0.27 6.94 ± 0.19 7.65 ± 0.35
n-3/ n-6 2.34 ± 0.20 2.12 ± 0.11 3.35 ± 0.24

Abbreviation: SFA, saturated fatty acids; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids; n.d, non-detected.

Figure 1. 7-ethoxyresorufin-O-deethylase activity in hepatic
microsomes of Arctic char fish after the feeding trial. Enzyme
activity is presented as pmol min−1 mg−1 of microsomal
protein (mean ± standard error, n = 16 per group).

Table 5. Sensory analysis of fish fillets on untrained volunteers
(p < 0.05).1

Number of volunteers 34

Number of incorrect responses 27
Minimum number of correct answers to validate a difference 17
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to organoleptic differences as volatile compounds are
produced from the degradation of unsaturated fatty
acids (Rincón et al., 2016). The similar fatty acid compo-
sition of fish fillets between the control and experimen-
tal fish earlier published in this trial (Brunel et al., 2022;
Jacobsson, 2022) and between small-sized and large-
sized fish groups confirmed that no difference should
be observed in the lipid degradation of fish fillets. The
low and similar levels of free fatty acids in fish fillets
from all groups (Jacobsson, 2022) indicate a low lipid
degradation, reflecting the sensory outcome. Therefore,
no further sensorial evaluation was conducted. A larger
scale of fish production based on the feed with yeast
included is possible from this point of view.

When novel ingredients are added to feeds, it is
important to ensure that they do not harm the organism.
Analyses of potential toxic compounds in the yeast
biomass and yeast hydrolysate were necessary to
assess the safety of using yeast lipids as feed additive
since the production of biomass includes thermochemi-
cal, chemical and biochemical treatments leading to
potential contamination (Ochsenreither et al., 2016;
Yan et al., 2020). The substrate used for growing the
yeast as well as the yeast biomass were therefore
tested for possible organic pollutants and heavy metals.

No organic pollutants (PAHs, PCBs and HCB) could
be quantified in the used wheat straw hydrolysate pre-
pared for yeast growth. Nevertheless, PAHs and HCB
were quantified in the lipid fraction of the yeast
biomass. In particular, acenapthalene, fluoranthene
and pyrene were found in the oil of the yeast
biomass at concentrations between 8.4 and 155 ng
g−1. As the yeast oil only accounts for 5.8% of the
feed, the levels of organic pollutants from the yeast
biomass in the feed were below the allowed levels by
the European Commission. The Commission Regulation
(EC) (2011) sets a maximum of sum PAHs (benzo
(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene
and chrysene) in oils and fats intended for direct
human consumption or used as an ingredient in food
at 10 µg kg−1 or 10 ng g−1. The PAHs listed above
and regulated by the European Commission, were not
detected in our study. The metabolic excretion of
most PAHs has been described earlier as efficient in
fish as they can be eliminated within 2–8 days after
exposure (Vethaak et al., 2016), supporting the safety
of adding the yeast biomass to the fish feed. Similar
to PAHs levels, the HCB level detected in oil from the
yeast biomass (0.21 ng g−1 total detected from 5.8%
of lipids in total feed, equivalent to 0.01 ng g−1 in
feed) was considered safe as the Commission Directive
(2006) allows a maximum of 0.2 µg kg−1 of HCB in pro-
ducts intended for animal feed for fats and oils.

Analysis of heavy metals revealed that all heavy
metals detected in the yeast biomass and the wheat
straw hydrolysate were below the allowed levels by
the European legislation (Commission Regulation (EC)
(2006), for most compounds). Because the levels of
heavy metals and organic pollutants in the yeast
biomass and in the lignocellulose hydrolysate were
low or below quantification, these toxicants were not
analysed in fish fillets.

The earlier seen higher liver weight and HSI in the
experimental fish (Brunel et al., 2022) were probably
not due to an exposure to chemicals as EROD activity
levels were not significantly different between the two
fish groups. This result suggests that the detoxification
process in the liver from the two differently fed groups
of fish was comparable.

Both control and experimental feeds were prepared
in the laboratory with the same ingredients with the
exception of the yeast, allowing a complete compari-
son in their compositions. The analysis of the proxi-
mate composition of the feed showed a similar
content of protein, ash, lipids and moisture, as
expected. The yeast biomass was included as whole
in the experimental feed after mechanical disruption
of yeast cell walls. Therefore, no oil extraction was
required and the use of organic solvents for lipid
extraction was not necessary. As a result, the sustain-
ability of the new ingredient production was
improved. The inclusion of a yeast containing a rela-
tively high content of carotenoids with possible antiox-
idant properties (Nagaraj et al., 2022) into the feed
could in addition improve the storage time of the
feed. This effect should be further evaluated. A phys-
ical disruption of the yeast cell walls was performed
by French press to improve the digestibility of the
nutrients found in yeast and to release polysaccharides
having possibly beneficial effects on the fish immune
system (prebiotics) such as β-glucans, chitin or manno-
proteins (Navarrete & Tovar-Ramírez, 2014). Neverthe-
less, the composition of yeast R. toruloides is not
extensively described in literature, and in particular
for the carbohydrate content. Macronutrient compo-
sition of R. toruloides is variable as it depends on its
growing conditions (carbon and nitrogen availability)
with approximately 40% of lipids, 20% carbohydrates
and 15-25% proteins (Shen et al., 2017; Glencross
et al., 2020). There is a need to further evaluate poss-
ible effects of different substrates on the nutrient com-
position of R. toruloides and potential effects of the
yeast as prebiotics in fish. The higher liver weight
observed in the fish as a response to the experimental
feed during this study still needs to be further
investigated.
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Conclusions

Our results indicated that the replacement of VOs with
an oleaginous yeast biomass in fish feed did not affect
the sensory attributes of fish fillets, therefore no nega-
tive outcome on consumer experience can be expected.
No environmental contaminants were detected above
the limit of legislation in the yeast biomass. EROD
levels in the fish liver were similar between the
feeding groups, confirming the safety of the feed.
Further studies on the effect of novel microbial fish
feed sources on fish welfare and metabolism, on fillet
quality as well as on feed stability should be conducted
and applied to other fish species.

Note

1. Sinkinson (2017).
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