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Abstract: Oyster mushroom (OM) cultivation generates residue that needs to be managed; otherwise,
it will be converted into waste. One of the substrates for OM cultivation is the food industry by-
product, e.g., a mixture of the brewer’s spent grain (BSG) and wheat bran. This study assesses the OM
cultivation residue’s physical and nutritional characteristics as a potential upcycled food ingredient
and also considers developing bread from this cultivation residue. The OM was cultivated in a
mixture of 55% BSG and 45% wheat bran. After the OM harvest, the cultivation residue (mixture
of BSG, wheat bran and mycelium) had a lighter colour and a pleasant aroma compared to the
initial substrate. It contained protein (10.8%) and had high niacin (42.4 mg/100 g), fibre (59.2%)
and beta-glucan (6.6%). Thiamine, riboflavin and pyridoxine were also present in the cultivation
residue. The bread was developed from 50% cultivation residue and 50% wheat flour, and its scores
for darkness, dryness, sponginess, sour taste, bitter aftertaste, and aromatic aroma differed from
white bread (p-value < 0.05). However, its overall acceptability and liking scores were not significantly
different from white bread (p-value > 0.05). Therefore, this OM cultivation residue can be used as a
nutritious ingredient; nevertheless, product development should be further explored.

Keywords: oyster mushroom; Pleurotus ostreatus; cultivation residue; brewer’s spent grain; cereal-based
food; upcycled food

1. Introduction

Mushroom farming is a fast-growing industry. Mushroom production has increased
over the last decade, and its global annual production is estimated to be around 9 million
tons [1]. An increase in mushroom production generates a significant amount of mushroom
cultivation residue, which is commonly disposed of by non-environmentally friendly meth-
ods [2]. Mushroom cultivation residue has several applications, including bioremediation,
crop production, reuse in the cultivation of the mushroom, feed for animals and fish, pest
management and as a source of renewable energy [3]. For example, its residue can be used
for the removal of contaminants in water and soil, the cultivation of some vegetables, and
the production of biofertilizer and cattle and ruminant feed [3]. Pleurotus species is one of
the most cultivated mushroom species, contributing to more than 19% of global mushroom
production [4]. The oyster mushroom (Pleurotus ostreatus) is an edible mushroom that
grows on lignocellulosic materials produced in the forest or generated from agricultural
and food industry practices [5].

Although the oyster mushroom can utilise the agricultural and food industry waste
as a substrate to grow, its cultivation generates residue resulting in agricultural waste.
The management of mushroom cultivation residue can be challenging. This residue, a
combination of mycelium and lignocellulosic materials, can be disposed of by landfilling
and incineration or recycled as compost, fertilizer and bio-fuel [2]. Oyster mushroom
cultivation residue can also be used as livestock feed [6,7]. Some of these management
options, such as incineration on the open field, have a negative environmental impact but
others, such as composting, are more environmentally friendly [2].
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Selecting a simple, feasible and environmentally friendly waste management action
can help farmers manage mushroom cultivation residue. On the other hand, if the chosen
waste management strategy results in the production of a value-added product and revenue
generation, it can contribute to the circular economy and lead to farmers’ financial gain.
The characteristics of cultivation residue materials determine the waste management action
and its potential for contribution to the circular economy. For example, if the mushroom
is cultivated in agro-industrial residues, the cultivation residue can be used as animal
feed [7]. If it is cultivated in the food industry by-products, it may have the potential to
be used in upcycled foods. Upcycled foods utilise ingredients that otherwise would not
have gone to human consumption [8,9]. These ingredients are unmarketable materials (e.g.,
by-products from the manufacturing of other food products or scraps of food preparation)
that commonly exist in the food supply chain [9].

One of the substrates for oyster mushroom cultivation is a mixture of Brewer’s Spent
Grains (BSG) and wheat bran [10]. BSG is a by-product of wort production in the brewing
industry [11], and wheat bran is the by-product of the conventional milling of wheat
grains [12]. BSG consists of 20% protein and 80% partly lignified cell wall material rich
in feruloylated (arabinoxylan polysaccharides) [13]. BSG and wheat bran have several
nutritional benefits. BSG is high in protein (18%), essential amino acids, fibre [11] and
beta-glucan [14]. Wheat bran is also high in fibre and a good source of beta-glucan [12].
Beta-glucan has several health benefits as it is a soluble fibre with functional and bioactive
properties, including prebiotic effects [15,16]. After mushroom cultivation, the residue will
also contain mycelium. The oyster mushroom mycelium has various nutrients and fibre,
including beta-glucan [17,18]. Therefore, oyster mushroom cultivation residue (mixture of
BSG, wheat bran and oyster mushroom mycelium) can serve as a nutritious food ingredient.

The mushroom cultivation residue containing BSG is currently used as animal feed [6]
and has not been considered for human food production. BSG, wheat bran and oyster
mushroom mycelium are edible materials and can be utilised in human food. Therefore,
oyster mushroom cultivation residue has the potential to be used for upcycled foods; for
example, as a nutritious ingredient in cereal-based products. To our knowledge, this is
the first study that considers oyster mushroom cultivation residue as an upcycled food
ingredient. This study assesses the physical property and nutritional characteristics of the
oyster mushroom cultivation residue as a potential upcycled ingredient and also considers
developing a bread prototype from this residue.

2. Materials and Methods
2.1. Oyster Mushroom Cultivation

The oyster mushroom was cultivated in the combination of wheat bran and BSG as a
substrate based on a study conducted by Wang, Sakoda and Suzuki [10]. Wheat bran was
bought from the market (Lantmännen, Sweden) and BSG was provided by Göteborgs Nya
Bryggeri. Wet and hot BSG was collected from the brewery and air-dried. Oyster mushroom
mycelium was obtained from the Svamphuset company (Höör, Sweden) to prepare the
spawn. For spawn preparation, barley was cooked and sterilised in the autoclave (Systec
VX-95, Linden, Germany) at 121 ◦C for 60 min. Then, oyster mushroom mycelium was
transferred to flasks containing 50 g of cooked barley and produced a good quality spawn
after two weeks.

In the next step, BSG (55 g) and wheat bran (45 g) were mixed in a cultivation bag.
According to Wang, Sakoda and Suzuki [10], the cultivation of oyster mushrooms in this
combination results in high biological efficacy. Then, 190 g distilled water was added to
this bag and sterilised in the autoclave at 121 ◦C for 60 min. Thereafter, 15 g of spawn was
added to the bag and left in the dark in the incubator (VWR, INCU-Line 150R, Sweden)
for four weeks (23–24 ◦C, 97–98% humidity). When pinheads appeared, some holes were
made in the bag to initiate the growth of the fruiting body and bags were placed in the
light (16 ◦C, 97% humidity) for pinheads to turn into fruiting bodies. After 2–3 days, the
oyster mushrooms’ fruiting bodies were grown out of the bag and harvested (first flush).
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For the second flush, the bags were kept in cold water at 5 ◦C for 24 h, followed by about a
one-week waiting period for pinheads to appear again; thus, the process was repeated to
get the second round of fruiting bodies.

The biological efficiency was calculated to assess the conversion of dry substrate to
the fresh oyster mushroom [19]. For a biological efficacy assessment, the weight of the
harvested fresh fruit bodies was divided by the substrate dry weight and expressed as a
percentage [19,20]. The first flush biological efficacy and total biological efficacy (from the
first and second flush) were calculated. Three bags after the first flush harvest and three
bags after the second flush harvest were selected for the assessment.

2.2. Laboratory Analyses

For nutritional analyses, the cultivation residue was collected and dried in a freeze
dryer at 0.05 bar and −50 ◦C (FreeZone, Labconco Co., Kansas City, MO, USA). The
nutritional analyses were carried out on the initial substrate (the mixture of BSG and wheat
bran) and the cultivation residue (mixture of BSG, wheat bran and mycelium). For the first
flush cultivation residue, samples were collected from three bags after harvesting the first
flush and were mixed in equal amounts. Similarly, the second flush cultivation residue was
the mixture of residues from three bags after harvesting the second flush.

The accredited Eurofins laboratory (Lidköping, Sweden) determined the amino acid
profile for the initial substrate and the second flush cultivation residue using the ISO
13903:2005 method. The total essential amino acids were calculated by summing up
individual essential amino acids (histidine, isoleucine, leucine, lysine, methionine, pheny-
lalanine, threonine, tryptophan, and valine). Vitamin Bs (thiamine, riboflavin, niacin and
pyridoxine), lutein, and zeaxanthin were also analyzed for the initial substrate and the
second flush cultivation residue by the accredited Eurofins laboratory. Thiamine, riboflavin,
pyridoxine and niacin were determined by EN 14122:2014, EN 14152:2014, EN 14164:2014
and EN 15652:2009 methods, respectively. The lutein and zeaxanthin content was assessed
by AOAC 2005.07, AOAC 941.15/45.1.03 and AOAC 970.64 methods.

The crude protein, dietary fibre and beta-glucan were analysed for the initial substrate,
as well as the first and second flush cultivation residues. The crude protein was assessed in
duplicates based on nitrogen content quantification using Kjeldahl (Behr Labor-Technik,
Düsseldorf, Germany) [21]. The nitrogen content was multiplied by 6.25 [22,23] for conver-
sion to protein. The Total Dietary Fiber Assay Kit (K-TDFR-100A, Megazyme, Ireland) was
used for total dietary fibre assessment. This kit quantifies the dietary fibre based on AOAC
991.43 and AACC 32-07.01 approved methods [24]. The Beta-Glucan Assay Kit (K-YBGL,
Megazyme, Ireland) was used to determine the beta-glucan content of the samples [25].

2.3. Bread Prototype Development

The food development process has several stages, including concept generation, con-
cept screening, product (prototype) development, product testing, package development,
first product run and launch [26]. For the next step of this study, a bread prototype was
developed from the oyster mushroom cultivation residue. For bread prototype develop-
ment, the cultivation residue was milled (Pulverisette14, Fritsch GmbH, Idar-Oberstein,
Germany) to turn into flour (particle size: 0.2 mm). This flour was used for bread prototype
preparation. The bread was developed by the teacher and students of the bakery and the
restaurant program at Almås High School in Borås.

Initially, the bread prototype was prepared with 100% cultivation residue flour; how-
ever, this amount of cultivation residue flour was found to be unsuitable for bread pro-
duction due to unpalatability. In the next step, the bread prototype with 50% cultivation
residue flour and 50% refined wheat flour was developed (Figure 1). For the purpose of
this study, two types of bread were baked simultaneously in the same conditions: bread
prototype (50% refined wheat flour and 50% cultivation residue flour) and white bread
(100% refined wheat flour).
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Figure 1. Bread prototype development.

The bread prototype ingredients were 200 g refined wheat flour, 200 g cultivation
residue flour, 240 g water, 15 g salt, 15 g rapeseed oil and 20 g yeast. The same ingredients
were used for baking white bread, except for the flour, where only refined wheat flour was
used. All the ingredients were mixed in a dough mixer for dough preparation to produce a
smooth dough. Then, the dough was kneaded lightly and covered with a plastic bag and
rested for 5 min. In the next step, the dough was rounded and fermented to reach at least
double its size. The fermentation took about 30 min for the bread prototype dough and
40 min for the white bread dough (the bread prototype dough fermented faster). Then, the
doughs were baked at 210 ◦C in the oven for 20 min.

In the next step, the preliminary sensory assessment of the bread prototype (appear-
ance, texture, flavour and aroma) was carried out. The participants of this study were
researchers from the University of Borås. Five participants were asked to describe the bread
prototype attributes to identify the main sensory characteristics of this bread. Thereafter,
11 participants were asked to assess the sensory characteristics of the bread prototype
and white bread. The participants were seven men and four women with postgraduate
educations (Master’s or PhD degree). They scored the bread prototype and white bread’s
main sensory characteristics and liking from 0 to 5 (0 = not present, 1 = very low, 2 = low,
3 = neither high nor low, 4 = high, 5 = very high).

2.4. Statistical Analyses

The biological efficacy of each cultivation bag was calculated using Excel 2016 (Mi-
crosoft Corp., Redmond, WA, USA), and data were presented as mean and standard
deviation (SD). For crude protein analyses, samples were analysed in duplicates, and the
mean (SD) was calculated using Excel 2016. Fibre and beta-glucan content of samples
was calculated in the Megazyme Mega-CalcTM data calculator for total dietary fibre [27]
and beta-glucan [28] assessment. To compare the sensory and liking scores of the bread
prototype and white bread, a Wilcoxon Signed Ranks Test was carried out in SPSS (Version
27, SPSS Inc., Chicago, IL, USA). The statistical significance was set at p-value < 0.05.

3. Results
3.1. Mushroom Production and Properties of Cultivation Residue

The mean (SD) of oyster mushroom biological efficacy after harvesting the first flush
was 30.2% (3.7), and the total biological efficacy after harvesting two flushes was 82.5%
(17.2). It is worth mentioning that no contamination was observed in the cultivation bags.
Regarding the physical properties of cultivation residue, this residue contained white oyster
mushroom mycelium and had a pleasant aromatic smell. Although the substrate (mixture
of BSG and wheat bran) had a dark brown colour, the cultivation residue (mixture of BSG,
wheat bran and mycelium) had a lighter brown colour compared to the substrate.

3.2. Nutritional Characteristics

The results of the initial substrate and oyster mushroom cultivation residue’s analyses
for protein, amino acids, selected vitamin Bs, lutein, zeaxanthin, fibre and beta-glucan are
as follows:
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3.2.1. Protein and Amino Acid Profile

The protein analyses, as Kjeldahl crude protein, showed an increase in mean (SD)
protein content from 18.2% (0.3) in the initial substrate to 20.8% (0.2) and 23.3% (0.1) in
cultivation residue after harvesting the first and second flush, respectively. The amino acid
profile of the initial substrate and cultivation residue after harvesting the second flush is
presented in Table 1. The total amino acid and total essential amino acid content of the
initial substrate were 13.7% and 5.2%, respectively. The cultivation residue’s total amino
acid amount and total essential amino acid amount were 10.8% and 4.2%, respectively. The
most abundant amino acid in both samples was glutamic acid, followed by aspartic acid.
The amino acids of the initial substrate decreased after oyster mushroom cultivation (except
for arginine and threonine), and the highest reduction was observed in glutamic acid.

Table 1. The amino acid profile of initial substrate and cultivation residue after harvesting the second
flush of oyster mushrooms.

Substrate
(g/100 g)

Cultivation Residue after 2nd Flush
(g/100 g)

Tryptophane 0.26 0.12
Alanine 0.82 0.74
Arginine 0.88 0.91

Aspartic acid 1.17 1.16
Glutamic acid 2.54 1.34

Glycine 0.77 0.72
Histidine 0.37 0.30

Hydroxyproline <0.20 <0.20
Isoleucine 0.51 0.46
Leucine 1.00 0.78
Lysine 0.72 0.51

Ornithine <0.05 <0.05
Phenylalanine 0.71 0.56

Proline 0.94 0.60
Serin 0.63 0.57

Threonine 0.58 0.63
Tyrosine 0.45 0.28

Valine 0.79 0.68
Cysteine + Cystine 0.34 0.31

Methionine 0.27 0.18

3.2.2. Vitamin Bs, Lutein and Zeaxanthin

The selected vitamin Bs, lutein and zeaxanthin content of the initial substrate and
cultivation residue (after harvesting the second flush) are presented in Table 2. The thiamine
and pyridoxine content of the initial substrate decreased after cultivation, whereas its
riboflavin and niacin content increased. The niacin content of cultivation residue increased
from 3 mg/100 g to 42 mg/100 g after cultivation. The quantity of lutein and zeaxanthin
was negligible in both samples.

Table 2. Selected vitamin Bs, lutein and zeaxanthin in the initial substrate and cultivation residue
after harvesting the second flush of oyster mushrooms.

Substrate
(mg/100 g)

Cultivation Residue after 2nd Flush
(mg/100 g)

Thiamine 0.47 0.04
Riboflavin 0.14 0.57

Niacin 3.01 42.4
Pyridoxine 0.47 0.24

Lutein <0.02 <0.02
Zeaxanthin <0.02 <0.02
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3.2.3. Fibre and Beta-Glucan

The total dietary fibre content of the initial substrate was 45.6% and increased to 57.9%
and 59.2% in cultivation residue after harvesting the first and second flush, respectively.
The beta-glucan content of cultivation residue after harvesting the first flush (6.5%) and the
second flush (6.6%) was higher than the initial substrate (4.8%).

3.3. Bread Prototype Development

The bread prototype had a golden-brown colour, was darker, and had less puffiness
than white bread (Figure 2). The common sensory characteristics of the bread prototype
reported by the sensory panel were darkness, low sponginess, dryness, sour taste, bitter
aftertaste and aromatic and sour smell. The sensory scores for the bread prototype and
white bread are presented in Figure 3. The bread prototype’s median score for darkness,
dryness, sour taste, bitter aftertaste and aromatic and sour smell was higher than white
bread, and for sponginess was lower than white bread. There was a statistically significant
difference between these two types of bread in terms of darkness, dryness, sponginess,
sour taste, bitter aftertaste and aromatic smell (p-value < 0.05).
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Figure 3. The median score for common sensory characteristics of the bread prototype and white
bread (n = 11). The scores were from 0 to 5 (0 = not present, 1 = very low, 2 = low, 3 = neither high
nor low, 4 = high, 5 = very high). * Significant difference between bread prototype and white bread:
p-value < 0.05.
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The liking scores for sensory characteristics and acceptability are shown in Table 3. The
bread prototype’s median scores for texture, flavour and aroma liking and overall liking and
acceptability were lower than for white bread. There was a statistically significant difference
between the bread prototype and white bread’s flavour liking scores (p-value = 0.019). The
overall liking and acceptability scores were not statistically different between these two
types of bread (p-value > 0.05).

Table 3. The median scores 1 for the liking and acceptability of the bread prototype and white bread,
and the comparison of these two types of bread (n = 11).

Bread Prototype
Median (Min–Max)

White Bread
Median (Min–Max) p-Value *

Appearance liking 4.00 (3–5) 4.00 (3–5) 0.792
Texture liking 3.00 (2–5) 4.00 (2–5) 0.366
Flavour liking 3.00 (1–4) 4.00 (2–5) 0.019
Aroma liking 3.00 (1–4) 4.00 (2–5) 0.072
Overall liking 3.00 (2–5) 4.00 (2–5) 0.141
Acceptability 3.00 (2–5) 4.00 (3–5) 0.248

1 The scores were from 0 to 5 (0 = not present, 1 = very low, 2 = low, 3 = neither high nor low, 4 = high, 5 = very
high). * p-value for comparison between bread prototype and white bread assessed by the Wilcoxon Signed
Ranks Test.

4. Discussion

In this study, the oyster mushroom is cultivated in the BSG and wheat bran mixture,
and the cultivation residue is used as an ingredient for baking bread. The cultivation
residue had high fibre, beta-glucan and niacin content. It also contained protein, thiamine,
riboflavin and pyridoxine. The development of bread from 50% cultivation residue and
50% wheat flour resulted in a golden-brown bread with different sensory characteristics
in terms of colour, texture, taste and smell compared to white bread. Although the bread
prototype’s sensory characteristics scores differed from white bread, its overall liking and
acceptability scores were not significantly different from white bread.

According to the findings of this study, the biological efficacy of oyster mushroom
cultivation in the BSG and wheat bran mixture can be considered good, as the biological
efficacy of this type of mushroom varies between less than 30% and more than 100%,
depending on the substrate [29]. For example, the oyster mushroom cultivation in maize
stalks and wheat straw had a biological efficiency of 27% and 115%, respectively [29]. It
is worth mentioning that Wang, Sakoda and Suzuki [10] calculated the biological efficacy
after harvesting one flush based on the weight of dried oyster mushrooms; therefore, their
results cannot be directly compared to our findings, despite the same substrate being used.

In addition to the substrate type, the biological efficiency depends on the number
of flushes and substrate supplementation. The biological efficiency of oyster mushroom
cultivation in sugarcane bagasse after harvesting one flush was 50% but increased to 115%
after harvesting three flushes [30]. The substrate supplementation with other lignocellulosic
materials may also improve the biological efficacy [31]. In this study, total biological efficacy
was calculated after harvesting two flushes of mushrooms, and BSG was supplemented
with 45% wheat bran.

Some of the cultivation residue’s properties, such as a pleasant smell, can be due
to the presence of mycelium. Oyster mushroom mycelium contains diverse aromatic
compounds, and its olfactory impact is related to Pleurotus aroma [32]. The main aromatic
compound in oyster mushroom mycelium is octan-3-one, followed by octan-3-ol [32]. The
octan-3-one odour has been described as sweet, fruity or mildewy and is responsible for
the lemon-like odour [32]. The octan-3-ol contributes to the hazelnut and herbaceous sweet
note [32]. Other aromatic compounds are oct-1-en-3-one (cooked mushroom note), octanal
(honey-orange like odour) and octanol (orange-rose like odour) [32]. The Pleurotus aroma is
probably responsible for the bread prototype’s aromatic smell, which is one of the sensory
characteristics that differentiated this bread from the white bread.
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The nutritional assessment of cultivation residue showed an increase in the crude
protein from 18% in the initial substrate to 23% in the cultivation residue (after the second
flush harvest). In contrast, data from amino acid analyses demonstrated a decrease in
protein content (from 13.7% to 10.8%). This inconsistency is due to the protein assessment
method. In the crude protein assessment, the total nitrogen content of the product is
measured by Kjeldahl, and protein is calculated based on nitrogen content [33]. Therefore,
any nitrogen from non-protein sources results in overestimating the protein content [33].
However, calculating the protein content by summing up the amino acids (resulting from
protein hydrolysis) does not have this limitation [33]. It is worth mentioning that the crude
protein content of wheat flour varies between 10.5% to 13.5% [34]. Thus, the protein content
of oyster mushroom cultivation residue is not less than wheat flour.

According to Wang, Sakoda and Suzuki [10], the total amino acid content of the oyster
mushroom (grown in BSG and wheat bran mixture) was 34.8 g/100 g, and its essential
amino acid content was 12.7 g/100 g. The aspartic acid, glutamic acid, alanine, valine,
leucine, lysine and arginine content of the oyster mushroom was more than 2 g/100 g,
and its glutamic acid content (5.3 g/100 g) was higher than other amino acids [10]. In fact,
glutamic acid is the most abundant amino acid in oyster mushroom [35]. This can justify
the decrease in the glutamic acid content of the cultivation residue. The comparison of
amino acids between the initial substrate and cultivation residue indicated a decrease in
most amino acids (except for arginine and threonine), particularly glutamic acid. It is worth
mentioning that when the mushroom grows, it uses the available protein in the substrate
and also produces its own protein. Therefore, the change is due to the different amino acids
composition in the substrate and the mushroom proteins. In terms of essential amino acids
in cultivation residue, although some of them were slightly higher (e.g., lysine, threonine)
or lower (e.g., leucine) than wheat flour, the total essential amino acids content of this
residue is similar to wheat flour [36].

Regarding the vitamin content of the cultivation residue, the niacin content of the
substrate noticeably increased after oyster mushroom cultivation. Since the oyster mush-
room has high niacin (90 mg/100 g) content [10], it can be presumed that the substrate
is naturally fortified with niacin after cultivating oyster mushrooms due to the presence
of mycelium. Although niacin has several health benefits [37], its upper limit of intake is
35 mg per day, and excess intake can result in vasodilatory effects (flushing) [38]. Since
100 g of oyster mushroom cultivation residue contains 42 mg of niacin (above the daily
upper limit), this quantity of cultivation residue should not be consumed in a day. The
niacin content of wheat flour is 1.6 mg/100 g [34]; thus, developing a bread prototype from
a mixture of wheat flour and cultivation residue flour reduces the niacin content of this
bread to the safe level.

The cultivation residue’s thiamine, riboflavin and pyridoxine content have slightly
changed compared to the initial substrate; however, the quantity of these vitamins is not
noticeably different from wheat flour [34]. Regarding lutein and zeaxanthin, although
wheat bran and barley malt contain lutein and zeaxanthin [39,40], the quantity of these
nutrients was negligible in the cultivation residue. Since lutein and zeaxanthin were
observed in brewery trub [41] and were not detected in cultivation residue, it can be
presumed that they have been lost during the beer production process.

The total dietary fibre and beta-glucan content of cultivation residue were higher than
wheat flour. The cultivation residue’s dietary fibre was 59%, whereas wheat flour’s dietary
fibre is 3% [34]. Therefore, the fibre content of cultivation residue is higher than wheat flour,
and this residue can be considered a good source of dietary fibre. In terms of beta-glucan,
the cultivation residue’s beta-glucan was more than 6%, whereas wheat beta-glucan is less
than 0.7% [42]. Thus, the beta-glucan content of cultivation residue is noticeably higher
than wheat flour. Dietary fibre has several health benefits, and beta-glucan, as a soluble
dietary fibre, contributes to colorectal cancer prevention, gut microflora growth, insulin
resistance prevention and lowering cholesterol [43]. After oyster mushroom cultivation, the
increase in initial substrate fibre and beta-glucan content can be due to mycelium growth.
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The oyster mushroom mycelium has high dietary fibre content, including soluble and
insoluble fibres [44].

In terms of bread prototype development, some of the sensory characteristics of the
bread, such as taste, require further improvement. In previous studies, incorporating BSG
in the development of cereal bars [45], cookies [46], pasta [47] and bread [48] modified
the sensory characteristics of these foods. For example, the BSG containing foods have
a dark colour due to BSG protein content that initiates the Maillard reaction [46]. The
bitter aftertaste also relates to BSG polyphenol content [48]. Hence, the quantity of BSG
influences the sensory characteristics of upcycled foods, e.g., cookies containing 50% BSG
had lower sensory and acceptability scores compared to those with 25% or less BSG [46].
Therefore, decreasing the amount of BSG in the upcycled food results in more similarity
between cereal-based upcycled foods and conventional foods. Since using up to 10% BSG in
bread produces a sensory-acceptable food [48], making bread from 10% cultivation residue
should be investigated in future research.

The incorporation of food by-products in bread production has been investigated in
several studies [49–51]. For example, replacing wheat flour with 5% to 10% mushroom
stalk or red beetroot powder [49] or 6% cumin and caraway by-products produced sensory-
acceptable bread [51]. However, an increase in the percentage contribution of by-products
influences the bread’s sensory characteristics, such as its sponginess [50]. It appears that
replacing flour with ≤10% food by-products produces sensory-acceptable bread.

To our knowledge, this was the first study that assessed the oyster mushroom cul-
tivation residue’s physical and nutritional properties and investigated its potential as a
cereal-based upcycled ingredient for bread production. This study provided an example of
a circular economy where BSG, as a by-product of the food industry, was not only used
for producing the mushroom but also reused as a nutritious ingredient for the produc-
tion of bread. The entire process was designed and implemented on a small scale, and
it appears to be viable on a large scale; however, its feasibility on a large scale requires
further investigation.

Despite the mentioned strengths of this study, there are some limitations. For example,
selected nutrients of interest were assessed for the cultivation residue; thus, a complete
nutrient profiling is required if this ingredient is to be intended for food production. More-
over, the effect of various quantities of cultivation residue on bread and other cereal-based
products’ sensory characteristics should be assessed. Furthermore, the acceptability score
of the bread prototype was lower than white bread, although this difference was not
statistically significant. Therefore, some sensory characteristics of the prototype require
improvement. Since this study was a feasibility study, no laboratory measurement for sen-
sory characteristics (e.g., colour and texture determination) was conducted and the sensory
data was based on participants’ observations. The inclusion of laboratory measurements
for sensory characteristics should be taken into consideration in future studies. This study
was a preliminary sensory assessment of the bread prototype and although the sample size
of the sensory panel was similar to other studies [47,48], a larger group of consumers is
needed to evaluate the final product to ensure acceptability.

5. Conclusions

This study presented a feasible strategy that provides an opportunity for farmers to
upcycle oyster mushroom cultivation residue for cereal-based food production. Cultivating
oyster mushroom in the mixture of wheat bran and BSG provided an upcycled ingredient
with higher niacin, fibre and beta-glucan and a similar protein, thiamine, riboflavin and
pyridoxine content compared to the wheat flour. Therefore, oyster mushroom cultivation
residue can be a nutritious ingredient for human food production, such as cereal-based
products. The incorporation of cultivation residue in bread production resulted in the
development of golden-grown bread that differed from white bread in terms of sensory
characteristics. Although the bread prototype’s overall liking and acceptability were not
significantly different from white bread, there is a need for improvement in its sensory
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characteristics. Future studies should evaluate the incorporation of this upcycled ingre-
dient in different quantities for various cereal-based products and assess its impact on
the sensory characteristics of the final food product. Furthermore, the laboratory quan-
titative sensory assessment of the bread prototype should be taken into consideration to
facilitate acceptability.
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