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From stale bread and brewers spent grain to a new food source using edible
filamentous fungi

Rebecca Gmoser a, Rikard Fristedtb, Karin Larssonb, Ingrid Undelandb, Mohammad J. Taherzadeha,
and Patrik R. Lennartssona

aSwedish Centre for Resource Recovery, University of Borås, Borås, Sweden; bFood and Nutrition Science, Biology and Biological Engineering,
Chalmers University of Technology, Gothenburg, Sweden

ABSTRACT

By-products from the food sector with a high load of organic matter present both a waste-
handling problem related to expenses and to the environment, yet also an opportunity. This study
aims to increase the value of stale bread and brewers spent grain (BSG) by re-introducing these
residues to the food production chain by converting them to new protein-enriched products
using the edible filamentous fungi Neurospora intermedia and Rhizopusoryzae. After 6 days of solid
state fermentation (at 35°C, with a95% relative humidity and moisture content of 40% in the
substrate) on stale bread, a nutrient-rich fungal-fermented product was produced. The total
protein content, as analyzed by total amino acids, increased from 16.5% in stale sourdough
bread to 21.1% (on dry weight basis) in the final product with an improved relative ratio of
essential amino acids. An increase in dietary fiber, minerals (Cu, Fe, Zn) and vitamin E, as well as an
addition of vitamin D2 (0.89 µg/g dry weight sample) was obtained compared with untreated
stale bread. Furthermore, addition of BSG to the sourdough bread with the aim to improve
textural changes after fermentation showed promising outcomes. Cultivation of N. intermedia or
R. oryzae on stale sourdough bread mixed with 6.5% or 11.8% BSG, respectively, resulted in
fungal-fermented products with similar textural properties to a commercial soybean burger.
Bioconversion of stale bread and BSG by fungal solid state fermentation to produce a nutrient-
enriched food product was confirmed to be a successful way to minimize food waste and protein
shortage.
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1. Introduction

Food supply demands resources by means of water,

land, nutrients, and energy, and also has been

a global environmental concern [1]. With the cur-

rent projection of the increasing global population

and welfare, the food demand will be increased by

70% by 2050 [2], and will have a more severe finger-

print on the environmental impact of the planet [3].

These challenges are exacerbated, considering wast-

ing about one-third of all edible food produced for

human consumption [1].

Provision of adequate proteins of animal origin to

the growing population generally causes a higher

environmental impact than vegetable-based proteins

[4]. For example, the livestock sector represents the

largest of all anthropogenic land uses, and is respon-

sible for about 18% of all greenhouse gas emissions

measured emitted by humans in CO2 equivalent.

This is a higher share than transportation [5].

Concerns about the ethical and environmental con-

sequences of meat consumption have increased the

demand for meat substitutes on the market with

products based on legumes and other plants as the

leading edge [6]. Unfortunately, not all plant pro-

teins contain all the essential amino acids in the

necessary portions. The plants may also contain anti-

nutritional compounds that can reduce the protein

bioavailability [7]. Protein-rich food attained from

filamentous fungal biomass is another alternative on

the market. Presently, one company (Quorn®,

Marlow Foods, UK) commercializes a product

made from the filamentous fungus Fusarium vene-

natum grown in a synthetic medium andmixed with

egg albumen, color and flavor compounds to mimic

meat [8]. One advantage using filamentous fungi is

the texture. These micro fungi produces filaments

comparable to meat fibrils with a similar texture to

lean meats [9]. To be able to quantitatively measure
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a food item's texture is very important since texture,

along with flavor, nutritional properties, and appear-

ance represents one of the four principal attributes

defining food quality [10]. Moreover, the texture of

food products is generally regarded as an important

factor for acceptability [11].

Filamentous fungal cultivation of plants, cereals,

and grains is another promising process to improve

the texture, nutritive values, bio-accessibility, and

digestibility of plants’ inter alia since the protein

profile is altered and antinutritional constituents

decrease [12,13]. Two traditional processes on the

market using filamentous fungi to convert soybean

or peanut press cake into new protein sources are

Tempeh and Oncom, originating from the

Indonesian cuisine [14]. Both these sources are

produced by two commercially exploited filamen-

tous fungi; Rhizopus oryzae and Neurospora inter-

media [13], classified as GRAS (Generally Regarded

As Safe), in solid state fermentation (SSF) [15,16].

In Indonesia, Tempehis consumed on a daily basis

and, together with other soy products, are one of

the top two protein sources in the average diet [17].

These fungi are acknowledged for their delicious-

ness and high content of protein, with important

application as human food [18]. Further advantages

include simple nutritional requirements, compar-

ably low levels of nucleic acids, and a taste and smell

of the produced fungal biomass which has been

reported to be generally pleasant [19]. SSF has re-

gained attraction owing its low level of technology,

which results in lower capital and operation cost,

and the direct application of the fermented product

as food with no by-product stream being generated

[20]. Another advantage of SSF is the consequence

of the different physiology shown by fungi on

a solid substrate [21] resulting in higher fermenta-

tion productivity and higher end-concentration of

products [22]. During the SSF process, enzymes are

synthesized and released by the fungi to break down

plant cell walls and can thus be applied to improve

digestibility of proteins in food by-products while

preventing growth of undesirable and pathogenic

microorganisms, which is why they have been con-

sidered for by-product valorization [23,24]. In this

context, SSF has opened a new way of utilizing

organic solid by-products and side streams as com-

mercial desirable substrates. Several authors have

reviewed applications of SSF by filamentous fungi

in the production of different bio-products [25–31],

where the local availability, nature, and origin of the

solid substrate are important factors affecting the

choice of product. Although SSF has been practiced

for several centuries in the preparation of tradi-

tional food, its application in the production of

new food products from food and agricultural by-

products is limited.

Within the food industry, the top three major

food categories discarded are fruit and vegetables,

meat, as well as bakery products. Bread accounts

for the major part of the latter group, being a

standard part of the diet in the west with a global

increase in consumption [26]. Large numbers of

bread factories produce a sizable amount of bread

waste during processing and distribution [32].

One reason is the short shelf life of bread where

changes in textural and sensory attributes, known

as staling, occur during storage [33] that is per-

ceived negatively by the consumers even though

the bread is still rich in nutrients. In addition, the

challenge to always have the shelves at supermar-

kets filled with newly baked bread throughout the

whole day in order to attract consumers contri-

bute to high amount of bread residues every day

[26,34]. In European countries, as much as 40%

of the annual bread production is estimated to be

wasted every year [35]. The increase in bread

production puts pressure on waste handling of

stale bread, which has become a worldwide con-

cern. Currently, stale bread has no economic

value and is commonly disposed of in landfill

sites [26], used in anaerobic digestion to recover

the energy in the form of biogas, used as a low-

value feed component [32] or converted into

ethanol [36]. Considering the quality of this

bread, there should be more resource-efficient

ways to treat this by-product stream. The nutri-

tional value and porosity of wasted bread make it

an ideal substrate for fungal SSF processes to

produce value-added products. Most studies

focus on enzyme production [26,37–41] with little

information on the nutritional compositional

changes upon fermentation. Yet, in the case the

residual bread could still be used for human

consumption, SSF by edible filamentous fungi to

produce a new food product may be a more

sustainable use that allows the whole by-product

to be re-used within the food chain [42].
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Another underutilized food residue, where its low

stability makes the disposal an environmental chal-

lenge, is brewers’ spent grain (BSG), the main solid

by-product from beer production. BSG, representing

the insoluble part of the barley grain after the pro-

duction of wort, can constitute as much as 85% of

a brewery’s total by-product. The relatively high

protein and fiber (e.g. β-glucans) content in this

food by-product makes it a promising ingredient in

food to improve nutritional values and texture

[43,44]. Moreover, BSG has been reported as an

ideal substrate for SSF by filamentous fungi and has

been assessed as a nutrient-enriched feed or in

human food formulations [44,45]. Some of the nutri-

tional and functional changes of SSF have been

reported; however, studies targeting the important

attributes for consumers' choice such as sensory,

textural, and organoleptic properties are limited.

Stale bread has previously been shown to be

a good substrate for SSF by N. intermedia to pro-

duce a protein enrich product [46]. However, to

the best of our knowledge, the total nutritional

composition and textural analysis of a fungal-

fermented product from stale bread with and with-

out addition of BSG has not previously been

described in the literature. This study extends pre-

vious work by examining the nutritional and tex-

tural attributes of the fermented product and its

suitability as human food compared to other pro-

tein sources.

The aim of this study was to show the potential

of using stale sourdough bread and BSG as

a suitable substrate for SSF by the edible filamen-

tous fungiR. oryzae and N. intermediato produce

a protein-enriched food product. Stale bread is an

excellent underutilized substrate for SSF processes,

and the hypothesis was that addition of BSG could

add interesting textural changes to the product.

Firstly, the nutritional characteristics of stale sour-

dough bread before and after SSF and on BSG was

analyzed. Secondly, the texture of stale bread

mixed with 0, 5, 10, 15, or 20 (w/w) % BSG was

measured after 6 days cultivation and compared to

hamburgers and meat substitutes available on the

market. Moreover, the SSF progress was followed

over time (0–10 days) by measuring the nitrogen

content with and without 10% addition of BSG to

the stale sourdough bread to examine how well the

substrate mixture was utilized by the fungi. The

SSF process holds potential to be implemented at

local bakeries, restaurants, or food industries in

a small-scale production to recover bread leftovers.

2. Materials and methods

2.1. Substrates

Steinbrenner & Nyberg (Mölndal, Sweden) kindly

provided unsold fresh sourdough bread. The bread

was cut into 1–3 cm pieces, air-dried at room

temperature for 48 h and milled to ca 2 mm by

a laboratory rotor beater mill (SM 100, Retsch

Technology GmbH, Germany). After autoclaved,

samples were stored in airtight containers in dark-

ness at room temperature prior to use (approxi-

mately 2–4 days). Brewers spent grain (BSG) was

produced from raw materials from Humlegårdens

Ekolager AB, Sollentuna, Sverige, and obtained

from Göteborgs Nya Bryggeri AB (Göteborg,

Sverige). Freshly collected (wet) samples were

washed immediately with distilled water in order

to remove any water-soluble sugars, sieved

through a pore size of 0.2–0.25 mm, frozen and

stored at −18°C. Before use, it was dried at 45°C

for 48 h and autoclaved. Composition of the sub-

strates are presented in Table 1.

2.2. Fungal strain

Neurospora intermedia CBS 131.92 (Centraalbureau

voor Schimmelcultures, The Netherlands) and

Rhizopus oryzae CCUG 28,958 (Culture Collection

University of Gothenburg, Sweden), originally iso-

lated from Indonesian food production, Oncom (fer-

mented peanuts) and Tempeh, respectively, were

used in the current study. Thus, the strains are edible

and therefore Generally Recognized as Safe (GRAS).

The fungi were kept on potato dextrose agar (PDA)

plates containing: 20 g/L glucose 20, 15 g/L agar, and

4 g/L potato extract. To prepare the PDA plates,

inoculated plates were incubated for 4 days at 30°C

after which they were sealed with para film and

stored in a fridge at 4°C. Inoculum solution of spores

was prepared by adding 20 mL of distilled water to

each plate followed by releasing the spores from the

medium using a disposable plastic spreader. The

substrates in all solid state fermentation samples

were inoculated with 6.7 (w/w) % N. intermedia or

584 R. GMOSER ET AL.



R. oryzaespore solution with a spore concentration

of 2.7 (±0.7) × 106and 1.4 (±0.8) × 106spores/mL

respectively.

2.3. Fungal fermentation

Solid state fermentation was carried out according to

Gmoser et al. [46] with some modifications.

Cultivation of both N. intermedia and R. oryzae

were carried out batch wise in sterile petri dishes

(100 mm ×20 mm) in which breadcrumbs with and

without BSG were added. A total dry weight of 15 g

substrate was inoculated with the fungalsporesuspen-

sion ofeitherN. intermedia or R. oryzaefollowed by

mixing with a sterile plastic spreader. The initial

moisture content was adjusted to 40% (wet basis)

with distilled water, and each sample was mixed

evenly and then covered with the petri dish lid. Solid

state fermentation (SSF) was carried out for 6 days

(unless stated otherwise) in a climatic test cabinet

(NUVE test cabinet TK 120, Turkey) at90-95% Rh

±1% at 35°C under continuous white light (3000 lux).

The petri dishes were flipped every second day. Effects

of days of fermentation on the nitrogen concentration

in the final fungal products were investigated. The

addition of 0–20% BSG to the sourdough bread-

crumbs used as substratewasinvestigatedinrelation to

textural changes of the R. oryzae or N. intermedia

fungal fermented product. Single parameter optimiza-

tion was used to evaluate nitrogen and texture para-

meters of the fermented products.

2.4. Analyses

The concentration of fungal spore used as inoculum

was determined by the help of a Bürker counting

chamber. The pH of the initial substrate and final

substrate-mycelium mixture was measured by mix-

ing 9mL of distilled water with 1 g fresh substrate for

4 h at 22°C after which the pH of the suspension was

measured [47]. After cultivation, all samples were

dried at 45°C until constant weight (10–24 h). Dry

Table 1. Chemical composition of brewers spent grain, and stale sourdough bread before and after 6 days solid state fermentation
by N. intermedia (based on dry weight). The final composition of the fermented fungus product is also compared with a typical
composition of hamburger, commercial mycoprotein product (Quorn®, UK) and soybean burger.

Component

Brewers spent

grain [%]

Stale sourdough

bread [%]

Fungal product 100% stale

sourdough bread

Hamburger

minced meat)

Quorn®

product

Soybean

burger

TAA* 17.2 ± 0.1 16.5 ± 3.4 21.1 ± 0.5

Total nitrogen 2.7 ± 0.1 2.0 ± 0.1 6.0 ± 0.2 9.1 8.1 3.04

Nitrogen to protein

conversion factor

5.5 5.3 5.64

Lipids 7.7 ± 0.3 2.4 ± 0.2 10.5 ± 1.3 40.4 7.8 23.7

Total carbohydratesa) 0 18.5 40.9

Xylans 15.1 ± 0.7 1.7 ± 0.1 1.2 ± 0.1

Mannans 0.3 ± 0.1 0.4 ± 0.1 3.7 ± 0.1

Galactans 1.0 ± 0.2 0.5 ± 0.1 1.8 ± 0.1

Arabinans 6.6 ± 0.3 0.9 ± 0.1 0.8 ± 0.1

Glucans 27.2 ± 1.8 80.4 ± 0.1 30.7 ± 2.5

Of which starch 8.7 ± 0.3 65.1 ± 0.2 8.5 ± 0.1 - - -

Lignin 45.2 ± 0.1 3.0 ± 0.7 9.6 ± 0.7 - - -

Total dietary fiber 58.1 ± 2.1 3.8 ± 1.2 22.0 ± 1.0 0 17.8 8.9

Total solids 98.5 ± 0.1 92.6 ± 0.1 92.5 ± 0.2 -

Ash 3.3 ± 0.1 3.2 ± 0.1 7.3 ± 0.1 2.9 5.2 7.5

pH 5.7 ± 0.2 4.7 ± 0.2 5.1 ± 0.3 - - -

Minerals

[µg/g dry weight

sample]

Cu 7.22 ± 0.48 4.64 ± 2.43 8.89 ± 0.45 - - -

Zn 46.04 ± 0.35 11.95 ± 0.44 34.12 ± 1.56 120.00 296 20.72

Fe 30.94 ± 0.03 28.36 ± 0.63 52.17 ± 2.79 43.85 18.50 41.74

Vitamins

[µg/g dry weight

sample]

D2 0.02 ± 0.00 0.02 ± 0.00 0.89 ± 0.11 0.01 0 0.01

Eb 2.82 0.32 27.84 15.64 0 56.18

C 0.00 ± 0.00 0.00 ± 0.00 0.86 ± 0.45 12.86
aSum of TAA was analyzed on a molar basis minus one water molecule (18 g H2O/mol amino acid) that was integrated during the disruption of the

peptide bonds [5] in the method used, before converting moles AA into g AA.
bSum of α-, ɣ- and δ-tocopherol.
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weights were determined by further drying at 105°C

over night. Before composition analysis, the dried

substrates and fermented products were milled to

approximately 1.0 mm, using a ball mill (Retsch

MM 400, Haan, Germany) in periods of 10 min at

a frequency of 30 Hz. Nutritional analyses of ham-

burger, Quorn burger and soybean burger (Table 1)

are based on The Swedish Food Composition

Database [48].

2.4.1. Lignin, carbohydrates, and total solids

The total lignin, structural carbohydrates, acetate,

and total solids were measured according to the

National Renewable Energy Laboratory (NREL)

method [49]. Briefly, structural carbohydrates

and lignin were applied to a sulfuric acid hydro-

lysis in two steps. The lignin that was soluble in

acid could be quantified spectrophotometrically at

240 nm and the insoluble part was quantified

gravimetrically. Starch content was measured fol-

lowing instructions for the total starch assay kit

from Megazyme International Ireland Ltd. (Bray

Business Park, Bray, County Wicklow, Ireland).

2.4.2. Total dietary fibers

Total dietary fibers were determined as soluble

and insoluble fractions according to the enzymatic

method AOAC 991.43 combined with Total

Dietary Fiber, K-TDFR 06/0 (Megazyme, Ireland).

2.4.3. Total nitrogen and amino-acids

The total nitrogen content in ~0.2 g oven-dried and

homogenized material was determined by the Dumas

combustion method using a TruMac nitrogen analy-

zer (LECO, St Joseph, MI, USA) for total nutritional

composition represented inTable 1. The total nitrogen

content from SSF over time represented in Figure 2

were determined by Kjeldahl digestion using a 2020

Kjeltec Digestor and a 2400 Kjeltec Analyzer unit

(FOSS Analytical A/S Hilleröd, Denmark), from

~0.5 g oven-dried and homogenized material.

Amino acid analysis was performed according to

[50]. The Thermo-Scientific Pierce Amino Acid

Standard (20,088) was used for quantification and

data present the anhydro-amino acid values [51].

Nitrogen-to-protein (N-to-P) factors were calculated

by the ratio of total anhydro-amino acid (TAA) resi-

dues to the total nitrogen concentration (TN) of the

sample. TN concentration was calculated by summar-

izing % nitrogen in each AA (N-to-P = TAA/TN).

2.4.4. Fatty acids

Total fatty acid analysis was performed according

to Hinchcliffe et al. [50], with the following mod-

ifications. Samples were weighed out to around

0.2 g and the method from Lee et al. [52] was

applied, comprising chloroform and methanol in

a 2:1 ratio. Heptadecanoic acid (C17:0, Larodan

AB 10–1700-13) was used for quantification.

Total fat was measured gravimetrically following

the chloroform/methanol extraction.

2.4.5. Ascorbic acid

Ascorbic acid was extracted from the substrates and

fungal product and then analyzed according to

Lykkesfeldt [53] using a Decade II Electrochemical

detector, ANTEC, with the following modifications.

Samples were centrifuged for 4 minutes at 5000 g

and then diluted in a mixture of phosphate buffer

(50 mM, pH 2.8) and McLvaine buffer (pH 4.5,

0.46 M Na2HPO4, 0.27 M Citric acid) (ratio 9:1)

containing 100 ppm tris(2-carboxyethyl)phosphine

(TCEP). The mobile phase used was 50 mM phos-

phate buffer at pH 2.8. Ascorbic acid Fluka (95,210)

was used for quantitation.

2.4.6. Tocopherol analysis

α, γ, and δ tocopherol was measured according to

Larsson et al. [54], with the following modifications.

For chromatographic separations, a Phenomenex

C18, Luna 100A, 150*3 mm micron column was

used. The mobile phase consisted of 98% methanol

(HPLC, Laboratory-Scan LtD, Dublin, Ireland) in

water, and the flow rate was 0.5 mL/min.

Standards used was α-Tocopherol (Sigma Aldrich

T3251), γ-Tocopherol (Sigma Aldrich T1782), δ-

Tocopherol (Supelco 4–7784).

2.4.7. Vitamin D analysis

Vitamin D was analyzed according to a previously

described protocol [55]. 0.3 g of homogenized and

lyophilized fungi sample was mixed with 1 g KOH,

5 ml ethanol:methanol (50/50 v/v) with 0.5% (w/v)

pyrogallol, and internal standard D6-25(OH)D3

(Sigma Aldrich H-074), blanketed with N2 gas,

sealed, and shaken at ambient temperature over-

night. Then, 5 ml toluene was added, and the sample
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was treated for an additional 30 min; 2 ml H2O was

added, and the upper organic phase transferred to

a new test tube. The sample was extracted twice with

2 ml petroleum ether:diethyl ether (80:20 v/v). The

removed organic phases were pooled, evaporated to

a volume of approximately 1 ml, andwashedwithH2

O until neutral pH was obtained. The organic phase

was evaporated and dissolved in 2 mL 1% 2-propa-

nol in heptane. The extracts were then subjected to

solid-phase extraction (TELOS Silica, Kinetics, St

Neots, Cambridgeshire, UK) according to the

method by Jäpelt et al. [56] and vitamin D2 was

analyzed by high performance liquid chromatogra-

phy-mass spectrometry (HPLC–MS; Agilent 1200

series systemwith an Agilent 6120MSD single quad-

rupole, Agilent Technologies, Santa Clara, CA,

USA). The samples were separated on two adjacent

C18 columns (Luna, 250 mm, 3 µm C18(2) 100A,

Phenomenex, Torrance, CA, USA) by gradient elu-

tion with mobile phase A, 98% MeOH and B,

Tetrahydrofuran/isopropanol/MeOH (30/30/40%).

Gradient started at 100% A for 20 min then 100%

B for 15 min, followed by 100% A, total runtime

50 min. Quantification was made against an external

standard of Vitamin D2 (Sigma Aldrich 95,220).

2.4.8. Minerals

Samples were mixed with 3 mL water, 150 µL con-

centrated HCl and 750 µL HNO3 in Teflon vials

followed by microwave digestion (Milestone micro-

wave laboratory system Ethos Plus Sorisole, Italy) as

described previously (Larsson et al., 2007, J. Agric.

Food Chem. 2007, 55, 9027–9035 9027). Analysis of

minerals was performed using atomic absorption

spectroscopy on an Agilent Technologies 200 Series

240FS AA with an UltrAA Boosted Lamp Supply.

Quantification was made using standard curves of

iron, zinc, and copper standards (Fluka, Buchs,

Switzerland).

2.4.9. Ash

Ash content was determined by combustion in

a muffle furnace at 550°C for 6 h according to the

Approved Method of the American Association of

Cereal Chemists, Method 08–01(AACC, 2000).

2.4.10. Texture analysis

Instrumental texture measurement of the fungal

products was investigated immediately after

6 days incubation. The raw fungal products were

80 ± 2 mm in diameter and 10 ± 0.5 mm thick.

Commercial products were also analyzed for com-

parison: Quorn vegan burger with 38% (wet

weight) mycoprotein (Quorn®, UK), soy burger

with 21% (wet weight) soyprotein (Anamma

Vegoburger) and minced meat with equal amounts

of pork and beef made into hamburger (120 ± 2 g)

(ICA, Sweden). All samples were fried at 110°C in

7.5 mL of rapeseed oil for 5 minutes on each side

prior to analysis. Shrinkage of the fungal products

after frying resulted in a diameter of 65 ± 2 mm

and a thickness of 5 ± 1.2.

To simulate a bite force through the products,

textural profile analysis (TPA) of the samples was

assessed, similarly to Kim et al. [57], butin hexapli-

cate with a TVT 6700 texture analyzer (Perten

Instruments, Sweden with software TexCalc version

4.0.2.50) by cutting the samples. The first bite and its

force necessary to penetrate the material have been

stated as the keys to assess crispiness, hardness, and

tenderness of animal origin food products [58].

A heavy-Duty Stand, knife blade probe with holder

and blade set was attached and utilized to measure

the force. The samples were perpendicularly oriented

to the blade on smooth platform. Sample height was

set to 15 mm, and compression 40 mm, i.e. the knife

continues 30 mm through the opening in the plate.

A pretest, test, and posttest speed of 3mm/s, 1 mm/s,

and 1 mm/s was set, with a trigger force of 50 mN.

The force (N) encountered during the ascending

movement was recorded 200 times per second until

the slab was fractured.

2.5. Statistical analyses

Analyses on the raw material (stale sourdough

bread and BSG) were taken from one batch (n =

1) and analytical replicates on the fungal products

were taken from two batches (n = 2). Three ana-

lytical replicates; a = 3 were performed on each

batch except for fatty acids that was performed in

two analytical replicates; a = 2. For textural ana-

lyses, samples were run in five replicates (n = 5)

with one analytical replicate; a = 1. Values present

the mean value of the measurement ± one stan-

dard deviation.

Texture analysis on the R. oryzae and N. interme-

dia fungal products were studied with different % of
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added BSG (full 5 × 2 factorial design) to the stale

bread, or fresh versus pre-frozen samples (full 2x2x3

factorial experiment) and with different initial spore

concentrations (full 2 × 5 factorial experiment).

A mixed factorial regression model with the two

fungal species as factor levels and added BSG (or

spore concentration or frozen samples) as continu-

ous control was conducted with maximum peak

force as output. Raw data from the nutritional

experiments and texture measurements were statis-

tically analyzed using the software package

MINITAB® (version 17.1.0, Minitab Inc., State

College, PA, USA). Since the textural results from

the full 5 × 2 factorial experiment with different

additions of BSG showed an increased dispersion

proportionally to the modeled value, heteroscedasti-

city, a variance-stabilizing transformation was

applied on the response variable. A natural log trans-

formation (Box-cox transformation, λ = 0) of the

data (y = ln y) resulted in a transformed model

with homoscedastic and well normally distributed

residuals. The data obtained were analyzed using a

general linear model analysis of variance (ANOVA).

A confidence interval of 95% was considered in all

analyses. This design made it possible to study dif-

ferent factors simultaneously, as well as their com-

bined effects on the response variable. A regression

line, ln (Peak force (N)) = α×(% BSG)+β for each

fungal species was employed to correlate the

response values of the control products with vari-

ables attributed to the fungal product.

3. Results and discussion

Biotransformation of food industry residues using

biotechnology has the potential to reduce the envir-

onmental footprint of human activity by the produc-

tion of an easily accessible protein source and

addressing the food waste management issue. Bread

is top of the list of ourmost wasted food items and has

a relatively low protein content. In this study, bread

industry by-products were converted into a fungal

product where mostly carbohydrates were converted

into fungal protein and an in-depth nutritional ana-

lysis before and after SSF is reported for the first time.

The edible filamentous fungus N. intermediasuccess-

fully improved the nutritional composition of stale

sourdough bread after solid state fermentation by an

increase in protein and indispensable amino acids,

minerals, dietary fiber, vitamin E and enrichment of

vitamin D. Nutritional characterization of the sub-

strates and fungal products are presented in Tables

1–3 and discussed further in section 3.1 and 3.2. Since

texture is one of the greatest barrier to widespread

acceptance for meat alternatives [59], another under-

utilized industry by-product brewers spent grain was

added to the sourdough bread with the aim to

improve textural changes after fermentation. Similar

textural behavior to a commercial soybean burger,

reported for the first time in this study, was attained

when stale sourdough bread with 6.5% or 11.8%

added BSG was used as substrate to cultivate

N. intermedia or R. oryzae respectively. Figure 1 and

a)

b)

Figure 1. Regression lines from the natural log transformation
model obtained of the maximum bite force of (a) fried R. oryzae

fungal products and (b) fried N. intermedia fungal products on
stale sourdough bread with addition of 5%, 10%, 15%, or 20%
brewers spent grain. SSF was performed for 6 days. A 95%
confidence and prediction interval of the estimated regression
line and expected interval are shown as dashed lines. The
maximum bite force of fried hamburger, Quorn® product, and
soy burger are also shown in the figure as dashed horizontal
reference lines. The figure also presents the standard error in
the estimated average bite force (95% confidence interval) as
well as the expected output (bite force value) interval to receive
at a specific % of BSG (95% prediction interval).
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section 3.3 presents and discuss the texture analysis

further.

The simple fermentation process together with

cheap and abundant substrates used in this study

provides opportunities for homes, restaurants, and

industries to reduce their waste streams while produ-

cing new food products based on filamentous fungi.

3.1. Characterization of stale sourdough bread

and brewers spent grain

Stale bread is an interesting candidate as a substrate

for solid state fermentation (SSF) being porous in

its structure with easily accessible nutrient for the

fungi to consume. The sourdough bread used in

this study is mainly composed of starch, 65.1%,

and has a total amino acid (TAA) content of

16.5%, (Table 1). The quality of the protein was

estimated by analyzing the amino acid profile. The

presence of indispensable (essential) amino acids

(IAA) in food is important in the human diet,

since IAA cannot, or are poorly able to be synthe-

sized in human tissues [60]. Table 2 shows the

amino acid profile of stale sourdough bread.

Brewers spent grain (BSG) resemble a more

recalcitrant structure compared to stale bread.

However, with a TAA content of the BSG of 17%

and a high dietary fiber content of 58.1, it is a

promising supplement or substrate from a nutri-

tional and textural perspective [61] that can add

value to a new food product, Table 1. The amino

acid profile of BSG revealed a total IAA out of

total AA of 43% (Table 2) indicating beneficial

addition of amino acids if combined as substrate

for SSF. Fungal SSF for BSG valorization have

previously been investigated as a source of protein

for feed or in food formulations.

3.2. Fungal fermentation on stale bread

The nutritional composition of stale sourdough

bread successfully improved after 6-days SSF by

N. intermedia. The starch in sourdough bread was

replaced as the dominant element by protein

(21.1 ± 0.1% total amino acid residues) after fer-

mentation (Table 1). The results are in agreement

with similar studies aiming to improve the nutri-

tional value of wheat bran, sugar beet pulp, citrus

waste [62], and red quinoa seeds [63] through SSF

by Neurospora sp. The protein content of the solid

substrates increased from 13%, 15%, 7%, and 13%

to 30%, 30%, 18.2%, and 21% on a dry weight

basis, respectively [62,63]. An increase in protein

content after SSF is a result of the fungal metabolic

activity during growth and substrate decomposing

into H2O andCO2 [15,64]. The fermented fungal
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Figure 2. Percent nitrogen (n) based on dry weight of the fungal product after SSF on stale sourdough bread (filled column) or stale
sourdough bread and 10% brewers spent grain (pattern columns) using N. intermedia (gray background) or R. oryzae (white
background) after 0–10 days fermentation under light at 35°C, 90% Rh, and 40% initial moisture content. Results are expressed as
the mean value ± one standard deviation.
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product was also compared with Quorn vegan

burger from mycoprotein (Quorn®, UK), soypro-

tein burger (Anamma Vegoburger) and minced

meat with equal amounts of pork and beef made

into hamburger, all available on the market. The

final protein content after SSF is higher than the

value reported in the commercial soybean burger

(19% protein) but did not reach the same protein

level as hamburger and Quorn burger (57.0% and

50.7% crude protein, respectively).

3.2.1. Amino acid profile

The sum of total indispensable amino acids (TIAA)/

g of total amino acids (TAA) also increased after SSF

(Table 2).The amino acid profile after SSFis in agree-

ment with those reported by [65] for pure

N. intermedia biomass. The decrease in selected AA

after SSF, mainly glutamine, proline, and the indis-

pensable AAphenylalanine, may be attributable to

the preferential utilization of these AA by

N. intermedia. In both cases, methionine was the

limiting AA. However, a slight increase was observed

after SSF. Similar observations were reported by

Ibarruri et al. using BSG as the sole substrate in

SSF with Rhizopus sp. After 9 days SSF, the overall

EAA content in fermented BSG was 1.5 times higher

than in the unfermented BSG with a decrease in

specific AAs content such as glutamine, proline,

phenylalanine, and leucine while methionine

increased. Moreover, the total amino acid content

after 9-days SSF on tapioca by-product and tofu

waste by N. crassa [66] as well as on durian and

tofu waste by Phanerochaete chrysosporium and

N. crasssa [67] was higher than before fermentation

with an increase in methionine. Methionineis

important nutritionally since the concentration has

been reported to be marginal in legume proteins and

is below the recommended value in the stale

Table 2. Amino acid profile, total amino acids (TAA), total indispensable amino acids (TIAA), and indispensable amino acid ratio (IAA/
AA) in stale sourdough bread based on dry weight referred as ‘before’fermentation begins, after 6 days solid state fermentation
(whole fermentation period) by N. intermediareferred as ‘after’ and on BSG as a potential substrate. Indispensable amino acids in
human are highlighted with gray.

g AA/100 g sample AA (% of total AA) mg AA/g proteinb) per day

Before After BSG Before After BSG Reference patterna)

Amino acid profile

Glycine 0.7 ± 0.01 0.8 ± 0.12 0.7 ± 0.0 3.6 ± 0.11 3.8 ± 0.02 4.1 ± 0.1

Alanine 0.6 ± 0.01 1.2 ± 0.12 0.8 ± 0.0 3.1 ± 0.01 5.5 ± 0.12 4.5 ± 0.0

Serine 1.1 ± 0.01 1.2 ± 0.12 0.9 ± 0.0 5.8 ± 0.01 5.6 ± 0.02 5.1 ± 0.1

Proline 1.8 ± 0.01 1.1 ± 0.12 1.4 ± 0.0 9.5 ± 0.01 5.1 ± 0.22 8.1 ± 0.1

Valine 1.0 ± 0.01 1.2 ± 0.12 1.2 ± 0.0 5.1 ± 0.01 5.8 ± 0.12 6.8 ± 0.1 39.4

Threonine 0.7 ± 0.01 1.3 ± 0.12 0.9 ± 0.0 3.9 ± 0.01 6.2 ± 0.12 5.1 ± 0.1 22.7

Isoleucine 0.8 ± 0.01 1.1 ± 0.02 0.8 ± 0.0 4.2 ± 0.01 5.1 ± 0.12 4.7 ± 0.0 30.3

Leucine 1.5 ± 0.01 1.7 ± 0.12 1.5 ± 0.0 8.1 ± 0.01 8.0 ± 0.21 8.8 ± 0.1 59.1

Aspartic 0.9 ± 0.01 2.3 ± 0.12 1.4 ± 0.0 4.6 ± 0.01 10.7 ± 0.12 7.9 ± 0.1

Lysine 0.5 ± 0.01 1.0 ± 0.12 1.0 ± 0.0 2.7 ± 0.01 4.9 ± 0.32 5.6 ± 0.1 45.5

Glutamic acid 6.5 ± 0.11 3.8 ± 0.32 3.8 ± 0.1 35.3 ± 0.11 18.2 ± 0.22 22.0 ± 0.2

Methionine 0.3 ± 0.01 0.5 ± 0.02 0.4 ± 0.0 1.3 ± 0.01 2.1 ± 0.02 2.0 ± 0.0 22.7 c)

Histidine 0.5 ± 0.01 0.7 ± 0.02 0.5 ± 0.0 2.4 ± 0.01 3.1 ± 0.12 2.9 ± 0.1 15.2

Phenylalanine 1.2 ± 0.01 1.0 ± 0.02 1.1 ± 0.1 6.5 ± 0.01 4.6 ± 0.02 6.5 ± 0.6 37.9 d)

Arginine 0.3 ± 0.01 1.4 ± 0.12 0.5 ± 0.0 1.6 ± 0.11 6.7 ± 0.32 3.2 ± 0.2

Tyrosine 0.5 ± 0.01 0.7 ± 0.02 0.5 ± 0.0 2.4 ± 0.01 3.5 ± 0.12 2.8 ± 0.0

Cysteine - 0.3 ± 0.0 - 0.0 ± 0.01 1.2 ± 0.1 0.0 ± 0.0

TAA 18.4 ± 0.2 21.1 ± 0.5 17.2 ± 0.1 100 100 100

TIAA 6.3 ± 0.1 8.4 ± 0.2 7.3 ± 0.1 34.2 ± 0.0 39.7 ± 0.0 42.7 ± 0.5

TIAA/TAA 0.3 0.4 0.3

IAA score * 0.3 0.4 0.3

Tryptophan was not analyzed.

* The amino acid score is calculated by a comparison of the content of the limiting essential amino acid in the sample with its content in the

requirement pattern based on 2007 FAO/WHO/UNU for adults.

IAA score = (mg of amino acid in 1 g test protein/mg of amino acid in requirement pattern) [60]
a)Adult indispensable amino acid requirements based on 2007 FAO/WHO/UNU
b)0.66 g protein/kg per day
c)Methionin + Cysteine
d)Phenylananin + Tyrosine

Same numbers in the same row mean no significant difference between the means at 95% confidence; values are expressed as mean ± standard

deviation (n = 2)
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sourdough bread. Methionine, as well as other sulfur

containing AAs has also been related to support the

characteristic umami flavor [68]. One interesting

study demonstrated that N. crassa-lactobacillus

interaction in solid state co-fermentation enhanced

the utilization of agro-food wastes and enriched the

fermented product with protein and essential amino

acids compared to using N. crassa alone [69]. The

relatively high content of lysine (4.9 ± 0.3 g/100 g

sample) obtained in the fungal product improved the

AA profile since lysine is stated as one of the limiting

amino acids in plant-derived proteins [57], especially

from wheat [60]. The increase in threonine after SSF

is also of particular nutritional importance, since it is

present in low concentrations in cereal proteins. To

the best of our knowledge, this is the first work

describing the amino acid profile change before

and after SSF of stale sourdough bread by edible

filamentous fungi, which contributing to important

information for use as a food product. However, it is

important to comment that nutritional value pri-

marily defines both AA composition and

digestibility [60]. Filamentous fungal biomass has

previously been stated to contain appreciable quan-

tities of IAA required for human nutrition as well as

a favorable protein-digestibility-corrected AA score

compared to beef [70].

3.2.2. Fatty acids profile

The total lipid content increased after cultivation,

from 2.4% in sourdough bread to 10.5% in the fun-

gal-fermented product, Table 1, with a shift to more

monounsaturated fatty acids, Table 3. The most

abundant fatty acid in the fermented product was

C18:2 followed by C18:1, which almost doubled after

SSF compared to the stale sourdough bread. The

final lipid content and shift in individual fatty acids

is in agreement with previously reported values from

pureN. intermedia biomass cultivated in thin stillage

as substrate [71] and solid state fungal cultivation on

sweet potato [72], respectively. However, other

authors have reported a decreasein total lipids after

Rhizopus sp. SSF on rice bran and N. intermedia SSF

on okara due to fungal lipase activity for biomass

Table 3. Fatty acids composition of stale sourdough bread based on dry weight before and after 6 days solid state fermentation by
N. intermedia. Fatty acid (FA) composition, total FA, total saturated fatty acids (SFA), total monounsaturated fatty acids (MUFA), and
total polyunsaturated fatty acids (PUFA) in stale sourdough bread based on dry weight referred as ‘before’ fermentation begins, after
6 days solid state fermentation (whole fermentation period) by N. intermedia referred as ‘after’ and on BSG as a potential substrate.
Essential Fatty acids in human are highlighted with gray.

mg FA/g sample FA (% of total FA)

Before After BSG Before After BSG

Fatty acid profile

C 12:0 0.00 ± 0.001 0.06 ± 0.032 0.00 ± 0.00 0.01 ± 0.011 0.19 ± 0.082 0.00 ± 0.00

C 13:1 0.03 ± 0.001 0.00 ± 0.002 0.00 ± 0.00 0.12 ± 0.001 0.01 ± 0.002 0.00 ± 0.00

C 14:0 0.05 ± 0.001 0.28 ± 0.112 0.00 ± 0.00 0.22 ± 0.001 0.84 ± 0.232 0.01 ± 0.00

C 15:0 0.06 ± 0.001 0.13 ± 0.012 0.00 ± 0.00 0.26 ± 0.001 0.42 ± 0.022 0.01 ± 0.00

C 16:0 5.15 ± 0.251 5.01 ± 0.751 1.40 ± 0.04 23.35 ± 0.021 15.75 ± 0.282 19.83 ± 0.05

C 16:1n7 0.03 ± 0.011 0.22 ± 0.052 0.01 ± 0.00 0.14 ± 0.021 0.69 ± 0.062 0.14 ± 0.02

C 17:1n7 0.01 ± 0.001 0.08 ± 0.012 0.00 ± 0.00 0.06 ± 0.011 0.27 ± 0.022 0.02 ± 0.00

C 18:0 0.47 ± 0.021 1.34 ± 0.162 0.09 ± 0.00 2.13 ± 0.011 4.23 ± 0.052 1.25 ± 0.01

C 18:1 n9/n12 2.83 ± 0.151 7.81 ± 1.232 1.27 ± 0.02 12.82 ± 0.041 24.51 ± 0.622 17.98 ± 0.19

C 18:1 n7 0.11 ± 0.011 0.21 ± 0.062 0.06 ± 0.00 0.49 ± 0.021 0.66 ± 0.092 0.81 ± 0.02

C 18:2 n6 13.07 ± 0.631 13.73 ± 1.622 4.15 ± 0.10 59.23 ± 0.151 43.26 ± 0.622 58.77 ± 0.03

C 18:3 n3 0.01 ± 0.011 1.74 ± 0.112 0.00 ± 0.00 0.04 ± 0.031 5.63 ± 0.412 0.01 ± 0.01

C 20:0 0.00 ± 0.001 0.13 ± 0.022 0.00 ± 0.00 0.01 ± 0.001 0.42 ± 0.022 0.01 ± 0.01

C 20:1 n9 0.02 ± 0.001 0.08 ± 0.021 0.00 ± 0.00 0.09 ± 0.011 0.26 ± 0.032 0.04 ± 0.00

C 20:2 n6 0.00 ± 0.001 0.05 ± 0.002 0.00 ± 0.00 0.01 ± 0.011 0.17 ± 0.002 0.04 ± 0.01

C 20:3 n3 0.03 ± 0.011 0.30 ± 0.052 0.00 ± 0.00 0.06 ± 0.011 0.98 ± 0.282 0.01 ± 0.01

C 20:5 n3 0.00 ± 0.001 0.01 ± 0.002 0.00 ± 0.00 0.01 ± 0.011 0.02 ± 0.002 0.01 ± 0.00

C 22:0 0.06 ± 0.011 0.16 ± 0.012 0.01 ± 0.01 0.29 ± 0.011 0.5 ± 0.052 0.11 ± 0.11

C 22:5 n3 0.00 ± 0.001 0.01 ± 0.002 0.00 ± 0.00 0.00 ± 0.001 0.04 ± 0.021 0.01 ± 0.01

C 24:0 0.00 ± 0.001 0.19 ± 0.012 0.00 ± 0.00 0.02 ± 0.021 0.59 ± 0.042 0.01 ± 0.01

C 24:1 n9 0.00 ± 0.001 0.05 ± 0.012 0.00 ± 0.00 0.00 ± 0.011 0.16 ± 0.012 0.01 ± 0.00

Total FA 22.06 ± 1.11 31.78 ± 4.21 7.07 ± 0.17 100 100 100

Total SFA 5.80 ± 0.30 7.37 ± 1.12 1.50 ± 0.05 26.29 ± 0.02 23.65 ± 0.46 21.27 ± 0.12

Total MUFA 3.13 ± 0.18 8.53 ± 1.39 1.39 ± 0.02 14.19 ± 0.09 27.36 ± 0.83 19.65 ± 0.26

Total PUFA 13.13 ± 0.64 15.88 ± 1.71 4.18 ± 0.11 59.52 ± 0.10 50.27 ± 1.29 59.08 ± 0.14

Same number in the same row mean no significant difference between the means at 95% confidence; values are expressed as means±SD (n = 2).
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production [73–75]. The increase in the total lipid

content may be due to the fact that a high concen-

tration of carbohydrate in stale bread favors the

production of mycelial fat [76] or, as stated by

Beuchat and Worthington [77], due to the selective

utilization of non-lipid materials during cultivation.

The fungus N. sitophila, among other fungi, was

reported by the same authors to not utilize lipids

during SSF of full-fat peanuts and preferential utili-

zation of free fatty acids was not detected during the

cultivation phase. Meanwhile, C16:0, C18:2 n6 and

C13:1 decreased after 6 days cultivation, indicating

preferential utilization of those fatty acids and pro-

duction of lipids by the fungus during cultivation.

The decrease in C16:0 and increase in C18:3n3 could

be explained by the fatty acid biosynthesis pathway

in Neurospora. The biosynthesis begins with the for-

mation of C16:0, which is elongated to C18:0 and is

then desaturated to form C18:1n9, C18:2n6 and sub-

sequently C18:3n3 [78]. However, it is unclear

whether C18:1 is from de novo lipogenesis or partly

from saturation of C18:2, sincea proportional reduc-

tion of C18:2 was accompanied with increase in

C18:1 [72].

The essential fatty acid α-linolenic acid (ALA;

C18:3n3) has been suggested to play a role in cardi-

ovascular disease reduction [79], which supports the

importance of ensuring adequate intake through the

diet. An increase of ALA from 0.04% to 5.6% of total

fatty acids was seen after SSF. The fatty acid profile,

reported for the first time on fermented stale bread

by N. intermedia,has potential to be altered further

by changing processing parameters [70] to promote,

e.g. ALA production.Čertík et al. [80] investigated

the ability of four Mucor strains to enrich various

cereal-based products with γ-linolenic acid (GLA).

Results revealed that supplementing the substrate

with glucose or by addition of spent malt grain to

the substrates in a ratio of 3:1 significantly increased

fungal GLA production since the added spent malt

grain improved the porosity of the substrates, which

resulted in better respiration and aeration efficiency.

In this study, addition of BSG may possess similar

responses.

3.2.3. Micronutrients

There was a significant increase in mineral content

including iron, zinc, and copper after SSF on stale

sourdough bread by N. intermediabut the ratio

between the minerals stayed relatively similar (cf.

Table 1). Similar phenomenon was observed by

Oliveira et al. [81] in relation to R. oryzae using

rice bran as substrate, they found an increase of

30% in total ash content after 48 h of fermentation.

As for nitrogen, the increase of minerals is a result

of a considerable reduction in total dry weight

after fermentation. Since the absorption of iron

and zinc are negatively influenced by phytic acid

(found in the outer layer of cereal grains) and

positively influenced by animal protein, the

mineral level in meat substitutes is of great impor-

tance for people following a vegan or vegetarian

diet [82]. Considering the mineral levels of BSG,

especially for zinc (46.0 ± 0.4 µg/g dry weight) an

addition to the sourdough bread has potential to

increase the nutritional value.

A major increase in the fat-soluble antioxidant,

vitamin E (α-, δ- and ɣ-tocopherol) was obtained

after fermentation resulting in 27.8 ± 0.3 µg/g dry

sample with a more or less equal contribution from

α-, δ- and ɣ-tocopherol, Table 1. To the best of our

knowledge, this is the first time the production of

vitamin E has been reported to be produced by

N. intermedia. The vitamin E content is higher than

reference products;15.6 and 0 µg/g dry hamburger and

Quorn®, respectively. According to European Food

Safety [83], an adequate intake for the fat-soluble

antioxidant, vitamin E (α-, δ- and ɣ-tocopherol) is

set at 13 and 11 mg/day for men and women, respec-

tively. The most important source of vitamin E in

human diets are vegetable oils where the dominant

dietary form is ɣ-tocopherol. However, the most bio-

potent form of vitamin E is α-tocopherol [84].

Vitamin D, which is the generic term for

ergocalciferol (vitamin D2) and cholecalciferol

(vitamin D3), was also analyzed in the fungal

product. Ergocalciferol, produced by the fungus

from its provitamin ergosterol in the presence of

ultraviolet-B (UV-B) irradiation, was detected

after solid-state fermentation. As much as

0.89 ± 0.1 µg/g dry weight was obtained in the

final product, after SSF which is significantly

higher than the hamburger, soybean burger, and

Quorn burger containing 0.01, 0.02, and 0 µg/g,

respectively (Table 1). A patent for improving

the vitamin D2content of fungi claimed that

exposure to pulsed UV-B irradiation at 16 sec-

onds increased the vitamin D2content in dried
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oyster mushroom powder by 185% compared to

no UV-B treatment resulted in 24 µg/g dry

weight. In the European Union, the Adequate

Intake (AI) for vitamin D is given as 15 µg/day

[83]. Fungi are the only vegetarian/vegan natural

food source of vitamin D and most food contain

very low amount of vitamin D. Since an esti-

mated amount of 40–90% of adults worldwide

have vitamin D deficiency [84], new food pro-

ducts naturally high in this vitamin is highly

interesting.

3.2.4. Fiber content in the fungal product

Dietary fibers are recommended to be part of

a healthy diet, yet intake continues to be less

than recommended levels for many people around

the world [85]. For an average adult, 25–35 g of

fibers per day is recommended by The Swedish

Food Agency [86]. N. intermediaSSF on the stale

sourdough bread exhibited a noticeable high value

of total dietary fiber after 6 days, constituting as

much as 22 ± 1% on a dry weight basis, Table 1. As

regards the recommended daily fiber intake, it is

met by consuming 114–159 g of the fungal-

fermented product. Similarly, a study by Canedo

et al. [45] reported a final crude fiber content of

22% on a dry weight basis after 7 days of solid

state fermentation of BSG by R. oligosporus.

Likewise, SSF of red quinoa seeds with

N. intermedia resulted in an increase in total

fiber by 73% in the final product. The increase in

dietary fiber after fermentation is mainly attribu-

ted to components of the fungal biomass. Fungal

cell walls components, such as β-glucans, chitin,

and chitosan have recently been classified as parts

of beneficial dietary fiber in foods [63]. Fibers have

also been reported to improve sensory properties

such as texture in meat analogs [87].

3.3. Texture analysis

By only using the sourdough bread as substrate,

a nutritious enriched fungal product was attained,

however, another important attribute for consu-

mers' acceptance is texture. Yet, studies on textural

measurements of SSF products from fungi for food

applications are scarce in the literature. The BSG

analyzed in this study contained 58 ± 2% dietary

fiber (dry weight basis), and was therefore investi-

gated as an additional substrate to the sourdough

bread to introduce textural changes in the final

product that can resemble commercial protein

alternatives on the market. In this study, the fungal

product with about 0–12% added BSG using any

of the two filamentous fungi showed acceptable

textural properties. As expected, the maximum

force increased with increasing BSG concentration

in the substrate. N. intermediaproduct with 0–20%

addition of BSG resulted in a higher peak force

compared to R. oryzae, ranging between 66–130 N

and 42–109 N, respectively (Figure 1). There is

a significant effect on bite force from % BSG and

the fungal species used as well as interaction

between the substrate and fungal biomass.

Regression equations of ln(Peak force

(N)) = 4.1852×(%BSG)+0.032 and ln(Peak force

(N)) = 3.8004 ×(%BSG)+ 0.051 was obtained for

N. intermedia and R. oryzae respectively. This also

implies an exponential increase of the bite force as

a function of BSG content. The commercial con-

trol products resulted in a bite force of 50, 46, or

81 N for hamburger, Quorn® and soybean burger.

Based on the regression, the most similar textural

behavior to the soy burger was shown to be fungal

products made from stale sourdough bread with

6.5% BSG cultivated by N. intermedia, or stale

sourdough bread with 11.8% added BSG cultivated

by R. oryzae. Furthermore, R. oryzae with 2.1%

added BSG was shown to simulate the texture of

a hamburger (Figure 1). The filamentous myce-

lium shape together with the BSG recalcitrant

structure potentially simulates meat fibers, which

contributes to the texture of the fungal product.

A study by Waters et al. [61] reported that repla-

cing up to 10% of the flour in bread with BSG or

BSG fermented with L. plantarum improved the

nutritional properties of the bread while still

accepted sensory and textural attributes. Addition

of minor ingredients to further improve the final

texture to meet the consumer’s expectations of the

fungal product is possible.

The effect of freezing the fungal products for 24 h

before frying the samples as above on final maximum

peak force was also studied. A significant difference

between fresh or frozen samples was only observed for

R. oryzae fungal products. By freezing before frying,

the maximum bite peak force increased by an average
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of 15 ± 6 N for all R. oryzae fungal product samples

with the highest increase for fungal products with only

sourdough wheat bread used as substrate. According

to the British company Rank Hovis McDougall

(RHM) (commercialized by Quorn®), freezing the

fungal product potentially result in a more similar

texture to meat because the ice crystals formed push

the fibers together, creating bundles [88].

The objective textural data contribute to impor-

tant knowledge about the products quality attributes.

Bite force test is suggested to be helpful indices for

estimating the chewing properties of a food product;

however, it is still not clear if a human’s sensory

perception of hardness can mainly be based on the

applied force. However, supplementation with up to

10% BSG in bread has previously been reported to be

at a sensorial acceptable level (Waters et al., 2012).

3.4. Nitrogen content over times with addition

of BSG

The protein increase is one of the most interesting

effects of SSF that convert the substrate into a high

value alternative protein source. Since up to 10%

addition of BSG to the stale sourdough bread was

shown to improve the texture in the fungal pro-

duct, it is important to study how the protein

content changes over time with the new substrate

mixture. Therefore, nitrogen content during SSF

with N. intermedia and R. oryzae of stale sour-

dough bread with or without addition of 10%

BSG was followed over 10 days. Already after 5

days SSF, fungal mycelia completely covered the

substrate of all samples and a mat of white or

yellow/orange mycelium appeared on the surface.

Similar observations were also carried out by

Melikoglu et al. [37]. The fungal products smelled

similar to fresh mushrooms and with a pleasant

nutty and fruity smell and none of them showed

any sign of contamination. Different strains of

Neurosporahaveprevious been stated to be related

to fruity and almond-like aromas [89,90].

However, SSF for more than 6 days resulted in

less pleasant smell and appearance. Furthermore,

after 6 days SSF and increasingly over longer fer-

mentation time, fungal sporulation was observed

at the edges of the petri dish where aerial hyphae

are formed in direct contact with the air.

Generally, adequate aeration is one of the factors

necessary for spore formation. The stale bread

packed in petri dishes with lid probably created

a less aerobic condition unfavorable for sporula-

tion, while the increased moisture level during

fermentation could also limit fungal sporulation

[91,92]. After the fermentation was terminated,

the fungi products remained visually appealing

up to 24 hours at room temperature, after which

the product softened by a reduced sponginess

(visual inspection) and fungal sporulation

appeared on the surface. However, the shelf life

has to be examined further, comprising, e.g.

microbial and chemical analyses, to be properly

determined. As stated in section 3.3, freezing the

final product and re-thawing it did not influence

the texture of the final product for N. intermedia

but increased the bite force for R. oryzae after

frying. Since the process did not change the

appearance, freezing is suggested as the best option

for storage to extend the shelf life. Substrates with

only sourdough bread resulted in the highest final

N content, Figure 2. Nitrogen content increased

during fermentation for both fungi up to 6 days.

For N. intermedia it reached its maximum nitro-

gen value of 5.5 ± 0.1% at this point (correspond-

ing to 31.1 ± 0.2% protein (N-to-P conversion

factor 5.64)) then decreased. The same trend fol-

lowed for 10% BSG. Results are in agreement with

Melikoglu et al. [93] stating that 6-days fungal SSF

on bread crumbs was shown to be optimal for

enzyme production. After fungi growth declines,

sporulation, and ammonia production due to pro-

tein breakdown appears [94]. The nitrogen content

of R. oryzae product on stale sourdough bread

continued to increase and 5.8 ± 0.1% nitrogen

was obtained after 10 days SSF corresponding to

32.8 ± 0.6% protein, whereas samples with 10%

BSG flattened out after 8 days SSF. Another study

focusing on cultivating of R. oryzaeon rye flakes

and soya grits resulted in a final protein content of

36% after 4 days SSF [15]. Considering the above,

it is believed that the best time for terminating the

cultivation is after six or 8 days SSF for N. inter-

media and R. oryzae, respectively, especially as the

increase in protein between eight and 10 days was

marginal.

SSF by N. intermedia or R. oryzaeon BSG as the

sole substrate was also investigated in this study

(data not shown). The final protein content of the

594 R. GMOSER ET AL.



product with only BSG corresponds to 21.4% and

24.2% (N-to-P conversion factor 5.49) respectively,

resulting in products with orange mycelium and

spores or a white mycelium mat covering the BSG

particles, which indicate that both fungi were able to

utilize BSG as substrate. Similarly, Ibarruri et al.

reported a final protein concentration of 31% after

8 days solid state fermentation of BSG using

Rhizopus sp. containing up to 31.7% protein with

an improved amino acid profile. Since both

N. intermedia and Rhizopus sp. are able to degrade

phytate present in BSG [45,63], the problem of using

BSG as food due to its high level of phytic acid [43]

can be overcome through SSF. Subsequently, even

though addition of BSG did not increase the protein

content over the 10 days period, it is suggested to be

incorporated into fermentation products in ratios

below 10% to develop the texture and to process

BSG by fungal fermentation to improve its digest-

ibility and bioavailable proteins.

For all the samples in this experimental setup,

the moisture content increased during cultivation

from an average initial value of 40 ± 0.9% to

65.9 ± 4.4% at the end of fermentation. This was

likely due to loss of dry matter, generation of H2

O during carbohydrate oxidation and the high

humidity during cultivation [95]. The increase in

moisture probably excludes some air necessary for

the growth of the fungal mycelium. Hence, mod-

ifying the current SSF process used in this study to

keep the moisture content around 40% has poten-

tial to result in an even higher protein increase in

the final fungal product.

4. Conclusion

One innovative way to prevent stale bread and

brewers spent grain (BSG) from going to waste is

presented that convert these food by-products into

nutritionally valuable products, enhancing their

re-use in the food industry. Fungal SSF success-

fully bio transformed stale sourdough bread into

a nutrient-enriched product. Most of the starch

(65%) was converted into fungal protein (21%)

with an improved amino acid composition. The

fatty acid profile of the fermented product,

reported here for the first time, revealed an

increase in α-linolenic acid compared to the sub-

strate. Moreover, SSF-induced increase in all

minerals, vitamin E and ergocalciferol (vitamin

D2); the latter which was almost absent prior to

SSF. Addition of up to 12% brewers spent grain as

substrate improved textural properties and the

combined bread-BSG-fungi-products have great

potential to meet the increasing demand from

consumers looking for sustainable protein alterna-

tives. Sensorial characteristics of the final products,

scale-up trials, and validation of a cost-effective

industrial process are proposed as a future step

to take.
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