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ABSTRACT

The development of alternative feed ingredients is essential for the future sustainability of the aquaculture industry. This
study aimed to evaluate the in vitro protein bioaccessibility and functional properties of mycelium-based ingredients
derived from two filamentous fungi, Aspergillus oryzae (AO) and Neurospora intermedia (NI). These ingredients were pro-
duced via submerged fermentation and solid-state fermentation, with the latter utilizing stale bread as a novel, low-value
substrate. Protein bioaccessibility was assessed using two-stage in vitro digestion models for rainbow trout (Oncorhynchus
mykiss) and Nile tilapia (Oreochromis niloticus). The results showed that pure fungal biomass achieved significantly higher
(p < 0.05) protein bioaccessibility than both fishmeal and soybean meal. In the trout model, amino acid release reached 83
and 72mg AA/100mg protein for pure mycelia (AO and NI, respectively) and 55 and 54mg AA/100 mg protein for the
mycelium-bread composites. Detailed fractional analysis indicated that high amino acid release was driven by both pre-
existing free amino acids and the fungal protease activity. Furthermore, antioxidant levels increased after digestion in myce-
lium-bread composites. Based on the in vitro findings, mycelium-based ingredients represent highly bioaccessible protein
sources with functional properties for aquafeed applications.

KEYWORDS Filamentous fungi; solid state fermentation; in vitro bioaccessibility; Neurospora intermedia; Aspergillus oryzae

CRITICAL INSIGHTS SUMMARY

Turning Stale Bread into Sustainable Fish Feed

Could yesterday’s bread help feed tomorrow’s fish? New research suggests that edible fungi grown on food waste
can generate highly bioaccessible proteins, offering a sustainable alternative to conventional aquafeed ingredients.

Researchers evaluated mycelium-based feed ingredients produced from the edible fungi Aspergillus oryzae and
Neurospora intermedia. The fungi were cultivated either as pure biomass or on stale bread through fermentation and
were compared with commonly used aquafeed ingredients, including fishmeal, soybean meal, and wheat gluten.
Using in vitro digestion models designed to mimic the gastrointestinal conditions of rainbow trout and Nile tilapia,
the team assessed protein bioaccessibility, enzymatic activity, and antioxidant potential.

Pure fungal biomass consistently demonstrated the highest protein bioaccessibility in both fish models, releasing
substantially more amino acids during digestion than conventional protein sources. The mycelium-bread composites
also showed strong performance, particularly when compared with several traditional feed ingredients. Further ana-
lysis revealed that the fungal products contained significant amounts of free amino acids and endogenous proteases,
which continued to contribute to protein breakdown during digestion. Antioxidant activity also increased after diges-
tion, especially in the fermented bread-based products, suggesting the release of additional bioactive compounds
from the food matrix.

As aquaculture production continues to expand, identifying sustainable protein sources has become increasingly
important. By transforming stale bread into nutrient-rich feed ingredients, fungal fermentation could help reduce
food waste, lessen dependence on marine-derived feed resources, and support more circular and resource-efficient
food production systems.
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1. Introduction

By 2022, global aquaculture production had surpassed
capture fisheries for the first time, reaching 100 million
metric tons, whereas capture fisheries have remained
stagnant at approximately 95 million metric tons since
the 1990s [1]. This accelerated expansion has intensified
the demand for aquafeed ingredients, specifically fish-
meal, which serves as the primary protein source.
However, heavy reliance on finite marine resources has
increased environmental challenges [2]. Consequently,
ensuring the long-term viability of the industry necessi-
tates the identification of sustainable feed alternatives
that satisfy the nutritional requirements of the different
species, while mitigating ecological pressures.

Single-cell proteins (SCPs) including yeast, microal-
gae, bacteria, and filamentous fungi, are among the
most promising candidates for these sustainable alter-
natives. Fungal mycelium is characterized by a high
concentration of essential amino acids (AAs), fatty acids,
and diverse secondary metabolites such as vitamins,
pigments, and antioxidants [3]. Filamentous fungi pos-
sess a versatile array of extracellular enzymatic systems
including proteases, lipases, amylases, and xylanases
[4,5]. This metabolic diversity enables fungi to convert a
wide range of organic substrates into fungal biomass,
presenting a valuable opportunity for waste valoriza-
tion. Considering organic waste streams, stale bread
constitutes a significant portion of global food waste,
contributing to substantial carbon emissions and eco-
nomic losses [6]. Comprising 30-60% starch and 5-10%
protein, it serves as an ideal substrate for microbial fer-
mentation. While traditionally directed toward bioetha-
nol production [7,8], fungal fermentation offers a
robust pathway for upcycling stale bread into protein-
rich fungal biomass [9].

Given these advantages, various species of filament-
ous fungi have emerged as viable candidates for sus-
tainable protein production. Edible species such as
Aspergillus  oryzae and Neurospora intermedia are
increasingly considered suitable protein sources for
both human and animal nutrition. In aquaculture, pre-
liminary evidence suggests the nutritional potential of
filamentous fungi, characterized by significant concen-
trations of essential AAs and bioactive compounds
such as immunostimulants and antioxidants [10].
Demonstrating practical application, feeding trials
involving rainbow trout have shown that the inclusion
of N. intermedia modulates gut microbiota composition,
specifically promoting beneficial lactic acid bacteria and
enhancing intestinal health [11]. Similarly, replacing up
to 20% of dietary crude protein with Paecilomyces vari-
otii biomass has been reported to enhance nitrogen
retention and reduce the feed conversion ratio in
Atlantic salmon [12].

These promising results underscore the necessity of
developing novel mycelium-based ingredients

produced from stale bread. While in vivo feeding trials
remain essential for assessing physiological responses
and growth performance, their implementation is often
constrained by high costs, ethical considerations, and
the substantial time investment. Consequently, there is
a clear need for preliminary screening approaches to
prioritize promising fungal ingredients prior to animal
trials. A critical first step in this process is the assess-
ment of protein bioaccessibility and its comparison
with conventional aquafeed ingredients to determine
the potential nutritional value of fungal mycelium. In
this regard, in vitro digestion models that simulate the
physicochemical conditions of the fish gastrointestinal
tract offer an effective and practical solution for such
assessments. Furthermore, these models enable rapid
evaluation across species with distinct digestive archi-
tectures [13,14]. Despite their limitations in fully captur-
ing the complexity of living systems, in vitro
simulations facilitate the evaluation of the intrinsic
properties of the mycelium. Specifically, these models
enable the assessment of endogenous enzymatic activ-
ity and the dynamic changes in antioxidant profiles
during the digestion of novel ingredients such as myce-
lium-bread.

Hence, the objective of this research was to evaluate
the nutritional and functional potential of the biomass
derived from Aspergillus oryzae and Neurospora interme-
dia cultivated on stale bread as a sustainable ingredient
for aquaculture applications. To achieve this, in vitro
digestion models were applied and tailored to the spe-
cific gastrointestinal conditions of two aquaculture spe-
cies with different nutritional habits: the carnivorous
rainbow trout (Oncorhynchus mykiss) and the omnivor-
ous Nile tilapia (Oreochromis niloticus). This approach
attempted to (i) characterize key bioactive compounds
within the fungal-derived products; (ii) quantify the pro-
tein bioaccessibility of mycelium-based ingredients in
comparison to conventional sources (fishmeal, wheat
gluten, and soybean meal); and (iii) determine the spe-
cific contribution of endogenous fungal enzymes to
total protein hydrolysis.

2. Material and methods
2.1. Fungal strains and reference ingredients

Two edible fungal species which have been previously
investigated as food and feed ingredients [9,15] were
used in the study: Aspergillus oryzae CBS 819.72 and
Neurospora intermedia CBS 131.92 (Centraalbureau voor
Schimmelcultures, Westerdijk  Fungal Biodiversity
Institute, Utrecht, The Netherlands). For sporulation,
spore culture was inoculated on potato dextrose agar
(PDA) plates containing 4 g/L potato extract, 20 g/L
glucose, and 15 g/L agar incubated for 4 days at 31°C,
following the method described below. The inoculum
suspension was prepared by adding 20mL of



154 ‘ V. ABBASI ET AL.

autoclaved distilled water to the PDA plates. A plastic
spreader was then used to disperse and release the
spores. The number of spores in the inoculum was
counted using a Burker chamber under a light micro-
scope (Carl Zeiss Axiostar plus, Germany).

2.2. Fermentation processes

Two types of feed ingredients were prepared: pure fun-
gal biomass via submerged fermentation (SmF) and
mixed biomass via solid-state fermentation (SSF) utiliz-
ing stale bread as a substrate.

e Submerged fermentation (SmF): Cultivations were
performed in 250 mL Erlenmeyer flasks containing
100 mL of semi-synthetic medium (30g/L glucose,
5g/L yeast extract) [15]. The medium was sterilized
at 121°C for 20 min and, upon cooling, inoculated
with spores. Flasks were incubated in a water bath
at 35°C and 125 rpm for 48 h. The resulting biomass
was recovered using a 1mm mesh sieve, washed
thoroughly with distilled water, and stored at
—18°C prior to air-drying at 50°C for 12h.

e Solid-state fermentation (SSF): Stale bread (ICA City,
Boras, Sweden) served as the substrate. After con-
firming the absence of prior contamination, the
bread was sliced, air-dried (12% moisture content),
and ground to 2mm. The substrate was further
oven-dried at 60°C for 12h to a 1.2+2.3% moisture
content (DBS 60-3 Moisture Analyzer, KERN & SOHN
GmbH, Germany). For fermentation, the substrate
and distilled water were autoclaved (121 °C, 20 min).
Petri dishes were inoculated with 3 mL of spore sus-
pension (3.6 x 10° spores/mL), adjusting the final
moisture content to 60%. Plates were incubated in a
climate chamber (HPP110eco, Memmert, Germany)
at 30°C and 50% relative humidity for 5 days
according to Abbasi et al. [16]. The fermented prod-
uct was dried at 50°C for 12h and milled to
0.5mm.

2.3. Reference ingredients

Three conventional ingredients were used as references:
organic soybean meal (SBM), organic wheat gluten
meal (WGM) (Biogan A/S, Denmark), and standard fish-
meal (FM) (Swedbait AB, Sweden). All materials were
sieved through a 0.5mm screen to ensure particle size
homogeneity. Crude protein (CP) content was deter-
mined by nitrogen quantification via the Kjeldahl
method (InKiel P digester and Behrotest 51 distiller,
behr Labor-Technik, Germany) according to Batori et al.
[17]. Specific nitrogen-to-protein conversion factors
were applied—6.25 for FM and SmF biomass, 5.64 for
SBM, 5.47 for WGM, and 5.89 for SSF products—based

on Fujihara et al. [18], Sriperm et al. [19] and Gmoser
et al. [9].

2.4. Determination of enzymatic activities and
antioxidant capacity

The activities of key enzymes including total acid and
alkaline proteases, xylanase, and B-1,4-glucanase were
evaluated in the fungal products. Enzymatic extracts
were prepared by suspending 500 mg of each ingredi-
ent in 3mL of distilled water. The mixture was agitated
continuously at 4°C for 2h using a rotary shaker, fol-
lowed by centrifugation (4,000 x g for 15min) to
recover the aqueous supernatant. All subsequent
enzymatic assays were conducted at 25°C for a dur-
ation of 1h. Acid protease activity was determined at
pH 4.0 using hemoglobin as the substrate, following
the Anson method [20]. Alkaline protease activity was
measured at pH 8.0 with casein as the substrate,
according to Walter [21]. Xylanase activity was quanti-
fied by the hydrolysis of 1% beechwood xylan (Sigma-
Aldrich, St. Louis, MO, USA). Similarly, B-1,4-glucanase
activity was assessed using 1% medium-viscosity
sodium carboxymethylcellulose (Panreac Quimica SLU,
Barcelona, Spain). Both assays were performed at pH
5.0. The concentration of reducing sugars (xylose or
glucose) released during hydrolysis was quantified
using the 3,5-dinitrosalicylic acid (DNS) method [22],
with standard curves generated from known concentra-
tions of xylose or glucose. One unit (U) of enzymatic
activity was defined as the amount of enzyme required
to release 1pumol of product (peptide equivalents or
reducing sugars) per minute under the specified assay
conditions.

Trolox equivalent antioxidant capacity (TEAC) of the
fungal substrates and their digestion products was
quantified using the method described by Re et al. [23].
The 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTSe—+) radical cation was pre-generated by reacting
a 7mM ABTS aqueous solution with 2.45 mM potassium
persulfate and allowing the mixture to stand in the
dark at room temperature for 12-16 h. Before use, the
ABTSe+ solution was diluted with ethanol to an
absorbance of 0.70+0.02 at 734 nm. The assay was per-
formed by adding 10 uL of the sample to 1.0 mL of the
diluted ABTSe+ solution. The absorbance was read at
734nm at a fixed time point. The percentage inhibition
of absorbance was calculated and plotted as a function
of concentration relative to Trolox, the standard.

However, it is well documented that the ABTSe+
radical also interacts with certain highly reactive AAs. In
samples containing protein digestion products, this lack
of specificity can lead to an overestimation of the anti-
oxidant capacity attributable to non-amino acid (non-
AA) compounds, such as phenolics [24,25]. To account
for this interference and correct the overestimation,
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an adjustment based on source allocation was per-
formed. The proportional contribution of AA and non-
AA compounds to the total antioxidant capacity was
determined through this source allocation. The AA-
derived antioxidant capacity was estimated based on
the quantified AA profile of the extracts, utilizing estab-
lished Trolox equivalent values for highly reactive AAs.
The calculated AA-derived capacity was then subtracted
from the total experimental antioxidant capacity of the
extract to ascertain the residual antioxidant activity
attributed to non-AA sources.

2.5. In vitro simulation

2.5.1. Preparation of fish digestive enzyme extracts
Digestive enzyme extracts for the in vitro assays were
obtained from adult rainbow trout (Oncorhynchus
mykiss; n=8, mean weight 700+509g) and Nile tilapia
(Oreochromis niloticus; n =8, mean weight 140.2 + 6.8 g).
For rainbow trout, the gastrointestinal tracts were dis-
sected, cleaned of surrounding fat, and freeze-dried.
The stomach and intestinal tissues were then pooled
separately. For Nile tilapia, intestinal tissues were dis-
sected and pooled. For both species, the relevant
pooled tissues were homogenized in distilled water
(1:10, w/v) using an Ultra-Turrax T10 (IKA-Werke,
Staufen, Germany). The homogenates were centrifuged
(12,000 x g, 4°C, 15min), and the supernatants contain-
ing the enzyme extracts were collected and stored at
—20°C in aliquots until further analysis.

Total alkaline protease activity in each extract was
quantified as described in section 2.4.1. These activity
values served as the basis for estimating the volume of
enzyme extract required to achieve physiological
enzyme-to-substrate (E:S) ratios for each species. These
ratios were calculated based on:

1. Total protease activity per gram of fish body
weight.

2. Average feed intake per meal for fish of compar-
able size, according to standardized commercial
feeding tables.

These parameters allowed for the simulation of digestive
conditions in “model fish” (a 100 g rainbow trout and a
65 g tilapia), ensuring that the in vitro assays accurately
reflected the average protease production relative to
feed consumption in a physiological meal.

2.5.2. In vitro experimental setup

The in vitro simulation of fish digestion was conducted
using two-chamber bioreactors equipped with semi-per-
meable membranes (MWCO 3,500 Da; ZelluTrans/Roth),
following the methodology described by Morales and
Moyano [26]. Each unit consisted of an upper and a lower
compartment separated by the membrane. Substrates

Table 1. Summary of species-specific conditions used for in vitro diges-
tion assays.

Parameter Trout Tilapia
Weight of the model fish (g) 100 65
Acid protease activity in assay (U/g fish) 0.5 -
Alkaline protease activity (U/g fish) 31.8 5.59
In vitro digestion conditions

Stomach (acid phase)

pH 4 57
Substrate (mg) 500 650
Duration (min) 120 120
Intestine (alkaline phase)

pH 85 74
Substrate (mg) - -
Duration (min) 300 240
Temperature (°C) 20 25

and enzyme extracts were introduced into the upper
chamber under continuous magnetic stirring while the
released products crossing the membrane were recov-
ered at different moments from the lower chamber.

For gastric phase simulation, the substrate was sus-
pended in distilled water, and the pH was adjusted to
the species-specific gastric level (Table 1) using 0.1 M
hydrochloric acid (HCI). For Oncorhynchus mykiss, crude
stomach enzyme extract was added. In the case of
Oreochromis niloticus, the acidic phase was maintained
without enzymatic addition to simulate its specific
physiological profile. During this stage the lower cham-
ber contained distilled water to facilitate the passive
diffusion of low-molecular-weight digestion products
(dialysate). The simulation of the intestinal phase was
initiated after completion of the gastric phase by
adjusting the pH to the required value for each species
(8.4 for rainbow trout and 7.4 for Nile tilapia) using
0.1 M sodium hydroxide (NaOH) prior to the introduc-
tion of intestinal enzyme extracts. At this stage both
chambers contained the buffer required to maintain
the pH indicated. The entire assembly was maintained
in a temperature-controlled chamber throughout the
assay (20°C for rainbow trout and 25 °C for Nile tilapia).
To monitor the kinetics of protein hydrolysis, aliquots
were sampled from the lower chamber at predeter-
mined intervals: 120, 210, 300, and 420 min for rainbow
trout, and 120, 180, 240, and 360 min for Nile tilapia.

The concentration of total free amino acids (FAAs) in
the dialysate was determined using the o-phthaldialde-
hyde (OPA) method [27], with results expressed as L-
leucine equivalents. Specific experimental conditions
are summarized in Table 1.

2.6. Evaluation of protein hydrolysis
The efficiency of protein hydrolysis by fish digestive

enzymes was evaluated based on the following metrics:

a. Total AA release: Determined upon completion of
the digestion process and expressed both as
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absolute values and as a percentage of the initial
protein content in the samples.

b. Stage-specific contribution: Assessment of the rela-
tive contribution of the gastric and intestinal
phases to the overall protein hydrolysis.

c. Proteolytic origin: Differentiation between protein
hydrolysis mediated by endogenous (fish-derived)
proteases and exogenous (fungal-derived) pro-
teases, conducted exclusively within the rainbow
trout model.

To isolate the relative contribution of fungal
endogenous proteases to net protein hydrolysis, a ser-
ies of assays were designed using combinations of rain-
bow trout enzyme extracts and fungal ingredients,
either in their native state or after thermal inactivation.
Enzymatic denaturation was achieved by heating the
samples at 100°C for 2h. These conditions were
selected to ensure complete protease inactivation while
minimizing the thermolytic degradation of other nutri-
tional components, consistent with established proto-
cols [28,29]. The efficacy of the denaturation process
was verified by measuring residual alkaline protease
activity in both the fish extracts and fungal ingredients,
following the methodology described in Section 2.2.1.
The specific experimental combinations and treatments
are detailed in Table 2.

The data obtained from the experimental treatments
(Table 2) were utilized to partition the total protein
hydrolysis into its constituent parts. This allowed for
the quantification of the specific contributions of fish
endogenous proteases, fungal exogenous proteases,
and the initial concentration of FAAs as follows:

1. Amino acids released by fish enzymes (AAgsp).
Calculated as the difference between the total AAs
measured in the complete reaction (Assay 1) and
those measured in the absence of fish enzyme
activity (Assay 2).

2. Amino acids released by fungal enzymes (AAfnga)):
Determined by subtracting the AAs measured in
the control with inactivated fungal biomass (Assay
3) from those measured in the assay containing
active fungal biomass without fish enzymes
(Assay 2).

3. Free amino acids (FAA): The baseline concentration
of AAs present in the fish enzyme extract was

determined using Assay 3 and Assay 4, serving as
an internal reagent blank to ensure the accuracy of
the net hydrolysis values.

2.7. Statistical analysis

All analyses were carried out in triplicate. A one-way
analysis of variance (ANOVA), followed by Tukey’s post
hoc test, was used for pairwise comparisons. The signifi-
cance level was established at p <0.05. All statistical
analyses were performed using Minitab® version 21.1.1
(©2022 Minitab, LLC).

3. Results
3.1. Proximate composition and enzymatic Profile

The crude protein content of the evaluated ingre-
dients was determined based on total nitrogen per-
centages utilizing ingredient-specific conversion factors
(-factors). These factors were applied to accurately
account for the presence of free AAs, short peptides,
and non-protein nitrogen (NPN) sources. Notably, for
fungal biomass, these adjustments also corrected for
nitrogenous compounds within the fungal cell wall
(e.g., chitin and glucosamine) and various secondary
metabolites (Table 3).

FM and WGM exhibited the highest crude protein
levels, reaching approximately 72.0% and 75.0% on a
dry matter basis, respectively. The pure fungal bio-
masses also demonstrated substantial protein content:
A. oryzae (AO) contained 54.3% CP, surpassing the
46.3% recorded for the widely utilized SBM. In contrast,
N. intermedia (NI) showed a protein content of 45.9% of
dry matter (DM), which was comparable to SBM. The
mixed mycelium-bread ingredients, AO-bread (BAO)

Table 3. Characteristics and key nutritional parameters of the conven-
tional and fungal-derived feed ingredients.

Ingredients Source Moisture (%) CP (%)

Fish meal (FM) Swedbait AB 3.0+0.2 76.6 0.5
Soybean meal (SBM) Biogan A/S 1.5+0.1 463+1.7
Wheat gluten meal (WGM) Biogan A/S 1.7+0.1 774+0.6
Bread-mycelium (A. oryzae) SSF 15+£00 321+08
Bread-mycelium (N. intermedia) SSF 1.3+0.0 34.2+0.9
Biomass (A. oryzae) SmF 1.5+0.1 459+0.5
Biomass (N. intermedia) SmF 1.5+0.1 543 +0.9

SSF: solid state fermentation.
SmF: submerged fermentation.

Table 2. Configuration and purpose of the assays used to evaluate the sources of released amino acid during the in vitro digestion of ingredients.

The symbols “+” and “0” indicate thermal inactivation or not, respectively.

Activity

Fish enzyme

Assay extract Ingredient

Parameter measured

AWN -
+ + o
ot oo

FAAs present in the ingredient

Total amino acids released (sum of those already present as FAAs® and those coming from protein hydrolysis)®
Total amino acids released by the action of fungal enzymes
Total FAAs present from both the ingredient and the fish enzyme extract

?FAAs: Free amino asids
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and Nl-bread (BNI), exhibited lower protein concentra-
tions of 32.1% and 34.2% of DM, respectively.
Nevertheless, both SSF products achieved a significant
protein enrichment relative to the initial bread sub-
strate (11.5% DM).

The endogenous enzymatic activities of the fungal
ingredients are summarized in Table 4. All fungal prod-
ucts exhibited acid protease activity, with NI and BAO
yielding the highest values. Conversely, alkaline prote-
ase activity was undetectable in BAO, whereas NI and
AO displayed the highest activities for this enzyme
class. Regarding carbohydrase profiles, BAO and BNI
reached the highest p-1,4-glucanase activities
(16.27+2.75U/g and 13.93+0.02U/g, respectively). In
contrast, AO exhibited the lowest B-1,4-glucanase activ-
ity among the fungal-derived ingredients (6.63 +1.58 U/
g). No significant differences were observed in xylanase
activity across ingredients; however, AO and BAO
showed the highest numerical values (7.10+1.75U/g
and 19.62 +3.42 U/g, respectively).

3.2. Antioxidant capacity

The antioxidant capacity analysis revealed that all
mycelium-based ingredients possessed natural antioxi-
dant activity, with the pure mycelia (NI and AO) exhibit-
ing higher baseline capacities. In vitro digestion

Table 4. Endogenous enzyme activities (U/g dry matter) of mycelium-
based products.

Acid protease Alkaline protease f-1,4-glucanase  Xylanase
NI 0.50+0.15° 0.47 +£0.16 8.85+0.92° 10.72+1.11
AO  0.14+0.06° 0.26 +0.02*° 6.63+158  17.10+1.75°
BNI  0.13+0.01° 0.14+0.02%° 13.93+0.02°° 1544+ 1.80°
BAO 0.53+0.01° 0.00 +0.00° 16.27 £2.75°  19.62+3.42°

Table 5. Antioxidant capacity (umol TEAC/g) of pure fungal biomass
and mycelium-bread products.

TEAC
(umol / 100 mg)
Initial Final Non-AA
Fish species Ingredients (pre-digestion) (post-digestion)  sources
Rainbow trout NI 21+00 152 +0.98 ND
BNI 06+03 195+ 05" 92+ 1.1°
AO 20+00 147 +028 ND
BAO 08+03 150+ 05° 58 + 0.8
Nile tilapia NI 21+00 43=+01° ND
BNI 06+03 67 +08° 2.8 +0.7°
AO 20+ 00 66+ 05° ND
BAO 08+03 53+07%C 20 + 03

ND: values not detected.Different uppercase (A-D) and lowercase (a—d)
superscript letters within the same column indicate statistically signifi-
cant differences (p < 0.05) between ingredients, according to Tukey's
post-hoc test.

markedly increased the TEAC measured in released
products, which was significantly higher in assays simu-
lating rainbow trout conditions compared to Nile tilapia
(Table 5). Hence, values measured with the trout model
for BNI (19.5 + 0.5 pmol/100 mg) significantly exceeded
those obtained for NI, AO, and BAO (14.7-15.2 umol/
100 mgq), exhibiting the largest pre- to post-digestion
increase (~32.5x). In tilapia, values measured from
digestion products of BNl and AO (6.6-6.7 umol/
100 mg) were significantly higher than those of NI
(43 = 0.1 umol/100 mg), with BAO (5.3 £ 0.7 pmol/
100 mg) exhibiting intermediate values that did not dif-
fer significantly from the other ingredients. Source allo-
cation showed that TEAC measured in digestion
products of NI and AO for any of the two fish species
was entirely amino-acid-derived (non-AA = 0.0 pumol/
100 mg), whereas values measured in digestion prod-
ucts of BNl and BAO combined AA and non-AA contri-
butions. Overall, digestion liberated antioxidant activity
most strongly from BNI, and conditions simulating trout
digestion produced higher TEAC for all tested ingre-
dients compared to the tilapia model.

3.3. Protein bioaccessibility of the ingredients

3.3.1. Total release of AAs after completion of the
digestion

The total amount of AAs released from the ingredients
after completion of the hydrolysis by the digestive
enzymes of both fish species is detailed in Table 6. Pure
fungal biomasses (AO and NI) exhibited the highest pro-
tein bioaccessibility across both species-specific models.
In the rainbow trout simulation, AO yielded the highest
AA release (83.3+1.7mg AA/100mg protein), followed
significantly by NI (72.9 £ 8.4 mg AA/100 mg protein). The
mycelium-bread composite BAO exhibited intermediate
bioaccessibility (55.0 +0.0 mg AA/100 mg protein), which
was not significantly different from BNI (54.2+3.0mg
AA/100 mg protein) and SBM (51.1+£3.5mg AA/100 mg
protein). The lowest bioaccessibility in the salmonid
model was recorded for FM (47.7+0.4mg AA/100 mg
protein) and WGM (48.2+6.0mg AA/100mg protein),
which were not significantly different from each other, or
from BNI and SBM.

A similar trend was observed in the simulation of Nile
tilapia digestion, although the absolute values were gen-
erally lower than those recorded for rainbow trout, as
illustrated in Figure 1. AO and NI demonstrated the high-
est hydrolysis (68.4+5.5 and 63.3+53mg AA/100 mg
protein, respectively), significantly exceeding the per-
formance of the bread composites and conventional pro-
teins. The mixed mycelium-bread ingredients, BAO and

Table 6. Total amino acids released (mg/100 mg initial protein) after in vitro digestibility assays for rainbow trout and Nile tilapia.

FM SBM WGM BAO BNI AO NI
Trout 47.7+0.4° 51.1+3.5C 48.2+6.0° 55.0+0.0° 542 +3.0P 833+17" 72.9+848
Tilapia 220+03¢ 19.5+1.3¢ 149+2.1° 393+1.2° 383+04° 68.4+5.52 63.3+5.3

Different uppercase (A-D) and lowercase (a—d) superscript letters within the same column indicate statistically significant differences (p < 0.05)

between ingredients, according to Tukey's post-hoc test.
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Figure 1. Relative protein hydrolysis (mg amino acid released per 100 mg CP in the sample) measured after hydrolysis
of the tested ingredients by digestive enzymes of rainbow trout and Nile tilapia. Error bars indicate standard deviation.
For each ingredient, capital letters indicate significant differences for rainbow trout, while lowercase letters indicate sig-

nificant differences for Nile tilapia.

BNI, exhibited the next highest values (39.3+1.2 and
38.3+0.4mg AA/100mg protein, respectively). In con-
trast, the conventional reference ingredients FM, SBM,
and WGM yielded the lowest bioaccessibility (22.0+0.3,
19.5+ 1.3, and 14.9+£2.1 mg AA/100 mg protein, respect-
ively), with no significant differences.

3.3.2. Relative contribution of either the stomach or
intestinal hydrolysis to total hydrolysis

The total AA release over time during the simulated
digestion for the two fish species is illustrated in
Figure 2. The trends demonstrate a progressive release
of AA for all ingredients at varying rates. At 120 min,
which corresponds to the end of the gastric phase for
both species (pH 4.0 for the trout model and pH 5.7 for
the tilapia model), NI and AO exhibited a notably
higher release of AA compared to the other mycelium-
based and conventional ingredients.

As digestion progressed into the intestinal phase in
the rainbow trout model, the steady release of AA con-
tinued. At 300 min, AO and NI experienced the highest
release, exceeding 150 mg. The mycelium-bread ingre-
dients (BNl and BAO) showed a lower AA release of less
than 100 mg. The control ingredients had an intermedi-
ate release of approximately 100 mg, with FM being
the highest among them. A similar trend was recorded
for the tilapia model at 240 min, where NI and AO

again showed the highest release. The primary differ-
ence compared to the trout model was that SBM had
the lowest release, while BNI and BAO displayed inter-
mediate values following FM.

At the final point (420 min for the trout model and
360 min for the tilapia model), NI and AO reached more
than 200 mg in both models. For the trout model, BAO
and BNI showed the lowest release at the final point,
reaching 100 mg at 420 min, while the reference ingre-
dients exhibited a moderate release between 130 and
150 mg. In the tilapia model, the release rate for the
reference ingredients at the 360 min endpoint was low;
apart from FM, all others remained below 100 mg.

3.3.3. Estimation of the protein hydrolysis carried out
by endogenous (fish) or exogenous (fungal) proteases
Figure 3 illustrates the relative contributions of FAAs ini-
tially present in the ingredient, as well of those produced
by protein hydrolysis by either fungal enzymes or fish
digestive proteases, to the total pool of AA measured in
the digestates. The mycelium-based ingredients (AO, NI,
BAO, BNI) contained substantially higher amounts of ini-
tial FAA compared to the conventional reference ingre-
dients, with the highest absolute FAA content observed
in the pure AO and NI biomasses.

For the reference ingredients (FM, SBM, WGM), AA
release was heavily dependent on the fish enzymes
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Figure 2. Kinetics of in vitro total amino acid release from pure fungal biomass, mycelium-bread, and conventional feed ingredients dur-
ing simulated gastrointestinal digestion for (A) rainbow trout and (B) Nile tilapia.

(statistical groups A and AB). In contrast, the mycelium-
bread composites (BAO and BNI) showed the lowest
dependency on fish endogenous enzymes (group D). The
majority of their available AAs were derived from the initial
FAA pool and the continued action of fungal exogenous
enzymes. AO and NI demonstrated intermediate fish
endogenous enzyme contributions (groups C and BC,
respectively), combining initial FAA levels with a moderate
hydrolytic response to the fish digestive proteases.

4. Discussion

This study presents a preliminary approach to evaluate
the potential use of pure fungal mycelium and myce-
lium-bread composites of Aspergillus oryzae and
Neurospora intermedia as sustainable protein ingre-
dients in aquafeeds.

4.1. Protein content

The pure fungal biomass produced from SmF cultiva-
tion of filamentous fungi exhibited high crude protein
levels, aligning with previous reports [30]. However, fila-
mentous fungal mycelium contains NPN compounds,
specifically N-acetylglucosamine as a structural compo-
nent of the cell wall [31]. Therefore, the application of

the conventional nitrogen-to-protein conversion factor
of 6.25 is likely to overestimate the true protein content
in these materials. To reduce this potential bias, ingre-
dient-specific conversion factors were applied to the
other ingredients (e.g., 5.89 for SSF composites and
5.64 for soybean meal). Crucially, despite possible over-
estimation due to NPN, the high in vitro AA release
observed in the present study demonstrates that fungal
biomasses provide substantial bioaccessible protein,
consistent with previous findings [15].

Fungal biomass produced on stale bread via SSF
resulted in products with a lower final protein concen-
tration compared with pure submerged biomass.
Values obtained in the present study ranged from 32%
to 34%, demonstrating agreement with those previ-
ously reported in the literature [16,32]. These values
represent a remarkable three-fold protein enrichment
relative to the stale bread alone (11.5%). The compara-
tively lower protein content in the composite meals is
primarily attributable to the presence of the residual,
unfermented bread. Furthermore, stale bread possesses
inherently limited nitrogen and phosphorus (193 mg/
1009) [33]. Therefore, as no exogenous nitrogen or
phosphorus was supplemented during SSF, it is
hypothesized that the fungi likely exhausted these
essential endogenous nutrients to support basic
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Figure 3. Sources of AA released during the simulated digestion of seven feed ingredients. The stacked bars show the contribution (mg) from
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biomass formation. However, the potential impact of
nutritional supplementation on the alternation of pro-
tein yield and fungal growth on bread in SSF requires
further investigation.

4.2. Enzymatic activity

Beyond macronutrient composition, both fungal strains
evaluated in this study exhibited substantial endogenous
hydrolytic enzyme activity. Species such as A. oryzae are
well documented for their ability to secrete both acid and
alkaline proteases [34]. However, protease production
strongly depends on both strain characteristics and culti-
vation conditions, particularly nutrient availability. The
present results demonstrate clear substrate-dependent
modulation of enzyme activity. Specifically, the carbohy-
drate-rich solid bread matrix promoted higher acid prote-
ase activity in BAO than in submerged cultures of AO,
whereas the SmF biomass favored higher alkaline prote-
ase activity in pure N. intermedia compared to BNI. Feed
ingredients enriched with these endogenous enzymes
offer a highly promising functional strategy. Although
subsequent in vivo validation is required, this intrinsic
enzymatic payload has the potential to facilitate more
efficient nutrient utilization [35].

4.3. Antioxidant properties

The analysis of antioxidant compounds indicated higher
initial antioxidant capacities in NI and AO compared with
BNI and BAO. Filamentous fungi are known to produce a

wide range of secondary metabolites, including polyphe-
nols, flavonoids, tannins, and radical-scavenging peptides
[36]. Therefore, compared to stale bread, a higher concen-
tration of fungal bioactive metabolites in fermented prod-
ucts can be expected. Additionally, fungal strains like N.
intermedia are able to produce carotenoid pigments dur-
ing the SSF of bread waste [9]. The presence of carote-
noids in supplemented diets reduces oxidative stress,
which is crucial in aquaculture as fish are frequently sub-
jected to stressful environmental conditions [37,38].

Results obtained in the present study show that the
antioxidant capacity significantly increased after simu-
lated digestion for both BAO and BNI. This trend aligns
with previous studies documenting increased total phen-
olic content, flavonoids, and overall antioxidant activity
following SSF by A. oryzae using oat as a substrate [39].
In vitro fish digestion models further demonstrate that
digestive enzymes can increase the bioaccessibility of
phenolic compounds by releasing them from the food
matrix [40]. In the current study, a higher liberation of
antioxidants after in vitro digestion was evident for SSF
products. Although research on mycelium-bread compo-
sites remain limited, this effect is most likely driven by
enzymatic degradation of the complex matrix during
digestion, particularly by gastric proteases.

4.4. Digestibility

The simulated gastrointestinal models demonstrated
higher AA bioaccessibility for the pure fungal mycelium
products compared with both the mycelium-bread
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composites and conventional feed ingredients. This
superior release, indicating higher potential bioavailabil-
ity, was observed consistently across both fish digestion
models. This strongly aligns with results obtained with
in vitro digestion models in humans, which demon-
strated exceptional AA bioaccessibilities of 92.8% and
81.8% for AO and NI, respectively [15]. Furthermore, AO
and NI exhibited a substantially faster initial release of
AAs during the simulated gastric phase than the conven-
tional ingredients did (FM, SBM, and WGM). This rapid
early hydrolysis is likely attributable to the abundant acid
proteases present in both pure fungal strains [34,41].

In addition, the in vitro model allowed for an estima-
tion of relative enzymatic contributions. Results evi-
denced that protein hydrolysis in conventional
ingredients was dependent on the fish’s endogenous
enzymes, while mycelium-based ingredients demon-
strated a proportionally lower reliance on host enzym-
atic extract. Instead, a substantial contribution from the
ingredients’ exogenous enzymes was observed, particu-
larly in NI and BAO. This finding aligns with the estab-
lished enzyme profiles (Table 4), where NI and BAO
exhibited the highest acid protease activities.
Remarkably, AO and NI maintained consistent AA
release rates during the simulated intestinal phase. This
continued release suggests that the fungal enzymes
remain active despite pH changes, thereby facilitating
subsequent hydrolysis.

Another key factor contributing to AA bioaccessibil-
ity is the substantial presence of FAAs in fungal-based
ingredients. Fraction analysis showed that the myce-
lium-based ingredients contained significantly higher
initial FAAs compared with conventional ingredients, a
characteristic typical of pure AO and NI biomasses [15].
These preexisting FAAs can provide immediate nutri-
tional value, as they do not require prior enzymatic
breakdown. FAAs have demonstrated positive impacts
on feed intake, metabolism, and stress resistance in dif-
ferent fish species [42-44].

While the protein bioaccessibility of BAO and BNI
was lower than that of the pure fungal biomass, both
composites still outperformed conventional ingredients.
Raw cereals inherently contain various antinutritional
factors (ANFs), such as protease inhibitors and tannins,
which can interfere with protein hydrolysis [45,46].
Although A. oryzae and N. intermedia are documented
to degrade these compounds during SSF [47,48], the
unfermented portion of the substrate may retain
residual ANF activity that inhibits complete protein
breakdown. However, the specific content and types of
ANFs potentially present in cereals remained undeter-
mined in the ingredients evaluated in this research.
Future studies should therefore include direct ANF
quantification to optimize the bioconversion process
and fully validate these nutritional improvements.

The dynamics of protein hydrolysis under simulated
conditions highlighted distinct differences between the

rainbow trout and Nile tilapia models. The rainbow
trout model exhibited higher relative protein bioacces-
sibility, likely reflecting a closer alignment between the
simulated gastric pH (4.0) and the estimated optimal
activity range (pH ~3.0) for fungal acid proteases [49].
In contrast, the Nile tilapia model utilized a higher gas-
tric pH (5.5), which falls farther outside this optimal
range, thereby limiting the efficacy of the fungal acid
protease payload. Similarly, the higher intestinal-phase
pH of 8.4 in the trout model appeared to better sup-
port enhanced alkaline protease efficiency compared to
the 7.4 pH used in the tilapia model. These results sug-
gest that the functional benefits of mycelium-based
ingredients (specifically, their inherent auto-hydrolytic
potential) may be most pronounced in carnivorous spe-
cies or models characterized by highly acidic gastric
environments. The inherent enzymatic payload of these
ingredients offers a promising functional strategy for
aquaculture, potentially reducing the need for costly
commercial enzyme supplementation [50,51].

Several limitations of this research must be acknowl-
edged. First, the simulated digestion utilized a static
in vitro model. While effective for isolating enzymatic
variables, this model cannot replicate the physiological
complexity of live fish. It lacks dynamic features such as
active nutrient transport, hormonal regulation, and
microbiome interactions. Second, the study lacked
in vivo validation. Consequently, the impacts on actual
growth performance and feed conversion ratios remain
theoretical. Finally, the specific concentrations of
residual ANFs were not quantified. Future research
should prioritize direct ANF measurements and tar-
geted feeding trials. These steps are necessary to fully
validate the nutritional efficiency of upcycled fungal
ingredients in commercial aquaculture diets.

5. Conclusion

This study indicates that products derived from
Aspergillus oryzae and Neurospora intermedia possess
significant potential as functional aquafeed ingredients.
By upcycling carbohydrate-rich food waste such as stale
bread, these fungal products provide protein levels
competitive with conventional sources and deliver
FAAs. The exceptional in vitro AA bioaccessibility
observed for fungal biomass is attributed to the robust
auto-hydrolytic capacity of fungal protease. While the
pure mycelium biomass exhibited higher bioaccessibil-
ity than the mycelium-bread composites, the latter still
outperformed conventional reference ingredients. This
difference highlights the need to optimize SSF to fur-
ther reduce residual antinutritional factors. Ultimately,
these fungal ingredients appear to function as both a
nutrient-dense protein source and a digestive aid,
potentially reducing the requirement for exogenous
enzyme supplementation. While in vivo trials are
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necessary to confirm these physiological benefits, these
results strongly support the use of upcycled fungal bio-
mass to improve feed efficiency and sustainability in
aquaculture.
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