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Cheese whey is an industrial by-product that is generated in excess during the
cheese production process in the dairy industry. Despite the potential utility
of whey, it continues to pose environmental threats in the industry. This study
comprehensively evaluates the utilization of two fermentation techniques
(solid-state fermentation and submerged fermentation) for producing fungal
biomass from cheese whey powder, employing Asperqillus oryzae, Rhizopus
oryzae, and Neurospora intermedia for sustainable food production. It has
been observed that submerged fermentation is more effective in increasing the
protein content of whey powder compared to solid-state fermentation. The
highest biomass yield was achieved with A. oryzae (5.29 g/L, 0.176 g biomass/g
substrate), followed by N. intermedia (3.63 g/L, 0.121 g biomass/g substrate), and
R. oryzae (1.9 g/L, 0.063 g biomass/g substrate). In the bubble column reactor,
the protein content of the substrate (78.65 g/kg) increased by 165.54 and 176.69%
with A. oryzae (208.85g/kg) and N. intermedia (217.62 g/kg), respectively. This
study has demonstrated that whey powder can be converted into protein-rich
biomass through fungal bioconversion. The obtained biomass has the potential
to be developed as an alternative food and feed source, contributing to waste
management and sustainable food production.

KEYWORDS

dairy by-products, mycoprotein, bioconversion, waste management, sustainability,
alternative food

1 Introduction

The increasing food demand in parallel with the human population growth will pose
growing challenges in accessing a diet that contains sufficient nutrients in the future. Moreover,
the availability of current plant and animal-based food sources is climate-dependent and can
have long-term adverse effects on the environment. The anticipated challenges to be faced in
the future have accelerated efforts to explore alternative sources for transitioning towards a
more sustainable diet (Gastaldello et al., 2022). The Food and Agriculture Organization (FAO)
defines a sustainable diet as one that has a minimal environmental footprint while promoting
food and nutrition security and ensuring the well-being of both current and future generations
(Atta-Delgado et al., 2023). In recent years, researchers have focused towards investigating the
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biomass obtained from filamentous fungi due to their significant
nutritional content for global food sustainability (Derbyshire
etal., 2023).

In cheese making, whey is the greenish-yellow liquid that
separates from the curd when milk, cream, and/or skimmed milk
coagulate with the addition of acid or rennin enzyme (Karagiil-Yiiceer
etal, 2003; Sen and Yiiceer, 2019). Typically, 9kg of whey is generated
during the production of 1kg of cheese (Valdez Castillo et al., 2021).
While whey is edible, it becomes the primary pollutant in the dairy
industry if left untreated due to its rich composition (Zotta et al., 2020;
Sar et al,, 2022a). The untreated release of cheese whey, characterized
by high organic and inorganic loads, poses environmental risks such
as water body eutrophication, increased biochemical oxygen demand
(BOD), soil structure accumulation, and elevated salt levels in
environmental matrices (Meng et al., 2020; Valdez Castillo et al.,
2021). Despite these challenges, whey finds extensive application in
advancing food and feed product development, with ongoing research
endeavors exploring its potential across diverse domains. Presently,
50% of whey is utilized in its liquid form, 30% is converted into
powder, 15% is used for lactose and by-products, and the remaining
portion is processed into protein concentrates (Barba, 2021). The
powdered form of whey offers various advantages, such as ease of
transportation, convenient transfer to production facilities, and the
ability to be stored for extended periods under room conditions
(Dominguez-Nino et al., 2018). In addition, cheese whey, owing to its
lactose content, remains a substrate with high potential for
transformation into value-added products through microbial
fermentation (Meng et al., 2020). Recent published studies tested
cheese whey as a substrate for microorganisms to synthesize various
microbial compounds such as biomass, single-cell oil (microbial oil),
lactate, ethanol, microbial biosurfactants, and organic acids (Sar
etal., 2022a).

Filamentous fungi, composed of thread-like branched structures
known as hyphae, can break down monomers in complex substrates
and convert them into valuable products such as biomass (high in
protein), organic acid, pigment, enzymes, alkaloids, and antibiotics
(Amara and El-Baky, 2023; Niego et al., 2023). Various genera of
filamentous fungi, including Aspergillus, Trichoderma, Fusarium,
Mortierella, Mucor, Umbelopsis and Rhizopus, have been used in
biotechnology applications (Dzurendova et al,, 2021; Wikandari et al.,
2023). The traditional use of filamentous fungi in food production dates
back 3,000years (Barzee et al., 2021). For instance, starter cultures,
A. oryzae and A. sojae, employ their enzymes to break down soybeans,
facilitating the formation of specific aroma compounds in koji and soy
sauce. Additionally, N. intermedia is used in the production of Oncom,
a soybean-based product, in the Indonesian island of Java (Mahboubi
etal, 2017a,b). It has been reported that the fungal biomass produced
can serve both as a human dietary supplement and as animal feed
(Uwineza et al., 2021). Moreover, researchers have conducted numerous
studies on the production of valuable products, including protein
sources derived from the biological conversion of filamentous fungi
using food waste and/or by-products as substrates (Mahboubi et al,
2017a; Souza Filho et al,, 2018; Aruna, 2019; Hashempour-Baltork
etal., 2020; Svensson et al., 2021; Borujeni et al., 2022; Yang et al., 2022).

The potential applications of whey for producing bioethanol,
enzymes, and various organic acids have been extensively investigated
(Saretal,, 2017; Karim and Aider, 2022; Sar et al., 2022a). Additionally,
microbial oil has been extracted from filamentous fungal biomass
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produced from whey (Vamvakaki et al., 2010; Carota et al., 2018; Chan
etal., 2018). However, although research on protein production from
whey remains limited, obtaining fungal biomass and protein from
whey is promising (Mahboubi et al., 2017a). Hashemi et al. (2022) also
stated that fungal biomass can be produced by using co-substrate of
whey and vinasse. Therefore, this study aims to investigate the effects
of cheese whey powder on fungal protein-rich biomass production. In
fungal cultivation, biomass and protein yields vary depending on
factors such as the type of fermentation [solid-state fermentation (SSF)
and submerged fermentation (SmF)], the fungal species, incubation
period, and the pH conditions (Souza Filho et al., 2017; Gmoser et al.,
20205 Sar et al, 2022b). The research focused on a comparative
examination of A. oryzae, N. intermedia, and R. oryzae for biomass
production from cheese whey powder, involving a comprehensive
analysis of two fermentation techniques (SSF and SmF), to efficiently
utilize the substrate. Cheese whey powder, both UV-sterilized and
non-sterilized, was incubated at varying moisture levels (40, 50, and
60%) and incubation times (4, 7, and 10 days) to compare the growth
of tested fungal strains in SSE. In the cultivation of fungal strains in
SmF, three different fungal species were comparatively examined
under two different pH conditions (non-controlled pH, and controlled
pH 5.0).Then, the fungal cultivation was scaled up to 4.5L capacity
buble-column bioreactor. The biomass yield and protein content of the
obtained fungal biomass were determined for their potential
utilization as sustainable food. This research aims to contribute to the
assessment of feedstocks for resource recovery and protein production
by exploring microbial conversion strategies applied to cheese
by-products generated within the dairy industry.

2 Materials and methods
2.1 Filamentous fungal strains

Aspergillus oryzae var. oryzae CBS 819.72 (Centraalnureau Voor
Schimmelcultures, Utrecht, The Netherlands), Rhizopus oryzae CCUG
61.147 (Culture Collection, University of Gothenburg, Sweden), and
CBS 131.92
Schimmelcultures, The Netherlands) were selected to carry out the

Neurospora  intermedia (Centraalbureau voor
fermentation. The fungal strains were maintained on the plate of PDA
(Potato Dextrose Agar). The medium contained 4 g/L potato extract
(Sigma Aldrich, Buchs, Switzerland), 20 g/L glucose (Fisher Scientific,
Loughborough, UK) and 15g/L agar (Sigma, Buchs, Switzerland). To
prepare the fungal inoculation, the pre-grown PDA plates were flooded
with 20 mL of sterile distilled water, carefully scraped the spores using
an L-shape sterile disposable plastic spreader, and the spore suspension
was collected in a sterile falcon tube. Then each newly prepared PDA
plate is inoculated with 100 puL spore suspension and spread using an
L-shape sterile disposable plastic spreader. The fungal PDA plates were
incubated at 30°C for 3days and then stored at 4°C. The spore
suspension was added to the substrate to reach a concentration ranging
from 2 x 10° to 5 x 10° spores/mL (Sar et al., 2022b).

2.2 Substrate

Cheese whey powder collected from a cheese manufacturing
(ENKA, Konya, Tiirkiye) was used throughout the study. The whey
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powder used in the study contains 86.32% lactose (ENKA, Konya,
Tiirkiye). The characterization of cheese whey powder is also presented
in Table 1.

2.3 Fungal cultivation

2.3.1 Solid state fermentation (SSF)

Solid-state fermentation of each fungal strain was carried out on
UV-sterilized and non-sterilized cheese whey powder, with three
different substrate moisture contents (40, 50 and 60%). UV
sterilization was achieved by spreading 10 grams of cheese whey
powder into a petri dish as a thin film and then exposing it to UV for
20 min. The substrate in each plate was then aseptically inoculated
with 2mL of spore suspension and then incubated in a climate cabinet
(Memmert, Germany) at 35°C for 10days (90% RH, 35% Light). All
plates were photographed on days 4, 7 and 10 of the fermentation. The
biomass on plates was dried using an oven at 50°C for 24 h to obtain
dry biomass. The dried biomass samples were powdered with a
grinder (Bosch Coffee Grinder, Germany) and the powdered samples
were stored for use in protein analysis.

2.3.2 Submerged fermentation (SmF)

Fungal cultivation under SmF was conducted in 250 mL cotton
plugged shake flasks containing 100mL of 3% (w/v) cheese whey
powder prepared with distilled water. The prepared substrates were
sterilized before fungal inoculation in an autoclave at 121°C for 20 min
(VX-95, Systec, Linden, Germany). In submerged fermentation,
fungal growth was assessed at two distinct pH levels, namely initial
pH (5.70, non-controlled pH) and controlled pH (5.0), for each
microorganism. Each flask was then inoculated with a 2mL fungal
spore suspension, and cultivation was performed at 35°C in a water
bath shaker (Grant Instruments Ltd., Cambridge, UK) at 125rpm.
After the 6, 24, 30, and 48h of incubation, the substrate pH was
adjusted to 5.0 with 2M H,SO,. The wet fungal biomass was harvested
by sieving through a screen after 48h of cultivation. The harvested
biomass was washed with water, and dried in a freeze dryer (Labconco,
United States).

TABLE 1 Characterization of the cheese whey powder used in the study.

Parameters ‘ Value
pH 6.45+0.01
Moisture content (%) 1.83+0.02
Total solids (g/kg)* 981.72+0.21
Volatile solids (g/kg) 889.44+0.81
Ash (g/kg) 72.11+0.48
Crude Protein (g/kg)" 78.65+1.48
Total Nitrogen (g/kg) 12.58+0.24
Lactose (%) 86.32+1.00

“The results represent whey powder dried at 50°C.
"Crude protein =N x 6.25. Results were expressed as mean values + standard deviation.
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2.3.3 Cultivation in bubble column reactors (4.5L
capacity)

Cultivation of two fungal strains (A. oryzae and N. intermedia)
was carried out in 4.5 L bench-scale bubble column reactors (Belach
Bioteknik, Stockholm, Sweden). The bioreactors were filled with 3L
of substrate that contained 3% (w/v) of cheese whey powder (initial
pH adjusted to 5.0 with 2M H,SO, [Sigma-Aldrich, Darmstadt,
Germany)] and were sterilized at 121°C for 20 min. Then, the media
were inoculated with 20mL/L of fungal spore suspension, and the
cultivation was set at 35°C with an aeration rate of 1.0 vvm (volume
of air per volume of medium per minute). The pH was continuously
adjusted by pumping either 2M H,SO, or 2M NaOH solutions using
peristaltic pumps. The biomass was harvested after 48h and
subsequently subjected to freeze-drying at 0.05bar and —50°C prior
to analysis.

2.4 Substrate and fungal biomass
characterization

The levels of total solids, volatile solids and ash of cheese whey
powder (CWP) were determined according to Braho et al. (2024). The
protein content was analyzed by Kjeldahl method and a factor of 6.25
was used to determine the crude protein content (Sar et al., 2022b).

2.5 Statistical analysis

Data were presented as means * standard error of the mean based
on duplicate parallel experiments. The statistical significances were
analyzed by one-way analysis of variance (ANOVA) (p < 0.05) using
SPSS 23.0 (SPSS Inc., Chicago, IL, United States). The differences
between the samples, and the pairwise comparisons were made using
Duncan’s multiple range test.

3 Result and discussion

In this study, fungal biomass production from cheese whey
powder was evaluated using both solid-state fermentation and
submerged fermentation through A. oryzae, R. oryzae and
N. intermedia. The study investigated the effects of cheese whey
powder moisture content and incubation duration on fungal growth
under SSE In SmE the influence of varying pH conditions on fungal
growth was examined in shake flasks. Then, fungal biomass yields, and
their protein contents were comparatively analyzed. Subsequently,
fungal biomass production was scaled up to the level of 4.5-liter
capacity bubble column bioreactor and potential applications of the
produced biomass were evaluated.

3.1 Characterization of CWP

The characterization of cheese whey powder is presented in
Table 1. Previous studies have reported that the pH range of cheese
whey can vary within the range of 3 to 9 (Prazeres et al., 2012). It was
determined that the pH of the cheese whey powder (6.45) used in this
study was within the range. While the protein content in a typical
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cheese whey composition is reported to be a minimum of 12%
(Chegini and Taheri, 2013), the analyzed cheese whey powder in this
study was determined to have a protein content of 7.8%. The quantity
of cheese whey proteins varies depending on the source of cheese
whey (cheese type, type of milk), the cheese production process, and
the processes and conditions employed during cheese whey powder
production (Pires et al., 2021).

3.2 Fungal cultivation

3.2.1 Fungal cultivation in solid-state
fermentation

Initially, three fungal strains were cultivated in both UV-sterilized
and non-UV-sterilized whey powder, and varying moisture contents,
for 10 days,. Photographs of all petri plates were taken throughout the
incubation period (days 4, 7, and 10; Figure 1). No visual growth
differences were observed between UV-sterilized and non-UV-
sterilized petri plates for all fungal species. Optimum growth for
N. intermedia occurred with whey powder substrate containing 40%
moisture, while the ideal moisture level for A. oryzae and R. oryzae
was 60%. Visually, an increase in the incubation period corresponded
to enhanced microbial growth for all fungal strains. The growth period
of R. oryzae was 7 days, and that of A. oryzae and N. intermedia was
10days. However, it was determined that all these factors did not
increase the substrate’s protein content (Table 2). Gmoser et al. (2020)
reported that the observed increase in protein content after SSF was
attributed to the metabolic activity of the fungi during growth and the
decomposition of the substrate into H,O and CO,. The lack of an
increase in protein content in the current study may be attributed to
fungus’ insufficient access to nutrients in the substrate for its growth.
To solve this problem, blending whey powder with porous products,
such as bread, could be more suitable for SSF (Gmoser et al., 2020).
Moreover, according to the results of this study, growth was observed
on the petri-dish surface for all tested fungal species. Therefore, whey
powder has the potential to serve as an alternative to commercial
culture media used for fungi, such as potato dextrose agar and malt

10.3389/fsufs.2024.1386519

extract agar. Similarly, Macwan et al. (2018) also reported that the use
of cheese whey as a culture medium for biomass production by lactic
acid bacteria offers a cost-effective alternative compared to
commercial media.

3.2.2 Fungal cultivation in submerged
fermentation

During submerged fungal cultivation, the growth at two
parameters, namely non-controlled pH (pH 5.7) and controlled pH
(pH 5.0) was evaluated for A. oryzae, R. oryzae, and N. intermedia.
After 48h of cultivation under non-controlled pH conditions, the
lowest pH (6.73) was observed with N. intermedia (Figure 2A). For
A. oryzae (8.02) and R. oryzae (7.97), the final pH of the medium was
similar at the end of the cultivation. Similarly, under controlled pH
conditions, the lowest pH at the end of cultivation was measured in
N. intermedia (5.49), while the final pH values for A. oryzae and
R. oryzae were 7.19 and 6.77, respectively (Figure 2B). The low pH
observed at the 48 h of cultivation in N. intermedia might be associated
with the formation of organic acids such as pyruvic acid and acetic
acid, which contribute to the biosynthesis of various compounds,
including bioethanol (Restiawaty et al., 2023).

The biomass production at both pH parameters exhibited
statistical differences among the fungal species (Figure 3A). The
highest fungal biomass amount (based on dry weight) after the
cultivation was obtained under controlled pH conditions for all test
fungal species. The highest amount of biomass was observed for
A. oryzae under controlled pH (5.29 g/L, p <0.05) and non-controlled
pH (3.25g/L, p<0.05) conditions.

In the current study, the high biomass yield harvested from the
controlled pH substrate of Aspergillus oryzae can be correlated with
high enzyme activity. In fungal biomass cultivation with A. oryzae, pH
varies depending on the substrate used. For example, pH 5.2 in olive
oil mill wastewater (OOMW) (Sar et al.,, 2020a) and pH 5.0 in
pomegranate peel (Braho et al., 2024), while pH 6.5 in fish processing
wastewater (Sar et al., 2021) and vinasse (Karimi et al., 2019) increased
biomass yield. Nair et al. (2016) observed that pH is a significant factor
in the pellet formation of the N. intermedia strain and determined that

FIGURE 1

UV-sterilized whey powder cultivated through solid state fermentation using fungal strains (Ao, A. oryzae; Ro, R. oryzae; Ni, N. intermedia) with
different incubation times (day 4, 7 and 10) and varying moisture contents. (A) 40%, (B) 50%, and (C) 60%.
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the biomass yield increased at the optimum pH of 5.5. It was also
observed that when the R. delemar was grown on potato protein
liquor, higher amounts of fungal biomass were obtained at acidic pH
values, with higher protein yield at pH levels of 4.0-4.5 (Sar et al.,
2022b). It can be stated that slightly acidic conditions (pH 5.0), as
obtained in this study, can be considered ideal for fungal biomass
production for cheese whey. Although A. oryzae and N. intermedia are
both members of the Ascomycetes, they exhibited differences in
biomass yield under the same conditions. A similar trend was also
observed in OOMW with 8.02g/L biomass obtained by cultivating
A. oryzae, while 2.1 g/L biomass was obtained with N. intermedia (Sar
et al,, 2020a). Differences were also observed between A. oryzae and
N. intermedia grown on pomegranate juice and peel (Braho et al,
2024) and dairy by-products (Mahboubi et al., 20172). In a study
investigating the growth of different filamentous fungal strains in pure
olive oil, A. oryzae showed superior performance compared to
N. intermedia and R. oryzae in terms of biomass growth (Nazir et al.,
2022). In another study, 19g/L and 14 g/L biomass were obtained from
A. oryzae and N. intermedia grown in thin stillage, respectively
(Ferreira et al.,, 2014). Although N. intermedia yields a lower amount

10.3389/fsufs.2024.1386519

of biomass, it contributes to the development of bioprocesses with
high protein yield and ethanol production (Ferreira et al., 2014;
Parchami et al., 2021).

The hydrolysis of lactose into glucose and galactose in fungi is
associated with galactosidase activity (Tonelotto et al., 2014; Kamran
et al, 2017). Mahboubi et al. (2017a) proposed that galactosidase
activity may vary within the pH range among Ascomycetes strains.
According to their study, galactosidase produced by A. oryzae
demonstrated higher expression/activity at pH <5, while the
galactosidase produced by N. intermedia exhibited similar expression/
activity within the pH range of 4-6. Various studies also reported the
galactosidase activity of R. oryzae (Battaglia et al., 2011; Gajdhane
et al, 2016). However, in the study conducted by Seyis and Aksoz
(2004), it was determined that the galactosidase activity of Rhizopus
sp. was low (less than 10 U/mL) during submerged fermentation on a
substrate containing lactose. The low R. oryzae biomass obtained in
this study may be related to the low galactosidase enzyme activity of
the strain. Another factor affecting biomass production is pH changes,
especially pH increases, during the cultivation. Souza Filho et al.
(2017) reported that high ammonia concentration ammonia resulting

TABLE 2 The protein content of whey powder cultivated through solid-state fermentation using A. oryzae, R. oryzae and N. intermedia.

Moisture content (%)

Incubation time (days)

Protein content (g/kg)

A. oryzae R. oryzae N. intermedia
7 40 53.24+4.15* 65.34%0.33 65.73£0.55
50 79.97+0.85 * 65.73+0.55 63.69+5.72°
60 6534033 ¢ 65.340.33 68.7010.88°
10 40 53.24+4.15* 65.51+8.22 65.56+0.37"
50 55.49%0.19° 58.39+1.69 69.91+4.32°
60 67.14%3.15° 52.78+3.42 65.11+2.60°

Different letters in the same column indicate significant difference (p <0.05) between the incubation period and moisture content. However, there is no significant difference for R. oryzae

(p>0.05). Results were expressed as mean values + standard deviation.
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FIGURE 2

Profiles of pH during 48 h cultivation of fungal strains in 3% cheese whey powder under non-controlled pH (A) and controlled pH at 5.0 (B) conditions.
Error bars indicate sample standard deviations, which were determined individually for each average.
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FIGURE 3
The levels of biomass mass concentration (A) and protein contents (B) of fungal strains (A. oryzae, R. oryzae, and N. intermedia) in 3% cheese whey
powder under non-controlled pH and controlled pH at 5.0. Different letters among columns of the same color indicate significant differences
(p<0.05). Error bars indicate sample standard deviations, which were determined individually for each average.

from the final pH being alkaline (7.0-8.0) stopped the growth of
R. oryzae. In this study, pH reached 6.97 after 24 h and 7.80 after 48h
of incubation for R. oryzae in whey substrate (Figure 2A). Although
lower pH increases were observed in R. oryzae under controlled pH
conditions, pH exceeded 6.50 after 48h (Figure 2B). Additionally,
Ibarruri and Hernandez (2019) explained the decrease in biomass
yield despite increasing whey concentration by proposing that the
high concentration of lactoferrin and derived peptides in whey (>
1g/L of whey) could potentially lead to the inhibition of R. oryzae.

In this study, the protein contents of fungal biomasses derived from
A. oryzae, R. oryzae, and N. intermedia were investigated under varying
pH conditions. Notable differences in protein levels among the strains
were revealed by finding results. Under controlled pH conditions, the
protein content of A. oryzae biomass was found to be 299.20 g/kg, while
R. oryzae exhibited a slightly lower content at 265.31 g/kg. In contrast,
a significantly higher protein content was displayed by N. intermedia
under the same conditions. Further analysis indicated that biomass
with higher protein levels was consistently produced by N. intermedia
compared to the other strains, regardless of pH conditions. Specifically,
both controlled pH (379.26 g/L) and non-controlled pH (385.23 g/L)
conditions resulted in elevated protein levels for N. intermedia
(p <0.05). However, no significant difference in protein levels between
controlled and non-controlled pH conditions was observed for
A. oryzae and R. oryzae. Regarding biomass production, the highest
yield was demonstrated by A. oryzae at 5.29 g/L, while N. intermedia
showed the most significant increase in protein yield, reaching a 4.89-
fold increase compared to initial levels. Overall, the potential of
utilizing cheese whey powder through SmF to enhance protein content
in fungal biomass is highlighted by our study. This increase is attributed
to the production of protein-rich fungal biomass and efficient nutrient
utilization from the substrate (Kumitch et al., 2020).

3.2.3 Fungal cultivation in bubble column
reactors

Among three different filamentous fungi, the highest biomass and
highest protein levels in shake-flasks were obtained by A. oryzae and
N. intermedia, respectively (Figure 3). Therefore, the fungal biomass and
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crude protein content of A. oryzae and N. intermedia were compared
under controlled pH conditions in both Erlenmeyer flasks (250mL
capacity) and bubble column reactors (4.5 Liter capacities) (Figures 4,
5). Furthermore, pH changes were examined throughout the cultivation
period of both fungal species in both flasks and bioreactor systems
(Figure 6). Throughout the cultivation period, pH measured lower in the
bioreactor scale than in Erlenmeyer-scale for fungal species. However,
the final pH for Neurospora increased to 5.49 in the Erlenmeyer-scale,
while it decreased to 4.63 in the bioreactor scale (Figure 6B).

The biomass yield harvested from the Erlenmeyer flasks for
N. intermedia, which was 3.63 g/L, was increased to 6.39¢g/L at the
reactor scale. For A. oryzae, the biomass level increased from 5.29g/L
to 7.05g/L (Figure 7A). In a study conducted by Mahboubi et al.
(2017a), 0.27 g biomass/g substrate by Aspergillus oryzae and 0.12g
biomass /g substrate by N. intermedia were obtained from cheese
whey. In this study, the biomass yield of A. oryzae obtained from
cheese whey powder (0.23 g biomass/g substrate) was in accordance
with that reported by Mahboubi et al. (2017a), while a higher biomass
yield of N. intermedia (0.21g biomass/g substrate) was obtained
compared to same study. In the present study, fermentation was
conducted at pH 5, whereas Mahboubi et al. (2017a) studied within
the pH range of 4-7. Therefore, the difference in N. intermedia biomass
yield efficiency may be attributed to the fermentation pH. It was
determined that the protein values of the biomass obtained from
bioreactor-scale were lower (30.19% for A. oryzae, 43.50% for
N. intermedia) than those obtained from Erlenmeyer-scale (Figure 7B).
This phenomenon can be attributed to the rapid fungal growth leading
to decrease in crude protein levels under aeration conditions (Sar et al.,
2020b, 2022a). It is also suggested that the aeration rate could play a
significant role in yields of biomass and protein (Ferreira et al., 2015).

3.3 Sustainable food production
Waste management is consistently regarded as a costly process in

terms of investment and/or operational expenses. However, the
addition of a new product to the process will yield a positive economic
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Production Wet Biomass

FIGURE 4
The representation of the morphology of the wet and dry A. oryzae biomass obtained from (A) shake flasks and (B) bubble column bioreactor.

Production Wet Biomass
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FIGURE 5
The representation of the morphology of the wet and dry N. intermedia biomass obtained from (A) shake flasks and (B) bubble column bioreactor.
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impact for facilities (Mahboubi et al., 2017a). Cheese whey, particularly
arising in dairy operations, is a product with high potential
(Dominguez-Nifo et al., 2018). Cheese whey serves as a suitable
substrate for fungal bioconversion due to its nutritional content.
Considering the results obtained in this study, it is believed that
transforming it into a product with enhanced nutritional value through
fermentation will yield greater advantages. Worldwide, the annual
cheese production is estimated to be 20.5 million tons, resulting in
approximately 185 million tons of whey production (Dominguez-Nino
etal, 2018). Accordingly, only 55.5 million tons of whey are converted
into cheese whey powder each year. According to the analysis results,
this value is equivalent to an annual biomass production up to
1 million tons for A. oryzae and N. intermedia (I'igure 8). From a
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protein perspective, it can be estimated that through bioconversion,
215 thousand tons of protein can be obtained annually with A. oryzae,
and 200 thousand tons of protein with N. intermedia (Figure 8).
Upon evaluating fungal biomass cultivation in cheese whey powder,
it is observed that the protein content of A. oryzae (20.86+0.71%) and
N. intermedia (21.76 +2.08%) is inferior to beef but similar to chicken
meat (20.96-21.82%, Taskiran et al., 2020). Nevertheless, the biomass
produced in the study exhibits a higher protein content compared to
that of cereals (8-15%). Moreover, the protein content of the studied
N. intermedia biomass was similar to the protein content of traditionally
produced red Oncom (24.16%, Andayani et al., 2020) using the same
strain and visually exhibited a similar color. This could be an alternative
to Oncom, which is produced from whey produced by N. intermedia.
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FIGURE 8

Sustainable food production from dairy industry by-products through submerged fermentation by A. oryzae and N. intermedia.

Hence, evaluated in terms of biomass yield and protein content,
the fermentation of cheese whey powder by A. oryzae and
N. intermedia may provide advantages in waste management and
sustainable food production.

4 Conclusion

Filamentous fungi are promising producers of protein-rich, high-
quality biomass suitable for both animal/fish feed or human
consumption. Among the three fungal strains tested, submerged
fermentation was determined to be the most suitable fermentation to
convert whey powder into protein-rich fungal biomass. Up to 0.235g
of biomass and 0.046 g of protein per gram of substrate were obtained
when growing A. oryzae and N. intermedia on whey powder in the
bubble-column reactor. Whey powder, a by-product of the dairy
industry, could serve as a potential substrate for biotransformation to
increase its nutritional value and transform it into an alternative
food source.
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