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Abstract
Pomegranate, renowned for its delectable taste and remarkable nutritional profile, has witnessed a surge in both production 
and consumption. However, the by-products generated during industrial processes, such as peels and seeds, have the potential 
for adverse environmental impacts if not meticulously managed. Similarly, expired fruit juices or spillages that may occur 
during manufacturing and transportation contribute to agri-food waste. This study focused on the comprehensive assess-
ment of pomegranate by-products and pomegranate juice using ascomycetes and zygomycetes filamentous fungi, namely 
Aspergillus oryzae, Rhizopus oligosporus, and Neurospora intermedia to obtain mycoprotein for sustainable vegan food 
production. The findings revealed that pomegranate juice, both fresh and expired commercial, contained essential nutrients 
for fungal biomass production (up to 0.024 g biomass/mL juice). Nonetheless, fresh juice emerges as a more potent medium 
in terms of protein production than commercial juice. Cultivating A. oryzae yielded a biomass of 0.39 (g biomass/g peel) 
from pomegranate peel, while concurrently raising the protein content of raw pomegranate peel from 30.89 g/kg to 85.41 g/
kg. Furthermore, incorporating yeast extract into the peel medium not only resulted in an enhanced biomass yield of 0.49 (g 
biomass/g peel) but also significantly elevated the protein content to 198.63 g/kg. This study provides valuable insights into 
the potential of pomegranate peel and juice as promising substrate for fungal biomass production, offering opportunities for 
the development of innovative food and feed products.
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Introduction

The global human population has reached 8 billion individu-
als, and this demographic growth has significant implica-
tions for both the economy and the environment. One of the 
most critical challenges faced by humanity is ensuring suf-
ficient access to food for everyone. As the demand for food 
increases due to population growth, various economic and 
environmental issues arise in the effort to meet this demand 
[1]. The food waste sector contributes substantially to envi-
ronmental problems. Industries face mounting pressure from 
the public to adopt environmentally conscious practices and 
implement sustainable measures. It is crucial to assess and 
address food waste to minimize its environmental impact 

and promote a circular economy. Biological conversion of 
food by-products presents a promising approach to address 
this issue. The nutrients in food by-products can be con-
verted into a range of valuable products using microorgan-
isms [2]. This method holds significant potential for valor-
izing food by-products and reducing its environmental waste 
pollution. Fruit juice industry generates substantial amounts 
of by-products, particularly seed and peel of fruits [3]. These 
by-products could serve as a valuable resource for future 
valorization efforts.

Pomegranate (Punica granatum L.) by-products make up 
an important part of the industry’s waste due to they being 
rich in antioxidants such as flavonoids and phenolic com-
ponents. There are a few cases where pomegranate peel is 
used in the food industry as a natural preservative [4, 5] or 
as a source of functional ingredients [6]. The potential health 
benefits and antioxidant effects of phenolic compounds such 
as punicalagin and ellagic acid from pomegranate are par-
ticularly noteworthy [7]. Moreover, pomegranate by-prod-
ucts (peel and seed) have been proven to have antibacterial, 

 * Taner Sar 
 taner.sar@hb.se

1 Swedish Centre for Resource Recovery, Department 
of Resource Recovery and Building Technology, University 
of Borås, 50190 Borås, Sweden

http://orcid.org/0000-0003-2369-9638
http://crossmark.crossref.org/dialog/?doi=10.1007/s43393-023-00212-0&domain=pdf


676 Systems Microbiology and Biomanufacturing (2024) 4:675–686

1 3

anti-inflammatory, antiviral, and anticarcinogenic proper-
ties in both in vivo and in vitro investigations [8, 9]. Their 
secondary metabolites called antioxidants have a variety of 
functions, e.g., anthocyanins serve as UV protection compo-
nents, and osmotic pressure regulators [10, 11]. As a result, 
several pomegranate fruit components have gained popular-
ity for identifying the health benefits of pomegranate.

The filamentous fungi Aspergillus oryzae, Rhizopus oli-
gosporus, and Neurospora intermedia are considered as 
generally recognized as safe (GRAS) [12] and also edible. 
These fungi can grow on a variety of substrates due to their 
diverse enzymatic mechanisms, which include the genera-
tion of cellulase, xylanase, protease, and lipase [9]. As a 
result of their capacity to generate lipases, which convert 
fat into short-chain fatty acids and esters with uses in a vari-
ety of industrial sectors, they have the potential to valorize 
a large variety of substrates starting with food waste [13]. 
Fungi can also grow on several kind of fruit by-products, 
grape pomace, olive oil mill wastewater, citrus by-products, 
and carrot pomace [14–17]. Fungi contribute to fulfilling 
the requirements of Agenda 2030 by taking part in seven 
goals set in this agenda [18]. They are widely applied in 
the creation of human-fermented foods such as red kojic 
rice, tempeh, soy sauce, rice wine, and Chinese liquor and 
can open the door to the development of fungal-based prod-
ucts for feed and food applications. The production of fungi 
using pomegranate by-products could contribute to produce 
a value-added alternative food.

This study was aimed to investigate the effects of pome-
granate by-products, namely aril and peel, and pomegranate 
juice on fungal biomass production and protein recovery 
through A. oryzae, N. intermedia, and R. oligosporus culti-
vations. For this purpose, these feedstocks were compared in 
detail with different fungi at different initial concentrations 
with or without supplementation. In addition, the effects of 
fruit juice that have the potential to be waste (such as expired 
juice) were also investigated. It was also aimed to investigate 
the effects of initial pH, dry and wet peel, and different types 
of nitrogen supplementation on fungal biomass production 
using pomegranate peels. This study will contribute to the 
evaluation of feedstocks for resource recovery and protein 
production through microbial conversion of pomegranate 
by-products released in the fruit juice industry. It will also 
minimize the waste generation potential of the use of expired 
fruit juices and unprocessed fruit by-products.

Materials and methods

Substrate

In this work, pomegranate (Punica granatum L., cv. Hica-
znar) was collected from a local market (Orienta, Borås, 

Sweden). The seed and peel of the pomegranate were 
manually separated. The seeds were stored at -20 °C. The 
peels were powdered using a grinder followed by drying at 
50 °C for 2 days, and then stored at 4 °C until use.

Fungal strains

Three different edible filamentous fungi strains from the 
ascomycetes (Aspergillus oryzae var. oryzae CBS 819.72 
and Neurospora intermedia CBS 131.92) and zygomycetes 
(Rhizopus microsporus var. oligosporus CBS 112586) 
were used in this study.

Potato dextrose agar (PDA; 20 g/L glucose, 15 g/L 
agar, and 4 g/L potato extract) was used to grow the fungal 
strains. 100 µL of spore suspension recovered from pre-
grown fungal plates treated with 20 mL of distilled water 
were inoculated into new PDA plates and then spread out 
using an L-shape spreader. The inoculated PDA plates 
were incubated at 30 °C for 3 days and then stored at 4 °C 
until use for a maximum of 1 month [12].

Fungal cultivation

Fungal cultivations were performed in a 250 mL wide-
necked Erlenmeyer flask containing 100 mL of medium 
prepared with pomegranate feedstocks (juice, aril, and 
peel). To examine the effect of pomegranate juice on fun-
gal biomass production, different levels of fresh fruit juice 
(0.5–4%) were added to media containing glucose (30 g/L) 
and yeast extract (5 g/L). Then fresh fruit juice (10, 15, 
20% v/v) without supplementation was examined in com-
parison with commercial fruit juice (10, 15, 20% v/v). 
Fungal biomass production was comparatively investigated 
using pomegranate by-products (aril or peel) in media with 
and without the addition of glucose and yeast extract. In 
addition, in medium prepared with peel, the effects of peel 
form (dry versus wet form), initial pH (5.0, 5.5, and 6.0), 
and the addition of different types of nitrogen sources 
(yeast extract, urea, sodium nitrate, ammonium sulphate, 
and ammonium chloride) were also studied.

Each flask was inoculated with 2 mL spore suspension 
and then incubated at 35 °C at 125 rpm in a water bath 
(Grant OLS-Aqua pro, Cambridge, UK) for 48 h [19]. At 
the end of each cultivation, the biomass was harvested 
using a kitchen sieve (1  mm2 pore size) and washed with 
distilled water and then dried in an oven at 70 °C for 16 h 
[16]. All experiments were carried out in duplicate. When 
aril and peel were used as substrates, the biomass obtained 
from these media was denoted as harvested solids, since 
there were particles that remained undissolved in the 
media.
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Analytical methods

The pH of pomegranate by-products and media was meas-
ured using a Mettler Toledo pH meter. Total solids (TS), 
dissolved solids, and ash contents of pomegranate by-
products were determined according to Sluiter et al. [20] 
and Sar et al. [12]. Glucose, other sugars, and ethanol lev-
els were analyzed using an HPLC system (Walters 2695, 
Walters Corp., Milford, USA) with a hydrogen-based ion-
exchange column (Aminex HPX-87H, Bio-Rad, Hercules, 
USA). Crude protein analysis of biomass and pomegranate 
by-products were analyzed following the Kjeldahl method, 
nitrogen-to-protein conversion factors of 6.25 and 5.80 
were used for biomass and pomegranate by-products, 
respectively.

Data analysis

The software  Minitab17® was used for the statistical 
analysis of the obtained results with ANOVA (analysis 
of variance) tables using general linear models. Pairwise 
comparisons among groups of data were also carried out 
using the Tukey test. Significant differences were consid-
ered at p value < 0.05 within a 95% confidence interval. 
All error bars and intervals presented represent two times 
the standard deviation.

Results and discussion

In this study, the use of pomegranate by-products and 
pomegranate juice (fresh and commercial) from fruit 
industry was evaluated through edible filamentous fungi 
cultivation (A. oryzae, R. oligosporus and N. intermedia). 
For this, the effects of different concentrations of pome-
granate juice, aril, and peel were investigated in detail to 
determine their potential effects on fungal cultivation. 
Then the potential uses of the biomass were evaluated by 
analyzing their protein levels.

Substrate characterization

Pomegranate cultivars exhibit significant variations in 
terms of weight, size, and the ratio of peel to seed, show-
casing distinct characteristics in these aspects [21]. The 
total weight of the pomegranate variety (Punica grana-
tum L., cv. Hicaznar) used in the study varies from 540 to 
700 g which is higher than the weight of different cultivars 
reported in other studies [22–24]. The ratio of peel and 
seed was determined as 43.99 ± 4.61% and 56.0 ± 4.61%, 
respectively. These findings align with a study conducted 

by El Moujahed [22] which reported a range of 28–45% 
for pomegranate peel content and 48–59% for seed con-
tent. The substantial peel content of the fruit presents an 
opportunity for assessment as a potential substrate in bio-
production processes.

The chemical composition of pomegranate by-products 
and juice is presented in Table 1. The pH values of pome-
granate juice (2.91), pomegranate aril (2.96), and pome-
granate peel (3.22) are within the expected range reported 
in previous studies [24], confirming the acidic nature of 
these pomegranate by-products. The crude protein levels 
of pomegranate peel showed significantly higher (30.89 g/
kg) than pomegranate aril (19.97 g/kg) and pomegranate 
juice (3.78 g/kg), which are consistent with previous reports 
[25, 26]. Among the samples analyzed, dried pomegranate 
peel exhibited the highest glucose content at 114.57 g/kg, 
surpassing pomegranate aril (79.21 g/kg) and pomegran-
ate juice (71.38 g/kg). Although the glucose content in 
pomegranate varies between 6 and 13%, its level may vary 
depending on the variety and maturity of the fruit [27].

Fungal biomass production

Cultivation in pomegranate juice

Pomegranate products contain various phenolic compounds, 
mainly ellagic acid, showing potential antimicrobial activi-
ties [8, 28]. To assess the effects of pomegranate juice on 
fungal biomass production, fungal cultivation was conducted 
in the initial phase by incorporating varying concentrations 
of pomegranate juice into a nutrient medium containing glu-
cose and yeast extract (Fig. 1).

Table 1  Characterization of pomegranate by-products (peel and aril) 
and juice used in this study

a The results represent pomegranate peel dried at 50 °C
b Crude protein = N × 5.80

Components Pomegranate 
 peela

Pomegranate
juice

Pomegranate
aril

pH 3.22 ± 0.01 2.91 ± 0.01 2.96 ± 0.01
Total solids (g/kg) 903.70 ± 0.15 156.95 ± 0.53 215.85 ± 4.59
Volatile solids 

(g/kg)
864.38 ± 0.08 132.46 ± 0.18 176.06 ± 1.57

Ash (g/kg) 39.31 ± 0.07 30.2 ± 1.51 39.79 ± 3.02
Total nitrogen (g/

kg)
5.36 ± 0.69 0.65 ± 0.06 3.44 ± 0.32

Crude protein (g/
kg)b

30.89 ± 4.05 3.78 ± 0.33 19.97 ± 1.84

Glucose (g/kg) 114.57 ± 1.95 71.38 ± 0.34 79.21 ± 0.04
Other sugars (g/

kg)
153.74 ± 5.64 78.67 ± 0.38 91.98 ± 0.02
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A. oryzae biomass obtained from the media containing 
different concentrations of pomegranate juice (0.5–4%, v/v) 
was 10–18% less than the control (p = 0.036; Fig. 1a). How-
ever, the highest concentration of pomegranate juice (4%, 

v/v) resulted in increased biomass production compared to 
lower juice concentrations. N. intermedia exhibited lower 
biomass production compared to A. oryzae (Fig. 1b). The 
highest biomass obtained with N. intermedia in media con-
taining pomegranate juice at 4% juice concentration was 
2.55 g/L which was much lower than the control sample 
(5.63 g/L, p = 0.003). Although biomass production through 
R. oligosporus (Fig. 1c) was higher at 4% juice concentra-
tion, reaching to 4.29 g/L, there is no statistical difference 
when compared it with control and other juice concentra-
tions (p = 0.213).

It was observed that A. oryzae and N. intermedia com-
pletely consumed glucose and other sugars after 48  h 
(Fig. 2). It was determined that R. oligosporus could not 
consume other sugars completely. Fungal strains can be 
sensitive to pomegranate juice, which could be due to the 
presence of ellagic acid, known to have various attack 
mechanisms that disrupt membrane stability, prevent ion 
channels within the membrane, and restrict electron flow 
in the plasma membrane chain of electron transport needed 
for ATP synthesis through its electron scavenging attributes 
[29]. When comparing the ethanol production by A. oryzae, 
N. intermedia, and R. oligosporus, it is evident that A. ory-
zae shows the lowest ethanol producer under all conditions. 
In contrast, N. intermedia exhibits high ethanol producer at 
42 h (7.31 g/L) and maintains a relatively higher produc-
tion at 48 h (6.63 g/L). The reduction in ethanol production 
may be due to ethanol consumption by the fungus as well 
as ethanol evaporation [17]. R. oligosporus, known for its 
ethanol production capability [30], also shows promising 
results in the presence of pomegranate juice. The ethanol 
production by R. oligosporus reached to 8.35 g/L (0.27 g 
ethanol/g initial glucose) after 48 h incubation. These find-
ings are consistent with previous studies by Rhizopus spp., 
which reported that ethanol production from a variety of 
substrates such as lignocellulose, thin stillage, and spent 
sulphite liquor [31–33]. Bulkan et al. [30] emphasized that 
ethanol yields of R. oligosporus ranged from 0.12 to 0.31 g 
of ethanol per initial glucose. This suggests that substrate 
composition and fermentation conditions play a crucial role 
in influencing ethanol production.

When the protein contents of fungal biomass were 
compared, N. intermedia showed the highest value with 
518.45 g/kg, followed by R. oligosporus with 436.72 g/kg 
and A. oryzae with 414.09 g/kg (Fig. 3a). When these values 
were compared with the control samples, it was observed 
that the addition of pomegranate juice (4%) increased the 
protein content of biomass of A. oryzae and N. intermedia 
by 13–16%, while there was a slight decrease in the protein 
content of the R. oligosporus biomass. It was found that the 
average protein content (ranging from 41 to 51%) of the 
biomass obtained in the study was higher than typical animal 
feeds for chicken (25%), pig (13%), shrimp (25–42%), and 

Fig. 1  The amount of fungal biomass from media containing glucose 
and yeast extract supplemented with pomegranate juice through a A. 
oryzae, b N. intermedia, and c R. oligosporus 
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fish (32–45%) [12]. These results suggest that the biomass 
produced in this study could potentially serve as a viable 
alternative to animal feed, given its protein content falls 
within the range of protein content found in typical animal 
feed.

In summary, the addition of pomegranate juice to the 
nutrient medium enhances the biomass production of R. oli-
gosporus and increases the protein content in the biomass of 
A. oryzae and N. intermedia for fungal biomass and protein 
production.

Cultivation in  commercial pomegranate juice compared 
to  fresh pomegranate juice Three fungal species were 
grown in supplement-free media prepared with 4% fresh 
juice, but the amount of biomass was less than 1  g/L 
(Fig. 4a), probably due to nutrient deficiency. In addition, 
R. oligosporus yielded much less biomass than the other 
two fungal species. Then higher juice concentrations (10, 
15, 20%) were used to produce fungal biomass through A. 
oryzae and N. intermedia. A. oryzae demonstrated higher 
biomass production compared to N. intermedia, suggest-
ing its better adaptability in utilizing the nutrients present 
in the juice for efficient growth (Fig. 4). Further research is 
needed to understand the specific factors contributing to this 

performance difference, such as the enzymes and metabolic 
pathways involved.

Both A. oryzae and N. intermedia displayed different bio-
mass production patterns depending on the concentration of 
fresh pomegranate juice and commercial juice. Specifically, 
at a 15% concentration of fresh pomegranate juice, both fun-
gal species exhibited higher biomass production compared to 
other concentrations. A. oryzae achieved a biomass produc-
tion of 3.33 g/L, while N. intermedia reached 2.45 g/L. On 
the contrary, it was determined that higher biomass yields 
(g biomass/mL juice) were obtained with 10% fresh juice 
concentration. Moreover, both species showed increased bio-
mass production at a 20% concentration of commercial juice.

Regarding the protein contents (Fig. 3b), the results 
revealed that the protein content of fungal biomass varied 
between the juice form and fungal species. A. oryzae dis-
played significantly higher protein content when derived 
from fresh juice (147.28 g/kg) compared to commercial 
juice (15.47  g/kg). Similarly, N. intermedia exhibited 
higher protein content in the biomass derived from fresh 
juice (128.33 g/kg) compared to commercial juice (19.15 g/
kg). These findings suggest that fresh juice provides a more 
favorable growth media for protein production compared to 
commercial juice for both A. oryzae and N. intermedia. It 

Fig. 2  The concentrations of glucose (g/L), other sugars (g/L), and ethanol (EtOH; g/L) during cultivation of A. oryzae, N. intermedia, and R. 
oligosporus in glucose and yeast extract media supplemented with pomegranate juice (0–4%)
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is likely that the specific components present in fresh juice 
play a role in enhancing protein synthesis or utilization by 
the fungi, leading to the observed higher protein content.

In summary, fresh fruit juice and commercial fruit juice 
have the potential to be used as feedstock for fungal biomass 
production; however, the use of fresh fruit juice is more 
promising for the production of protein-rich biomass.

Cultivation in pomegranate aril

The effects of aril on fungal biomass production were inves-
tigated using both supplemented (glucose and yeast extract) 
and without supplemented media (Fig. 5).

When examining the effects of aril on fungal biomass 
production using glucose and yeast extract (Fig. 5a), it was 
observed that R. oligosporus exhibited higher biomass pro-
duction (4.99 g/L) compared to A. oryzae (3.66 g/L) and 
N. intermedia (1.65 g/L). However, the solid particles that 
remained undissolved in the nutrient medium were also 
recovered and harvested together with the biomass. There-
fore, it can be said that lower biomass is obtained compared 

to juice medium and the presence of aril inhibits fungal bio-
mass production. The protein contents of fungal biomass 
(A. oryzae, 365.72 g/kg; N. intermedia, 244.35 g/kg; and R. 
oligosporus, 220.36 g/kg) were also low compared to media 
containing pomegranate juice.

In the case of pomegranate aril media without supple-
mentation (Fig. 5b), it can be observed that biomass produc-
tion was comparable for A. oryzae (2.46 g/L) and N. inter-
media (2.66 g/L). However, when compared to the media 
containing aril in supplemented media (Fig. 5a), biomass 
production remained relatively low. In addition, R. oligospo-
rus, which exhibited higher biomass in the aril experiment 
with supplemented media, was sensitive in this case, result-
ing in no biomass production. It is crucial to highlight that 
obtaining a uniform substrate presented challenges due to 
the inherent difficulty in thoroughly grinding the seeds.

In conclusion, the investigation into the effects of aril on 
fungal biomass production revealed some interesting find-
ings. When aril was added to the supplemented media, R. 
oligosporus showed the highest biomass production, fol-
lowed by A. oryzae and N. intermedia. However, the overall 
biomass production was lower compared to the juice experi-
ment, indicating that the presence of aril inhibits fungal bio-
mass production. N. intermedia exhibited the lowest biomass 
production among the tested strains in this experiment. Fur-
thermore, A. oryzae had the highest protein content, fol-
lowed by N. intermedia and R. oligosporus. In the unsup-
plemented media, A. oryzae and N. intermedia demonstrated 
comparable biomass production, while R. oligosporus did 
not produce any biomass.

Overall, the findings suggest that the presence of aril has 
a negative impact on fungal biomass production, regardless 
of the media composition. Further experiments should be 
conducted to improve the process and overcome the chal-
lenges associated with using aril as a substrate.

Cultivation in pomegranate peel

Pomegranate peel with  supplemented media In the first 
stage, supplemented media were tested to determine the 
effects of pomegranate peel on fungal biomass production. 
It was found that the highest level of harvested solids by A. 
oryzae was achieved at a 4% peel concentration reaching 
to 17.03  g/L (Fig.  6). Remarkably, regardless of the peel 
concentration, glucose was completely consumed, indicat-
ing the efficient utilization of this substrate by A. oryzae. 
In addition, ethanol production showed an increasing trend 
with the increasing peel concentration, with the highest 
concentration resulting in the highest ethanol production 
(Fig. 7). The resistance of A. oryzae to peel can be attrib-
uted to its ability to withstand the adverse effects of ellagic 
acid on the CYP450 enzyme family, as suggested by Bulkan 
et al. [34].

Fig. 3  Protein levels of fungal biomass produced a from media 
containing glucose and yeast extract (control) versus media supple-
mented with pomegranate juice (4%), and b from fresh pomegranate 
juice (4% and 15%) and commercial pomegranate juice (20%)
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In the effect of the peel on N. intermedia, the harvested 
solids obtained reached to 16.5 g/L at 4% peel concentration 
(Fig. 6b). This finding indicates that incorporating higher 
concentrations of peel into the cultivation process can lead 
to a substantial increase in the quantity of harvested solids. 
Notably, even at a lower concentration of 2% peel, a consid-
erable quantity of solids could still be obtained.

Regarding R. oligosporus, it exhibited the highest har-
vested solids (18.07 g/L) at the 4% peel condition (Fig. 6c). 
However, the incomplete consumption of glucose and other 
sugars could be resulted in an inhibitory effect. Despite 
this, R. oligosporus exhibited higher ethanol production 
compared to the two previous fungi; however, the ability to 
produce ethanol was reduced in the presence of peel (Fig. 7).

When the protein contents of the biomass are examined, 
it is remarkable that A. oryzae exhibits high protein content 
of 205.04 g/kg in the biomass obtained from the 4% peel 
media. On the other hand, R. oligosporus (152.39 g/kg) and 
N. intermedia (151.93 g/kg) showed slightly lower protein 
content. These highlight the diversity in protein profiles 
among different fungal strains and underline the influence 
of peel as a substrate on the protein composition of biomass. 
The solids collected were found to be low as they naturally 
contained pomegranate peel. Similarly, in studies on the pro-
duction of fungal biomass from fish industry wastes, it was 
determined that there was a decrease in the protein content 
of the biomass since it accumulated suspended solid among 
the filaments [19, 35]. Moreover, it was determined that pro-
tein content of fungal biomass was increased to 44.9% from 
olive oil mill wastewater by removing suspended solids [16]. 
Similarly, fungal biomass with high protein content can be 
obtained by recovering sugar and nutrients and removing 
suspended solids from pomegranate peel.

The role of initial pH without supplementation The role of 
the initial pH of the medium in microbial and enzymatic 
growth, as well as in fungal biomass yield and morphol-
ogy, has been extensively studied in previous studies [12, 
36, 37]. In this study, the effects of initial pH (pH 5.0, 5.5, 
and 6.0) of the medium using 4% pomegranate peel with-
out any additional supplements on biomass production were 
investigated (Fig. 8a). A. oryzae and N. intermedia exhibited 
higher harvested solids at pH 5. Conversely, R. oligosporus 
showed similar harvested solids across all pH levels, which 
was also similar to the total amount of harvested solids from 
the uncultivated peel (Fig. 8b). The same trend was shown 

Fig. 4  The levels of fungal biomass (g/L) and biomass yield (g bio-
mass/mL juice) produced a from fresh juice (4%) through A. oryzae, 
N. intermedia, and R. oligosporus; and b from fresh juice (10, 15, 
and 20%) and c commercial juice (10, 15, and 20%) through A. ory-
zae; and from d fresh juice (10, 15, and 20%) and e commercial juice 
(10, 15, and 20%) through N. intermedia 

▸
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in the study conducted by Zhang et al. [36] indicating that 
biomass production tended to increase under pH 4.5–5 for 
A. oryzae and not a lot of difference was observed for R. oli-
gosporus in the pH interval of 3.5– 6. However, it is impor-
tant to note that different fungal strains may have unique 
adaptation mechanisms and exhibit diverse responses to pH 
levels. Therefore, when studying the effect of pH on bio-
mass production, it is crucial to consider the specific charac-
teristics of the fungal strain under investigation.

Wet versus  dry peel without  supplementation To investi-
gate the effect of wet peel versus dry peel, the fungal cul-
tivation was carried out at pH 5.0 using a concentration 
of 163.6 g/L of wet peel, equivalent to 40 g/L of dry peel. 
While the total amount of solids harvested with A. oryzae 
from medium prepared with dry peel was 15.52  g/L, this 
amount increased to 19.72  g/L when wet peel was used. 
There is no statistically significant difference between dry 
peel and wet peel regarding the harvested solids of N. inter-

media (p = 0.668). In R. oligosporus cultivation, the har-
vested solids were significantly higher when wet peel was 

Fig. 5  The levels of harvested solids from aril (0.5% and 4%) a sup-
plemented with glucose and yeast extract, and b without supplemen-
tation through A. oryzae, N. intermedia, and R. oligosporus 

Fig. 6  The levels of harvested solids from media containing glu-
cose and yeast extract supplemented with pomegranate peel (0–4%) 
through a A. oryzae, b N. intermedia, and c R. oligosporus 
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used compared to dry peel (p = 0.05). This indicates that R. 
oligosporus exhibited higher biomass production when wet 
peel was used compared to dry peel.

The varying responses of A. oryzae, N. intermedia, and R. 
oligosporus to dry and wet peel highlight the importance of 
tailoring cultivation conditions based on the specific require-
ments and preferences of different fungal strains. Further 
investigation can explore the underlying factors influenc-
ing these responses and optimize the use of dry and wet 
peel substrates to maximize biomass production for each 
fungal strain. When no fungi were present, the harvested 
solids obtained solely from the peel were measured at 
9.70 g/L. This indicates that the peel itself contributes a 
certain amount of solid material to the cultivation process, 
even without the presence of fungal biomass. It is important 
to consider this baseline measurement when evaluating the 
impact of fungal growth on harvested solids, as it provides 
a reference point for assessing the contribution of fungi to 
overall biomass production.

When comparing the protein content of the biomass 
obtained, both dry and wet peel showed similar protein 
content for all three strains (Fig. 9a). These findings dem-
onstrate the differential performance of the fungal strains 
and highlight the potential of A. oryzae for obtaining higher 

harvested solids from the wet peel. Five different nitrogen 
sources were added to media prepared with dry peel to 
improve both the levels of harvested solids and their protein 
content.

Nitrogen supplementation Previous works demonstrated 
the positive effects of nitrogen supplementation on both 
enzyme activities and protein contents of biomass of A. ory-
zae strains cultivated on olive oil mill wastewater [16, 38]. 
In addition, Zhang et al. [36] reported that nitrogen supple-
mentation to winery wastewater enhanced microbial meta-
bolic efficiency, resulting in increased fungal cell growth 
and improved utilization of carbon sources. The effects 
of nitrogen supplementation on protein content (Fig.  9b) 
and biomass production (Fig.  8c) were investigated using 
five different nitrogen sources, namely yeast extract, urea, 
sodium nitrate, ammonium sulphate, and ammonium chlo-
ride, through A. oryzae and N. intermedia.

Five different nitrogen additions significantly increased 
the biomass of A. oryzae to similar levels, with the addi-
tion of urea and ammonium sulphate demonstrating 
the most substantial increase in N. intermedia biomass 
(Fig. 8c). Among the nitrogen sources tested, yeast extract 
exhibited the highest increase in both biomass and protein 

Fig. 7  The concentrations of glucose (g/L), other sugars (g/L), and ethanol (EtOH; g/L) during cultivation of A. oryzae, N. intermedia, and R. 
oligosporus in glucose and yeast extract media supplemented with pomegranate peel (0–4%)
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content (198.63 g/kg) of A. oryzae. On the other hand, 
while urea showed the most significant increase in N. 
intermedia biomass, yeast extract addition resulted in 
the highest enhancement of protein content (148.42 g/kg 
protein). The addition of nitrogen significantly increased 
the protein content, especially when compared to the pro-
tein content of both dry peel (30.89 g/kg) and wet peel 
(77.44 g/kg) cultivated without nitrogen addition. In sum-
mary, the results indicate that different nitrogen sources 
have significant effects on the protein content and bio-
mass production through A. oryzae and N. intermedia. 
The choice of nitrogen source is crucial for optimizing 
the growth and protein production of these fungal strains.

Conclusion

In the fruit processing industry, pomegranate is a potential 
waste producer due to its significant peel proportion. It can 
also be an alternative substrate for microbial processes 
considering the sugar content of the peel. Despite yield-
ing a substantial amount of biomass through cultivation 
with edible fungi, notably A. oryzae, the peel necessitates 
nitrogen supplementation to improve its protein content. 
In addition to peel, other by-products such as pomegran-
ate juice and aril that may occur during the juice process-
ing can also be used for biomass production; however, 

Fig. 8  The levels of harvested solids from peel; a effects of initial pH (5.0, 5.5 and 6.0), b effects of dry peel and wet peel, and c effects of nitro-
gen supplementation (yeast extract, urea, sodium nitrate  (NaNO3), ammonium sulphate ((NH4)2SO4) and ammonium chloride  (NH4Cl)
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additional nutrients are needed to obtain biomass from 
peel. A noteworthy quantity of biomass can also be derived 
from expired commercial fruit juice; however, the protein 
content is considerably low compared to fresh pomegran-
ate juice. Furthermore, the biomass derived from pome-
granate peel has potential for utilization in food and feed 
applications, given the edible nature of the peel. For this, 
product characterization should be performed following 
scale-up fungal cultivation, and determination of digest-
ibility should also be done.
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