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Abstract: The fermentation of fruit processing residuals (FPRs) with filamentous fungi can provide
protein-rich food products. However, FPRs that contain bioactive compounds with antimicrobial
properties present a major challenge. In this work, the resistance of two edible filamentous fungi,
Rhizopus oligosporus and Neurospora intermedia, to 10 typically inhibiting bioactive compounds avail-
able in FPRs (epicatechin, quercetin, ellagic acid, betanin, octanol, hexanal, D-limonene, myrcene,
car-3-ene, and ascorbic acid) was examined. These compounds’ inhibitory and stimulatory effects on
fungal growth were examined individually. Three different concentrations (2.4, 24, and 240 mg/L)
within the natural concentration range of these compounds in FPRs were tested. These bioactive
compounds stimulated the growth yield and glucose consumption rate of R. oligosporus, while there
was no increase in the biomass yield of N. intermedia. Ellagic acid caused an up to four-fold increase
in the biomass yield of R. oligosporus. In addition, octanol and D-limonene showed antifungal ef-
fects against N. intermedia. These results may be helpful in the development of fungus-based novel
fermented foods.

Keywords: filamentous fungi; Rhizopus oligosporus; Neurospora intermedia; fruit; bioactive compound;
food; inhibitor

1. Introduction

The increasing global population has created demand for an increased food supply. By
2050, food scarcity is expected, as demand will be 56% higher than it was in 2010 [1]. Current
animal-based nutrient sources are not sufficient to meet this increasing demand [2] and
have negative impacts on the environment, such as greenhouse gas emissions and high land
and water utilization of the meat industry [3]. Therefore, new food sources—developed
sustainably and cost-efficiently—are needed to meet the projected nutrition demand [4].
Plant-based and fermented protein-rich foods are alternative food sources that can help to
meet these demands, while fermentation with filamentous fungi can provide products that
are superior to plant-based foods in terms of their nutrient content, essential amino acids,
reduced antinutrients, and enriched antioxidants, vitamins, and lipids [4,5].

Filamentous fungi can convert various carbon sources (e.g., glucose, xylose, fructose,
etc.) into proteins, enzymes, organic acids, antioxidants, etc. [6]. They can provide protein-
rich food/feed sources with adequate nutrients while having less of a negative impact
on the environment [4]. Moreover, filamentous fungi are known to improve the nutrient
profiles of raw materials and produce several bioactive compounds, such as antioxidants, vi-
tamins, polyunsaturated fatty acids, etc. Due to the fact that fungi-fermented products have
health-improving effects, they are called functional foods [4]. Filamentous fungi have a long
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history in Southeast and East Asian cuisine. Some examples of traditional fungus-based
food products include red fermented rice (angkak) produced by Monascus purpureus, koji
and miso by Aspergilus oryzae, tempeh by R. oligosporus, and oncom by N. intermedia [7,8].
Another fungus-based food product is Quorn, which is produced by Fusarium venenatum
using a synthetic medium and is commercially available in several countries [9,10]. Al-
ternatively, recent studies have investigated fungus-based feed/food products using less
costly substrates from food industry side-streams, e.g., bread waste, brewery spent grains,
and olive oil mill wastewater [11–13]. Another substrate for feed/food production by
filamentous fungi could be fruit and vegetable processing residuals (FPRs), e.g., cashew
byproduct or apple pomace [6,14,15].

Fruit/FPRs contain various bioactive compounds, including some flavor compounds.
Flavor compounds are known for their contribution to the specific tastes of fruits and
vegetables [16,17]. These compounds belong to various different chemical groups, in-
cluding “alcohols, aldehydes, ketones, lactones, terpenoids, and esters” [17,18]. Bioactive
compounds such as limonene and ellagic acid can be obtained from different parts of
fruits, including the peels and seeds [19,20]. They form when the fruit is ripening to
provide protection against environmental factors, i.e., via antimicrobial action [21]. Fur-
thermore, their antioxidant and anti-inflammatory characteristics have positive effects on
human health [21]. Bioactive compounds that are extracted from fruit/FPRs can be utilized
in the pharmaceutical, dietary supplement, food, and cosmetics industries due to their
aforementioned properties [22,23]. On the other hand, some studies have investigated
the fermentation of FPRs without the extraction of bioactive compounds [14,24]. As an
alternative to extraction of bioactive compounds, FPRs could be a potential material for the
production of fermented foods with bioactive properties.

Some bioactive compounds in fruit and vegetables have been reported to possess
an antimicrobial effect [17,25]. This antimicrobial effect hinders the valorization of fruit
processing residuals via microbial conversion. There are a limited number of studies about
the valorization of fruit/FPRs, e.g., mango waste, apple pomace, and grape residuals
from wineries, by filamentous fungi [26–28]. Furthermore, studies that focus on inhibiting
or enhancing effect of bioactive compounds from fruit/FPRs are scarce in the literature;
however, one study reported that octanol showed an antifungal effect [29]. To be able to
implement efficient fermentation processes, knowledge about the effects of potentially
inhibitory compounds in nutrient media on filamentous fungi is necessary. Hence, an
extended screening of filamentous fungus strains that are resistant to inhibition is required
for the development of processes that can utilize nutrient media with bioactive compounds.

Therefore, in this study, 10 common bioactive compounds found in fruit/FPRs (octanol,
ellagic acid, (-)-epicatechin, quercetin, betanin, ascorbic acid, limonene, hexanal, car-3-ene,
and myrcene) were investigated to observe their effects on N. intermedia and R. oligosporus.
To determine their activating or inhibiting effects, bioactive compounds were added to a
synthetic medium at different concentrations.

2. Materials and Methods
2.1. Microorganisms

Two strains of edible filamentous fungi, Neurospora intermedia CBS 131.92 and R. oligosporus
CBS 112586 (Centraalbureau voor Schimmelcultures, Utrecht, the Netherlands), were used.
Potato dextrose agar (PDA) plates (20 g/L glucose, 15 g/L agar, and 4 g/L potato extract)
were used to cultivate the fungi [30]. The fungal plates were incubated at 30 ◦C for 3 days;
they were then preserved at 4 ◦C and plates were renewed after 1 month. A fungal spore
solution was prepared by flooding 20 mL of sterile milli-Q® water into the fungal plates
and mixing the spores with water using an L-shaped spreader. The spore solution was
transferred to a sterile centrifuge tube and vortexed prior to being added to the cultivation
media in shaking flasks.
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2.2. Cultivation Medium and Chemicals

A wide-neck, cotton-plugged 250 mL Erlenmeyer flask was used for submerged
cultivation. The cultivation medium used was a synthetic medium with a composition of
30 g/L glucose, 7.5 g/L (NH4)2SO4, 3.5 g/L KH2PO4, 2.2 g/L CaCl2·2H2O, 1 mL/L vitamin
solution, and 10 mL/L trace metal solution, according to [31]. The volume of the synthetic
medium added to each flask was 100 mL, set to pH 5.5. Fungal cultivation was conducted
as described in [32,33]. Cultivation was conducted for 72 h at 35 ◦C in a shaking water
bath (125 rpm). Two milliliters of spore solution was added to 100 mL of medium with a
concentration of 4.1–7.4 × 106 spores/mL and 3.7–5.2 × 106 spores/mL for N. intermedia
and R. oligosporus, respectively. All chemical compounds including bioactive compounds
were purchased from Sigma Aldrich (St. Louis, MO, USA), except ascorbic acid (Acros
Organic, NJ, USA), and ellagic acid (Acros Organic, NJ, USA). Ten bioactive compounds
(D-limonene, myrcene, car-3-ene, quercetin, epicatechin, ellagic acid, octanol, betanin,
hexanal, and L-ascorbic acid) were examined individually at three different concentrations
(2.4, 24, and 240 mg/L). For each compound, a stock solution was prepared according to
the procedure described by Bulkan et al. [29]. For those compounds with low solubility in
milli-Q® water (D-limonene, quercetin, and epicatechin), ethanol was used as the solvent.
Initially, 10% (w/v) limonene and 10% (w/v) quercetin solutions were prepared in absolute
ethanol, besides 1% (w/v) epicatechin was dissolved in 20% aqueous ethanol. Following
this step, the stock solutions were prepared by diluting the aforementioned concentrated
solutions into 0.5% (w/v) of each bioactive compound.

In order to reach the 240 mg/L final bioactive compound concentration, 5 mL of the
stock solution was added to the cultivation medium. For the remaining concentration
levels (2.4 and 24 mg/L), 0.5 and 0.05 mL solutions were taken from the stock solution
and completed to 5 mL with milli-Q® water and ethanol to reach to the same ethanol
concentration as the highest concentration level [32,33]. Myrcene, car-3-ene, hexanal, and
octanol have low solubility in water due to their hydrophobic nature. Stock solutions for
each of these compounds (0.5% (w/v) bioactive compound) were prepared using milli-
Q® water containing 0.5% (v/v) Tween 80 (Sigma Aldrich, St. Louis, MO, USA). Tween
80 is a surfactant that has been reported to enhance the solubility of an hydrophobic
compound [34]. The preparation of the cultivation media containing 2.4, 24, and 240 mg/L
bioactive compounds was carried out in a similar fashion to the compounds with ethanol
solvent. The stock solutions of the remaining compounds were prepared using milli-Q®

water, except for ellagic acid, which was dissolved in 1 M NaOH solution [29].

2.3. Analytical Methods

After cultivation, the biomass was harvested using a sieve and the collected biomass
was washed with milli-Q® water and dried in a 70 °C oven [35]. Biomass production
was reported as g/L and the yield was reported as g biomass/g initial glucose. The
liquid samples were analyzed using high-performance liquid chromatography (HPLC) to
determine the glucose, glycerol, lactic acid, acetic acid, and ethanol concentrations. For
HPLC, a hydrogen-ion-based ion-exchange column (Aminex HPX-87H, Bio-Rad, Hercules,
CA, USA) was used at 60 ◦C with 0.6 mL/min of 5 mM H2SO4 as an eluent [36].

2.4. Statistical Analysis

All experiments were carried out in duplicate. The standard deviation is shown in the
figures with a 95% confidence interval. The data were analyzed with one-way ANOVA
using the MINITAB software (Minitab Ltd., Coventry, UK) (p < 0.05).
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3. Results and Discussions

In this work, the effects on N. intermedia and R. oligosporus of 10 different bioactive
compounds found in fruit and vegetables were examined. The compounds were tested
at different concentrations (2.4, 24, and 240 mg/L), which were within the concentration
ranges naturally found in fruits/FPRs. The changes in glucose consumption and biomass
and metabolite yields (i.e., ethanol, lactic acid, etc.) were analyzed. Furthermore, the
morphological changes observed during cultivation were reported. In general, the effects
of the bioactive compounds on N. intermedia and R. oligosporus differed significantly.

3.1. The Effect of Bioactive Compounds on R. oligosporus

In this study, the biomass yield of R. oligosporus in synthetic medium was lower in
comparison to that reported in a previous study, with 0.17 g biomass/initial glucose [37].
The difference in biomass yields might be related to the existence of yeast extract in the culti-
vation medium used by the authors of [37]. The same biomass yield (0.17 g biomass/initial
glucose) was reported by Ferreira et al. [36] for Rhizopus sp. in a semisynthetic medium
containing yeast extract over 144 h.

Among the compounds examined, ellagic acid showed the highest effect on R. oligosporus.
The biomass yield was enhanced with all concentrations of ellagic acid (2.4, 24, and 240 mg/L)
and increased with increasing ellagic acid concentration. The highest biomass yield was
four-fold higher than that of the control. Betanin enhanced the biomass yield in the
24–240 mg/L concentration range by 2.5- and 2.7-fold, respectively. Following ellagic acid
and betanin, quercetin and octanol increased the biomass yield by 2.1- and 2.2-fold in
comparison to their respective control. Limonene, myrcene, hexanal, and ascorbic acid
increased the biomass yield in the range of 38–92% at the 240 mg/L concentration in com-
parison to their respective controls. Epicatechin and car-3-ene were the only compounds
that did not cause any change in the biomass yield of R. oligosporus. The changes in biomass
yield for R. oligosporus are shown in Figure 1.
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Ellagic acid is a phenolic compound that is associated with various health effects due to
its anticarcinogenic, antimutagenic, and antioxidant properties, in addition to its potential
beneficial effects on chronic diseases such as diabetes [38,39]. The compound naturally
exists in various fruits, e.g., pomegranates, raspberries, cranberries, etc., in free form, and it
can also be obtained by the hydrolysis of ellagitannin [24,38]. The antimicrobial activity
of ellagic acid against some microorganisms, including bacteria and filamentous fungi,
is well known [40]. Its inhibitory effect against fungi may be related to decreased CYP51
(from the cytochrome P450 enzyme family) activity and ergosterol in the cell membranes
of fungi. Disintegration of the cell membrane may occur due to low ergosterol levels [40].
On the other hand, the results of this study suggest that R. oligosporus is resistant to the
existence of ellagic acid. The increasing ellagic acid content during cranberry fermentation
by R. oligosporus aligns with this result [24]. Similarly, in previous studies, Aspergillus spp.
and Candida glabrata were shown to be resistant to ellagic acid [29,40]. One reason for
our results contradicting previous work reporting an antifungal effect may be related to
the differences in the cell wall composition of different fungal species [41]. The cell wall
plays a significant role in protection against the effects of external factors [41,42]. Fungal
cell walls are commonly composed of glucans, chitin, and glycoproteins [42]. The unique
structure of the fungal cell wall is a common target for antifungal agents, which affect fungi
but not other living beings, e.g., humans or bacteria [42]. The cell wall composition and
configuration can differ between different fungal species [41–43].

Betanin is a natural colorant commonly used in the food industry. It belongs to the
betacyanin group of betalains and possesses antioxidant properties. It is commonly found
in fruits and vegetables, such as beetroot, pitahaya, tubers, etc. [29]. Unlike R. oligosporus,
some microorganisms are susceptible to betanin due to its antimicrobial properties. The
antimicrobial activity of betanin is not well described in the literature; however, it may
be related to the activity of betalains, which bond with metal ions such as Fe2+, Ca2+,
and Mg2+. Insufficient access to these necessary compounds—due to their bonding with
betalains—can cause bacteria to die [44].

Quercetin is a bioactive compound found in various fruits, such as peaches, apples,
pears, plums, grapes, cashew apples, etc. In quercetin-containing medium, R. oligosporus
showed an enhanced biomass yield, which has not been reported in the literature before.
Quercetin is known to have antimicrobial effects on some microorganisms [45], while others
have the ability to produce or transform quercetin [46,47]. One study reported that its
antimicrobial effect targeted the function of mitochondria and nucleic acid synthesis [48].
It is unknown why R. oligosporus is resistant to this compound, even showing improved
growth potential. It could be that the fungus has the ability to transform quercetin. R. oryzae
was reported to convert phenolic compounds in cauliflower outer leaves and onion into
quercetin [49]. The results of our study indicate a potential opportunity to use quercetin-
containing materials, such as peach juice industrial waste, for producing food products
with R. oligosporus.

Octanol is a flavor compound naturally found in grapes, plums, strawberries, etc. [17].
Bulkan et al. [29] stated that the presence of 240 mg/L octanol inhibited the growth of
Aspergillus oryzae and A. niger. It has been suggested that the antifungal effect of octanol
is associated with increased plasma membrane fluidity [50]. In this study, the growth of
R. oligosporus was enhanced, in contrast to the potential inhibitory effect reported in earlier
studies [29,50].

D-limonene is a flavor compound found in citrus peels. It has various bioactive prop-
erties, including antioxidant, anticarcinogenic, and antimicrobial effects. Miller et al. [51]
mentioned early-stage investigations on the chemotherapeutic effects of D-limonene when
taken orally. Here, edible fungus (R. oligosporus) cultivation in the presence of 240 mg/L
limonene resulted in enhanced biomass growth. Lennartsson et al. [52] reported the tol-
erance of Rhizopus sp. to up to 2% D-limonene in a semisynthetic medium. Some fungi
are capable of converting limonene into other aroma compounds. Phomopsis sp. was
reported to transform limonene into carvone and α-terpineol [53]. Considering the market
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demand for natural flavors [53], R. oligosporus is worthy of further investigation. While
the reason behind the enhanced growth of R. oligosporus in the presence of limonene is
still unknown, it might be possible that the fungus is capable of converting D-limonene or
using it as a substrate.

Two common sources of fruit processing industrial waste, orange and mango, contain
myrcene. This compound has been found to be inhibitory to other microbial processes,
particularly in biogas production [17]. Therefore, materials that contain myrcene require
an additional processing step to remove the compound, or the use of a microorganism
resistant to myrcene. R. oligosporus could be a potential candidate for this purpose, since it
was found to be resistant to myrcene up to 240 mg/L; in addition, its biomass yield was
even enhanced in these conditions.

Various industrially important fruits contain hexanal, i.e., apples, grapes, oranges,
strawberries, etc. This compound has been reported to exert antimicrobial effects on
bacteria and fungi [17,54]. One potential reason for this inhibition could be the negative
effect of hexanal on cell membrane formation [55]. However, in this study, the growth of
R. oligosporus was enhanced, instead of being inhibited. Although the reason behind this
resistance is still unknown, the enhanced biomass yield of R. oligosporus in the presence of
hexanal is promising for possible food production utilizing a hexanal-containing medium.

The results of the statistical analysis showing the significant changes caused by the
different concentrations of the bioactive compounds can be found in Tables 1 and 2 for
biomass and ethanol yield, respectively. The presence of bioactive compounds in cultivation
media had some effects on the glucose consumption trends of R. oligosporus. The changes
observed are shown in Figure 2. The presence of betanin, octanol, ellagic acid, ascorbic acid,
and hexanal increased the glucose consumption speed, while the remaining compounds
did not show a considerable effect. All glucose was consumed within 48 h in the presence
of 240 mg/L ellagic acid, octanol, and hexanal in comparison to the control, which needed
more than 72 h. Faster consumption of glucose can provide shorter fermentation times, and
thus more cost-efficient processes.

Table 1. Statistical analysis results for the varying concentrations of bioactive compounds that showed
significant effects on R. oligosporus biomass.

Bioactive Compound Concentration (mg/L) p-Value g Biomass/g Initial Glucose

Betanin

0

0.000

0.04 ± 0.00 b

2.4 0.05 ± 0.01 b

24 0.11 ± 0.00 a

240 0.12 ± 0.01 a

Ascorbic Acid

0

0.027

0.04 ± 0.00 b

2.4 0.06 ± 0.01 ab

24 0.06 ± 0.00 ab

240 0.08 ± 0.03 a

Ellagic Acid

0

0.000

0.04 ± 0.00 a

2.4 0.10 ± 0.01 b

24 0.15 ± 0.01 c

240 0.18 ± 0.01 d

Limonene

0

0.008

0.06 ± 0.01 b

2.4 0.06 ± 0.01 b

24 0.05 ± 0.01 b

240 0.08 ± 0.01 a

Quercetin

0

0.000

0.05 ± 0.01 c

2.4 0.06 ± 0.00 b

24 0.07 ± 0.00 b

240 0.11 ± 0.00 a
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Table 1. Cont.

Bioactive Compound Concentration (mg/L) p-Value g Biomass/g Initial Glucose

Hexanal

0

0.021

0.05 ± 0.01 b

2.4 0.06 ± 0.00 ab

24 0.05 ± 0.01 b

240 0.08 ± 0.00 a

Myrcene

0

0.048

0.05 ± 0.01 b

2.4 0.06 ± 0.02 ab

24 0.08 ± 0.02 ab

240 0.09 ± 0.02 a

Octanol

0

0.000

0.05 ± 0.01 b

2.4 0.08 ± 0.00 ab

24 0.06 ± 0.03 b

240 0.11 ± 0.01 a

The different letters indicate significant differences within each group of bioactive compounds.

Table 2. Statistical analysis results for the varying concentrations of bioactive compounds that showed
significant effects on Rhizopus oligosporus ethanol and lactic acid yield.

Metabolite Bioactive Compound Concentration (mg/L) p-Value g Metabolite/g Initial Glucose

Ethanol

Betanin

0

0.012
0.21 ± 0.04 b

2.4 0.23 ± 0.03 ab

24 0.28 ± 0.01 a

240 0.28 ± 0.00 a

Ellagic Acid
0

0.044
0.21 ± 0.04 b

2.4 0.28 ± 0.06 ab

24 0.29 ± 0.01 a

240 0.27 ± 0.03 ab

Lactic Acid

Betanin

0

0.036
0.18 ± 0.03 ab

2.4 0.18 ± 0.01 b

24 0.22 ± 0.00 ab

240 0.23 ± 0.04 a

Ellagic Acid
0

0.002

0.18 ± 0.03 a

2.4 0.14 ± 0.00 ab

24 0.12 ± 0.00 b

240 0.07 ± 0.03 c

Epicatechin
0

0.034
0.15± 0.03 ab

2.4 0.17± 0.00 a

24 0.17± 0.01 a

240 0.13± 0.01 b

Quercetin
0

0.000

0.22 ± 0.04 a

2.4 0.18 ± 0.00 a

24 0.09± 0.00 b

240 0.04± 0.03 c

Hexanal

0

0.002
0.19 ± 0.01 b

2.4 0.18± 0.01 bc

24 0.18± 0.00 c

240 0.21± 0.00 a

Myrcene
0

0.021

0.19± 0.01 a

2.4 0.15± 0.01 b

24 0.17± 0.02 ab

240 0.17± 0.01 ab

Octanol

0

0.044

0.19± 0.01 a

2.4 0.17± 0.00 ab

24 0.14± 0.03 b

240 0.15± 0.03 ab

The different letters indicate significant differences within each group of bioactive compounds.
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Rhizopus spp. are well known for their capability to produce ethanol [56,57]. Various
studies investigating Rhizopus spp. have found that they can produce ethanol from ligno-
cellulose, thin stillage, spent sulfite liquor, etc. [36,56,57]. In this study, the ethanol yield in
synthetic medium was 0.23 ± 0.09 g ethanol/g initial glucose, which is lower than the value
of 0.37–0.43 g ethanol/g glucose reported for Rhizopus spp. in a previous study [56]. On the
other hand, it is higher than the value of 0.14 g ethanol/g initial glucose reported in [36].
The difference between the results of this study and those of previous studies could be
related to the species of fungus, the cultivation medium (with or without yeast extract), and
oxygen availability. In a previous study, it was reported that in the presence of yeast extract,
a higher ethanol yield was obtained by R. oryzae [58]. The ethanol yields for the bioactive-
compound-containing media varied between 0.12 and 0.31 g ethanol/initial glucose.
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Furthermore, in the presence of ellagic acid and betanin, the maximum ethanol yield
increased. At up to 24 mg/L betanin, the ethanol yield increased by 32% in comparison
to the control (0.21 ± 0.04 g ethanol/g initial glucose). The ethanol yield was not further
improved by betanin at a concentration of 240 mg/L, and it was only 29% higher than in
the control. Similarly, 480 mg/L betanin was the limiting concentration for biomass growth,
and the biomass yield did not increase further after a betanin concentration of 240 mg/L. In
the presence of 240 mg/L hexanal, the maximum ethanol production was achieved earlier;
instead of 72 h, it was at 48 h. Thus, it can be concluded that the cultivation conditions can
be adjusted according to the final target, i.e., biomass or ethanol.

R. oligosporus is capable of producing lactic acid, similarly to other Rhizopus spp. used
for lactic acid production in industry [59]. In this study, the lactic acid yield varied between
different conditions in terms of the bioactive compounds and their concentrations. In the
presence of 240 mg/L betanin, the lactic acid yield increased by 30% in comparison to a
betanin concentration of 2.4 mg/L, which resulted in 0.18 ± 0.01 g lactic acid/g initial
glucose. In the presence of 24 mg/L and 240 mg/L ellagic acid, the lactic acid yield
decreased by 32% and 63%, respectively, in comparison to the control with 0.18 ± 0.03 g
lactic acid/g initial glucose, in contrast to the increase in ethanol yield at an ellagic acid
concentration of 24 mg/L. Decreased lactic acid production in the presence of 240 mg/L
ellagic acid may have been related to the morphology of the fungi, which was in form of
clumps. Zhang et al. [59] stated that the small and loose pellets of Rhizopus spp. are more
preferable for lactic acid production. Table 2 shows the statistical analysis results for the
ethanol and lactic acid yields of R. oligosporus. The mechanism by which fungal growth was
enhanced is still unknown. It is possible that the fungi converted bioactive compounds as
carbon source; however, this requires further investigation, since the glucose consumption
rate increased considerably in the presence of some compounds.

3.2. The Effect of Bioactive Compounds on N. intermedia

The biomass yield of N. intermedia in synthetic medium was similar to that reported
in another study, around 0.17 g biomass/g glucose [37]. In the presence of the bioactive
compounds, N. intermedia showed no significant increase in biomass yield. The changes in
biomass yield for N. intermedia are shown in Figure 3. Unlike R. oligosporus, N. intermedia
consumed all the glucose within 48 h. Glucose consumption was slightly delayed in the
presence of 240 mg/L hexanal. The statistical analysis results for the effect of the bioactive
compounds in a concentration range of 0–240 mg/L on N. intermedia biomass yield are
shown in Table 3. Regarding ethanol production by N. intermedia, the only significant
change was observed in the presence of ascorbic acid at 24 mg/L. The ethanol yield
decreased by 17% in comparison to the control, with 0.27 ± 0.02 g ethanol/g initial glucose.
Moreover, since biomass growth was inhibited in the presence of 240 mg/L octanol and
limonene, there was no ethanol production.

Octanol and limonene inhibited the growth of N. intermedia by 97–98% at a concentra-
tion of 240 mg/L. Weak biomass formation was also observed (less than 0.005 g biomass/g
initial glucose (Figure 3)). This inhibitory effect is in agreement with the results of previ-
ous studies. Similarly, two other Ascomycete fungi, Aspergillus oryzae and A. niger, were
reported to be inhibited by 240 mg/L octanol [29]. The antifungal mechanism of octanol
was mentioned in a study with S. cerevisiae, where the plasma membrane fluidity of the
spheroplast form was shown to be elevated as a mechanism of inhibition [50]. D-limonene
has been reported to have antimicrobial effects as well. This inhibition occurs due to the
effects on fatty acid content, enzymes, and permeability of the cell membrane [60].

The inhibitory effect of octanol on N. intermedia growth provides an opportunity to
prevent N. intermedia contamination with natural antifungal sources. Yassin et al. [61]
reported N. intermedia as one of the most common contaminating fungi together with
N. sitophila, following N. crassa. Octanol can be obtained from fruits or vegetables/residuals.
Mixing them with the raw material could create a solution while also providing new food
products. The co-cultivation of bakery microorganisms and Pleurotus ostreatus might be
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another approach, since the mushroom was reported to produce octanol at inhibitory
concentrations in this study [62]. On the other hand, N. intermedia is currently used in
fermented food production, and several studies have investigated the production of food
and feed using various industrial side-streams, e.g., thin stillage, bread waste, brewery
spent grains (BSGs), etc. [5,12,35]. When substrates containing octanol or D-limonene,
e.g., citrus, grape, plum, etc., are used for N. intermedia cultivation, the aforementioned
compounds should be removed prior to cultivation. Another solution could be to dilute
the material by mixing it with other substrates, as fungi can grow at up to a 24 mg/L
concentration of octanol and limonene.
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Table 3. Statistical analysis results for the varying concentrations of bioactive compounds that showed
significant effects on Neurospora intermedia biomass yield.

Bioactive Compound Concentration (mg/L) p-Value g Biomass/g Initial Glucose

Epicatechin

0

0.043

0.18 ± 0.01 ab

2.4 0.16 ± 0.01 b

24 0.17 ± 0.01 ab

240 0.18 ± 0.01 a

Limonene

0

0.000

0.16 ± 0.01 b

2.4 0.16 ± 0.00 a

24 0.16 ± 0.00 ab

240 0.00 ± 0.00 c

Hexanal

0

0.041

0.16 ± 0.00 ab

2.4 0.17 ± 0.01 ab

24 0.17 ± 0.00 a

240 0.16 ± 0.01 b

Octanol

0

0.000

0.16 ± 0.00 a

2.4 0.17 ± 0.01 a

24 0.16 ± 0.01 a

240 0.00 ± 0.00 b

The different letters indicate significant differences within each group of bioactive compounds.
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The bioactive compounds—except limonene and octanol—did not affect the biomass
yield significantly, possibly indicating that the fungi did not consume them. However, the
adsorption of some phenolic compounds onto the fungal biomass was observed visually.
Figure 4 shows the fungal biomass obtained from the cultivation media containing epicat-
echin. The pictures were taken after the biomass was washed with milli-Q® water. The
fungus shows potential for color removal from fruit industry waste; however, it should be
further investigated for efficiency. Nweke et al. [63] stated that dead fungi showed better
potential for biosorption in comparison to live fungi. Hence, it might be interesting to
investigate the adsorption potential of the dead biomass of N. intermedia further for the
enrichment of edible biomass with phenolic content from fruit processing side-streams.
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3.3. Comparison of R. oligosporus and N. intermedia

The two fungi responded to the presence of the flavor compounds differently. The
compounds which inhibited N. intermedia did not show any inhibition of R. oligosporus.
Differences in cell wall composition may be one reason behind the varying tolerances of
these two fungi toward different compounds. In the fungal kingdom, Zygomycetes, a
class of Zygomycota (which R. oligosporus belongs to), are the only fungi that have chitin–
chitosan as a cell wall polysaccharide. In Zygomycetes, glucan is replaced by chitosan
at a rate up to three times that of chitin [41]. On the other hand, N. intermedia belongs to
Ascomycota. As a model fungus, Neurospora crassa was reported to have β-1,3-glucan and
lichenin (mixed β-1,3-/β-1,4- glucan) in up to 65% of its dry cell wall mass [43], and chitin
in up to 4% in vegetative state of the fungus [43,64].

R. oligosporus was not only resistant to limonene and octanol, but also provided a
higher biomass yield at 240 mg/L. A comparison of biomass yields is shown in Figure 5a.
Among the other compounds, the biggest difference was observed in the presence of
ellagic acid. While there was no significant change in the biomass and ethanol yield of
N. intermedia, R. oligosporus showed a four-fold and 38% increase, respectively. These results
suggest that when the R. oligosporus flavor and properties are preferred, R. oligosporus can
provide the same biomass yield as N. intermedia at 240 mg/L ellagic acid concentration.

The different response of R. oligosporus in comparison to N. intermedia and previous
studies [29] could be interpreted as R. oligosporus having an ability to secrete more diverse
enzymes, and thus pathways to degrade more substrate types. The degradation might in-
clude enzymes such as phenol oxidase, alcohol dehydrogenase, aldehyde dehydrogenases,
etc. [65–68]. R. oligosporus is already known for its ability to assimilate carboxylic acids, e.g.,
acetic acid, butyric acid, and caproic acids (hexanoic acid), as a carbon source [69]. However,
knowledge is scarce about its ability to use hexanal and octanol as carbon sources.
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3.4. Morphology

Although the morphology of the fungi was not the focus of this work, some alterations
were observed at varying concentrations of the bioactive compounds. The morphology
of fungi differs in submerged cultivation based on the cultivation conditions and species
of fungus [70]. The growth form can be filamentous mycelia, mycelial clumps, or pellets,
as well as intermediate forms, e.g., granular and flocculant growth [59,71]. There are
three categories of pellets: The first group of pellets have a compact central core, and
their outer surface has loose and fluffy (hairy) filaments. The second group of pellets also
have a compact core, but with a smooth outer surface. The last group of pellets arises
from the previous two groups; they have a hollow core, where the inner cells have been
autolyzed [71,72]. One reason for this autolysis is the insufficient transfer of nutrients and
oxygen to the inner cells. Therefore, controlling pellet size is important in bioprocesses [72].
In bioprocesses, pellet form is more preferable since the pellets are easy to harvest and the
viscosity of the medium is lower, leading to higher oxygen transfer and increased product
yields [71]. The factors affecting pellet formation include temperature, pH, oxygen level,
trace metals, carbon source, etc. [71]. Pellet formation in Rhizopus spp. has been mentioned
in many studies [59,73]. Souza Filho et al. [73] reported the effect of potato protein liquor
(PPL) concentration on the morphology of Rhizopus oryzae; filaments, mixture of pellets and
filaments, and pellets were reported for increasing three different concentrations of PPL,
respectively. However, in this study, an increasing concentration of ellagic acid resulted
in changes in the shape of R. oligosporus pellets; at the highest concentration (240 mg/L),
growth was in the form of clumps, while spherical and ellipsoidal pellets were formed
at other concentrations. Table 4 shows the morphological changes and their respective
cultivation conditions. Figure 6a shows the pictures taken at 72 h of cultivation.

N. intermedia has been reported to grow in both filament and pellet forms in previous
studies [71,74]. pH was reported to be a significant factor in the pellet formation of
N. intermedia, where a pH of 3.5–4 resulted in the formation of pellets with a smooth outer
surface [71]. In this study, N. intermedia grew in small, loose, spherical mycelium pellets
with fluffy outer surface and a mixture of these pellets with nonuniform mycelium clumps
as well. The sizes of the pellets varied. Although there was no change in the biomass yield
of N. intermedia, the morphology changed slightly in the presence of quercetin. The highest
concentration of quercetin resulted in smaller pellets (Figure 6b).

The size and shape of pellets can be helpful in choosing a preferred fungal strain and
selecting optimal process conditions. In the presence of quercetin, for instance, the pellet
form of R. oligosporus can be more advantageous in terms of harvesting fungi, although
the biomass yield was higher with N. intermedia. The pellet form provides ease of biomass
collection, as the mycelium form or very small pellets are likely to be lost during this
process. At the highest concentration of ellagic acid, R. oligosporus had its highest biomass
yield; however, it was in clump form. Therefore, 24 mg/L may be a more preferable
concentration; at this concentration, the biomass yield was 0.15 ± 0.01 g biomass/g glucose
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and the fungus was still in pellet form. On the other hand, higher ellagic acid concentrations
should be investigated in solid-state fermentation to observe the enhanced biomass growth.

Table 4. Morphological changes in fungi.

Bioactive
Compound

Concentration
(mg/L)

g Biomass/g Initial
Glucose Morphology Final pH

Ellagic acid 1

0 0.04 ± 0.00 Compact, round pellets with a smooth outer surface. 3.5

2.4 0.10 ± 0.01 Mixture of round and tubular-shaped pellets with a
slightly fluffy (hairy) outer surface. 5.2–5.5

24 0.15 ± 0.01 Mixture of round and tubular-shaped pellets with
fluffy (hairy) structure. 5

240 0.18 ± 0.01 Mycelial clumps. 5

Betanin 1

0 0.04 ± 0.00 Compact, round pellets with a smooth outer surface. 3.5

2.4 0.05 ± 0.01 Mixture of big and small pellets with a round shape
and slightly hairy surface. 4

24 0.11 ± 0.00 Mixture of round and tubular-shaped pellets with
fluffy (hairy) structure. 5

240 0.12 ± 0.01 Round pellets with fluffy (hairy) structure. 5

Octanol 1 0–24 0.05–0.08 Round pellets. 4.5–5
240 0.11 ± 0.01 Smaller and spherical pellets. 5.3

Quercetin 2
0–2.4 No significant change

in biomass yield

Mixture of pellets and mycelium. 3.8–4.7
24 Pellets. 4–4.5

240 Smaller pellets. 4.5
1 Changes in R. oligosporus. 2 Changes in N. intermedia.
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3.5. Potential Applications of Fruit Bioactive Compounds in the Food Industry

The fermentation of materials for food production requires food-grade microorgan-
isms which are resistant to the inhibitory components in these materials. In this study,
R. oligosporus and N. intermedia were shown to be resistant to the fruit bioactive compounds
in the range of the concentrations studied. Hence, they can be used in the food industry
to utilize materials containing fruit bioactive compounds, e.g., fruit processing residuals.
Octanol and D-limonene were inhibitory for N. intermedia at 240 mg/L. Considering the
sensitivity of N. intermedia and other edible filamentous fungi (e.g., A. oryzae and A. niger)
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to octanol [29], R. oligosporus seems to be more promising in food fermentation with its en-
hanced biomass yield. Furthermore, food products containing octanol may have potential
applications in medicine. Bushara et al. [75] reported that the oral intake of octanol was
helpful in controlling essential tremor, a neurological disorder. However, its application for
health-improving effects and biosorption potential should be investigated further.

The adsorption of phenolic compounds with bioactive properties into edible fungal
biomass could lead to the production of novel foods with functional properties. As a low-
value and environmentally friendly raw material, fruit processing industry residuals can
be utilized. In this regard, N. intermedia shows potential in adsorbing phenolic compounds,
e.g., epicatechin.

The bioactive compounds that increased the biomass yield of R. oligosporus, particularly
ellagic acid, could be used as a growth booster for fungi in the food industry, e.g., in
tempeh and novel fermented food production. Moreover, the fermentation of fruit/FPRs
by R. oligosporus could be advantageous due to the ability of fungi to release phenolic
compounds from fruit residuals [24]. Vattem et al. [24] reported that extractable phenolics,
including ellagic acid, were increased during the solid-state fermentation of cranberry
pomace by R. oligosporus. The increased total phenolic and antioxidant content could be
due to higher ß-glucosidase activity, since ß-glucosidase can hydrolyze phenolic glycosides
and release phenolic compounds.

R. oligosporus and N. intermedia produced ethanol in concentrations of up to 10 g/L.
Following biomass separation after cultivation, the remaining liquid fraction might be
interesting to evaluate as a nonalcoholic or low-alcohol fermented drink [12]. The possibility
of having a fruity aroma in this fermented drink would also be intriguing to be investigated.

4. Conclusions

Two food-grade fungi were examined for their reactions to fruit bioactive compounds
known for their antimicrobial properties. Both fungi showed the potential to be used to
cultivate materials with bioactive compound contents. However, some limitations to the
application of N. intermedia were observed. For limonene- and octanol-containing media at
240 mg/L or above, the compounds should be removed prior to N. intermedia cultivation.
On the other hand, R. oligosporus may be preferred, since its fungal biomass yield was
increased in the presence of octanol and limonene. Furthermore, the increasing biomass
yield of R. oligosporus in the presence of bioactive compounds shows the potential of the
fungus for fermenting food from materials with bioactive compound contents, e.g., fruit
processing residuals. Ellagic acid can be utilized to enhance growth in the fermented food
industry, as evidenced by the four-fold increase in biomass yield observed in the presence
of this compound. Moreover, the faster glucose consumption trend of R. oligosporus in the
presence of bioactive compounds could lead to a shorter fermentation time, and therefore
less costly industrial-scale processes.
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