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ABSTRACT

Co-culturing fungi offers a promising strategy for generating hybrid fungal biomass with structural and functional properties
for developing fungal-based alternative leather. In this study, two filamentous fungi, Aspergillus oryzae and Rhizopus delemar,
were co-cultured to valorise food waste through production of fungal materials with enhanced mechanical properties owing
to chitin-rich biomass of A. oryzae and chitin-chitosan-rich biomass of R. delemar. After confirming symbiotic growth on solid
media and in submerged semi-synthetic media, the system was applied to a complex medium prepared from bread and lemon
waste. Cultivation was scaled up to a 4.5L bubble-column bioreactor. The harvested biomass was tanned with chestnut tannin
and processed into materials using wet-laid method. Symbiotic growth was verified by polymerase chain reaction (PCR) ampli-
fication and visually via optical and scanning electron microscopy (SEM). Unlike the pelletised morphology typical of A. oryzae,
the co-culture produced dispersed mycelium favouring material formation. Co-cultures yielded higher ethanol concentrations
(12-14g/L), with biomass yields exceeding those of R. delemar (~0.2g/g) and comparable to A. oryzae (~0.3 g/g) monocultures.
The highest tensile strength and elongation achieved were 11.7 MPa and 8% respectively. Overall, this work establishes fungal-
fungal co-culture as a transformative approach for producing hybrid biomass for fungal-based leather alternatives.

1 | Introduction used to close the loop in circular process development (Meyer

et al. 2020; Barta et al. 2024). Therefore, fungal-based alterna-

Leather, often considered a luxury material, but its production
is associated with rigorous amounts of water usage, wastewater
generation, greenhouse gas emissions, ethical concerns regard-
ing animal welfare, poor working conditions and toxic pollut-
ant effluents from tanneries (Corradini et al. 2016; Hakansson
et al. 2023; Masood and Malik 2013). Conversely, fungi, nature's
recyclers, are considered a novel material platform for the devel-
opment of biobased products. Fungi can be cultivated on renew-
able feedstocks, such as low-cost organic waste and thus can be

tive leather materials are gaining increased attention because of
their environmental and ethical advantages over conventional
leather (Elsacker et al. 2023). Solid-state fermentation (SSF) is
the most commonly used method for producing fungal leather
using self-grown fungal mats (Gandia et al. 2021). However,
submerged fermentation (SmF) provides rapid and more con-
trollable fungal growth, with the additional advantage of en-
abling enhanced material properties during the post-processing
of harvested fungal biomass. Therefore, SmF has been applied
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in our previous studies on the production of fungal leather al-
ternatives via wet laying of vegetable-tanned fungal biomass
(Wijayarathna et al. 2022, 2025).

The main biopolymers found in the fungal cell wall are chitin,
chitosan, 8-glucan, mannan and traces of other polysaccharides,
whereas their availability and composition depend on the fungal
strain and phylum (Ost et al. 2025). Fungal cell wall biopoly-
mers strongly influence the mechanical properties of the final
fungal-based materials. The cell walls of Ascomycota sp. such as
Aspergillus oryzae are composed of chitin and -glucan, whereas
those of Mucoromycota sp. (previously known as Zygomycota sp.)
such as Rhizopus delemar are composed of chitosan, chitin and
traces of B-glucan owing to their ability to naturally synthesise
chitosan (Kadooka et al. 2023; Cheng et al. 2024). Chitin, a rigid,
crystalline and inelastic polysaccharide (Zargar et al. 2015) and
chitosan, its functional deacetylated derivative are structural
biopolymers in fungal cell walls (Cheng et al. 2024), and have
been researched to produce materials. Fungal chitosan from R.
delemar has been used to produce monofilaments with a ten-
sile strength of 106 MPa (Svensson 2024) and wet-laid fungal
films with a tensile strength of 18 MPa. Additionally, Agaricus
bisporus has been used to produce fungal leather with a tensile
strength of 20 MPa (Zhao et al. 2026) and high-strength nano-
papers with a tensile strength of 200MPa have been produced
owing to the rigidity of chitin and the cementing nature of glu-
can (Fazli Wan Nawawi et al. 2019).

While cell wall biopolymers play a vital role in determining ma-
terial properties, achieving a non-pelletised, dispersed fungal
growth morphology is also essential for obtaining a homoge-
neous and uniform final product. A. oryzae tends to form pel-
lets during submerged fermentation from hyphal aggregation
due to the extracellular polysaccharide galactosaminogalactan
(Miyazawa et al. 2020, 2019) or other external factors such as
agitation, pH and media composition (Carlsen et al. 1996). This
growth morphology hinders its use in fungal material produc-
tion, despite the presence of mechanically favourable cell walls
with chitin and @-glucan, and its relatively high protein content
in addition to the higher biomass yield (Ferreira et al. 2014;
Svensson et al. 2024; Parchami et al. 2021b). In contrast, the R.
delemar grows as a dispersed mycelium, which is beneficial for
producing uniform materials (Wijayarathna et al. 2022, 2025)
nonetheless, reaching higher mechanical strengths with R. dele-
mar was limited owing to the chitin-chitosan complex biopoly-
mer arrangement (Cheng et al. 2024).

Despite rapid advances in the production of fungal-based
leather alternatives, their mechanical performance still lags
behind that of natural leather (Meyer et al. 2021). In pursuit of
biotechnology-based environmentally benign improvements,
we hypothesised a fungal-fungal co-culture seeking the bene-
fit of biopolymer and protein composition in the hybrid fungal
biomass. Co-culturing fungi is an extensively investigated area,
especially in discovering diverse chemicals such as ligninolytic
(Jiménez-Barrera et al. 2018; Singh et al. 2025) and cellulolytic
enzymes (Kathirgamanathan et al. 2025; Peldez et al. 2022) that
are yielded from microbial competition (Knowles et al. 2022).
However, no published research exists on fungal-fungal co-
culture to produce hybrid fungal biomass for fungal-based ma-
terial development.

To test this hypothesis, the compatibility of R. delemar and A.
oryzae was assessed in solid and liquid media. With the con-
firmed symbiotic relationship between the two fungi, submerged
cultivation was continued using food waste-derived complex
media, followed by bench-scale reactor cultivation. Different in-
oculation ratios and incubation periods were evaluated to iden-
tify the optimal conditions for fungal-fungal co-culture. The
biomass was tanned using chestnut tannins. Sheets were pro-
duced using wet laying to analyse the mechanical performance
of the hybrid biomass as a leather alternative. To the best of our
knowledge, this is the first demonstration of a fungal-based al-
ternative leather derived from hybrid fungal biomass produced
via fungal-fungal co-culture, unlocking an entirely new design
space for fungal materials.

2 | Materials and Methods
2.1 | Microorganisms and Materials

The microorganisms used in this study were R. delemar
(CBS 140.950) and A. oryzae (CBS 819.72), obtained from the
Westerdijk Fungal Biodiversity Institute in the Netherlands.
Microbiological agar, peptone special powder, malt extract pow-
der, potato infusion powder, sulphuric acid (98%), hydrochloric
acid (37%) and sodium hydroxide pellets were purchased from
Sigma-Aldrich. Commercial vegetable tannin chestnut was
kindly supplied by Silva Team (Torre, Italy). Unsold bread was
collected from nearby ICA Gruppen AB, Sweden supermarkets.
The bread was broken into smaller pieces by hand and dried at
room temperature for 2-3days, followed by milling into pow-
der to facilitate the dispersion of bread in liquid (size <3mm)
using a rotary dry mill (M 100, Retsch Technology GmbH,
Germany) and stored at room temperature until further use.
Lemon peel residues from juice production were kindly sup-
plied by Herrljunga Drycker AB (Herrljunga, Sweden). To assist
the pretreatment, the lemon peels were ground into pieces of
approximately 2cm using a heavy-duty blender (Waring com-
mercial, USA). A 2% w/v suspension of ground lemon in water
(50L) was prepared and heat-treated at 85°C for 2h in a brewing
kettle (Digiboil 65L, KegLand, Australia) to extract nutrients.
This concentration was chosen due to the availability of lemon
peels during the time of experiment. The liquid fraction, that
is, the nutrient-rich solution, was recovered by filtration using
nylon filter bags (Brew Bag 210um, USA) into 5L borosilicate
glass bottles and used to prepare the bread suspension substrate
for fungal cultivation in bioreactors. Both bread powder prepa-
ration and lemon peel pretreatment were done in fresh condition
before the cultivation.

2.2 | Fungal Cultivation

Following our laboratory's established procedures, R. delemar
was cultured at 30°C for 4days and maintained on malt extract
agar (MEA) plates containing 30 g/L malt extract, 3g/L peptone,
and 15g/L agar, and A. oryzae was cultured at 30°C for 4days
and maintained on potato dextrose agar (PDA) plates contain-
ing 20g/L glucose, 4 g/L potato infusion powder and 15g/L agar.
Fungal spore suspensions were prepared by adding 20 mL sterile
Milli-Q water to previously prepared R. delemar and A. oryzae
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FIGURE1 | Flow chart on fungal cultivation process.

plates and carefully scraping the spores using sterile L spread-
ers. The freshly inoculated plates were incubated for 4-5days at
30°C prior to sealing with Parafilm (Bemis, USA) and stored at
4°C until use.

Co-culture cultivation (Figure 1) was planned and executed as
follows:

a. First, the symbiotic relationship between the two fun-
gal strains when grown together on agar plates was in-
vestigated. The cultures were grown on malt extract
agar (MEA) in duplicates. MEA was chosen because it
is the preferred medium suggested by the culture col-
lection at the Westerdijk Fungal Biodiversity Institute,
Netherlands, for both fungal strains, regardless of the
laboratory practice. Each new MEA plate was inoculated
with 100uL of spore suspension, either 100 uL of one
strain for monocultures or in a 1:1 mixture with 50 uL of
each strain for co-cultures. The inoculated MEA plates
were incubated at 30°C for 4 days, and fungal growth was
analysed visually.

b. As the second step a semi-synthetic minimum medium
was used to observe growth during submerged fer-
mentation. The cultivation medium was prepared with
30g/L glucose and 5g/L yeast extract. Triplicate 250 mL
Erlenmeyer flasks per sample containing 100mL of
sterile media (sterilised using an autoclave at 121°C for
20min, Laboklav 195, SHP Steriltechnik AG, Germany)
were inoculated by adding 2mL of spore suspension ei-
ther in whole 2mL from one strain for monocultures or
1:1 with 1 mL from each strain for co-culture. The flasks
were incubated at 30°C and 100rpm for 48 h in a shaking
water bath (Grant Instruments, UK). The fungal growth
morphology was qualitatively evaluated with visual
observations.

c. The third co-culture experiment was conducted using
a medium containing suspended bread powder in
Erlenmeyer flasks in triplicates. Bread powder was
selected as a culture medium as it consists primar-
ily of starch (~52%), proteins (~8%-12%) and fat (~5%)

(Svensson et al. 2021). Three different bread suspension
concentrations (5%, 10% and 15% w/v bread powder in
water) were used to select the optimal cultivation con-
ditions for co-culture growth. The inoculum and culti-
vation were performed as described in Section (b). After
48h, the biomass was harvested by filtering the culture
broth through a kitchen filter and washing twice with
water, followed by oven drying to analyse the biomass
yields.

. The 5% bread suspension concentration was selected due

to the optimum yield and better bioreactor hydrodynam-
ics as higher solid contents in liquid suspension media
can negatively affect the mass transfer in the bubble col-
umn bioreactors (Kadic and Heindel 2014). To prepare
the 5% bread powder suspension, liquid nutrient fraction
extracted from the 2% lemon peel suspension pretreat-
ment was used, as it increased the total waste valorisa-
tion efficiency of the process and potential addition of
micronutrients to create a thriving environment for the
fungi (Jiang et al. 2022). Once the cultivation medium
was prepared in 5L borosilicate bottles with pH adjust-
ment to 5.5, the reactors were filled with 3 L of cultivation
medium and sterilised in an autoclave (Laboklav 195,
SHP Steriltechnik AG, Germany) at 121°C for 20 min.
Different inoculation times and inoculation ratios were
used in this experiment to facilitate the growth of A. ory-
zae, which showed minor growth in the bread suspen-
sion in co-culture experiments compared to R. delemar.
Monocultures were also done with only A. oryzae and
R. delemar as control experiments. The detailed experi-
mental plan for bioreactor co-cultivation is presented in
Table 1. The bioreactors were inoculated with 70 mL total
spore suspension (each fungal spore suspension volume
was calculated according to the ratio) and cultivation
was continued for 48 h at 30°C and 1 VVM (volume of air
per volume of liquid per minute) aeration. Samples were
collected to analyse the substrate consumption and me-
tabolites production using HPLC. After 48 h, the biomass
was harvested and washed to remove the unconsumed
substrate and stored in Ziplock bags at 4°C until use.
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TABLE 1 | Bubble column bioreactor cultivation conditions (RD: Rhizopus delemar and AO: Aspergillus oryzae, AO 0,9: RD 0,1 means both A.

oryzae and R. delemar inoculated at the same time Oh and at 9:1 ratio).

Sample name Inoculation time AO:RD

Inoculation ratio AO:RD Biological replicates

AO0,1:RD 12,1 O0h:12h
AO0,9:RD 12,1 O0h:12h
AO0,1:RD 0,1 0h:0h
A0 0,9:RD 0,1 0h:0h
AO MONO 0h AO only
RD MONO 0h RD only

1:1 2
9:1
1:1
9:1

n/a

NN NN

n/a

2.3 | Fungal Biomass and Metabolite Analysis

Nutrient (glucose and other pentose sugars) consumption and
metabolite (ethanol) production were analysed using high-
performance liquid chromatography (HPLC) (Alliance 2695,
Waters Instruments, UK) equipped with a hydrogen ion ex-
change column (Aminex HPX-87H, Bio-Rad, Hercules, CA,
USA) operated at 60°C with a flow rate of 0.6 mL/min and 5mM
H,SO, as the mobile phase.

The harvested biomass yield was calculated using the gravi-
metric method by weighing the samples after drying them in
an oven at 70°C for 24 h. The protein content of the harvested
biomass was estimated by the nitrogen content obtained using
a CHNS elemental analyser (FlashSmart, Thermo Fisher
Scientific Inc., USA). The crude protein content was calcu-
lated using a conversion factor of 6.25 (Svensson et al. 2021;
Parchami et al. 2021a).

Prior to PCR analysis, genomic DNA was extracted from fun-
gal samples including monocultures and co-cultures of the
two fungal strains using a thermolysis-based method. Briefly,
10mg of fungal biomass was transferred into a 1.5mL mi-
crocentrifuge tube containing 500 uL of Milli-Q water. The
suspension was vortexed thoroughly and then centrifuged at
13,000 rpm for 10 min. After carefully removing the superna-
tant, 250 uL of fresh Milli-Q water was added. The mixture
was briefly vortexed and subsequently incubated at 95°C
for 10min to facilitate cell lysis. Following centrifugation at
13,000rpm for an additional 10min, the resulting superna-
tant, containing crude genomic DNA, was collected and stored
at 4°C until further use. The PCR reaction mixture consisted
of 16 uL. Milli-Q water, SuL 5x HF buffer (Thermo Fisher,
USA), 1uL deoxynucleoside triphosphates (ANTPs, 10 mM),
1 uL of primer mix (100 uM), 1 uL of 10-times diluted genomic
DNA template, and 0.4 uL Phusion DNA polymerase (Thermo
Fisher, USA). Primer pairs included Bt2a (5'-GGTAACCAA
ATCGGTGCTGCTTTC-3’) and Bt2b (5'-ACCCTCAGTGTAG
TGACCCTTGGC-3’) for amplification of the BenA region, and
RhizF (5-GTCTTCGGAGCGTCTGTTT-3’) combined with
ITS4 (5-TCCTCCGCTTATTGATATGC-3’) for amplification
of the Rhizopus-specific internal transcribed spacer (ITS) re-
gion. PCR amplification was performed using the following
cycling conditions: an initial denaturation at 98°C for 3 min,
followed by 35cycles of 98°C for 10s, 66°C for 25s and 72°C
for 20s, with a final extension step at 72°C for 8 min. PCR
products were resolved by electrophoresis on 1.5% agarose gels

in Tris-acetate-EDTA (TAE) buffer (Tris base, glacial acetic
acid and ethylenediaminetetraacetic acid (EDTA) 1x working
solution composed of 40 mM Tris base, 20 mM acetic acid and
1mM EDTA (pH8.5)) at 180V for 30 min and visualised on the
gel stained with SYBR Safe (Thermo Fisher, USA) using a gel
imaging system (Bio-Rad, USA).

Microscopy observations were done on the harvested biomass of
monocultures and co-cultures using a fluorescence microscope
in optical mode (AxioStar Plus, Zeiss, Germany). Images were
captured using an AxioCam MR colour microscopy camera and
AxioVision 3.1 software.

Fungal biomass obtained from mono and co-cultures were
analysed by Fourier transform infrared spectroscopy (FTIR;
Nicolet iS10, Thermo Fisher Scientific, USA) with 32 scans
and a resolution of 4cm™! to understand the biopolymer avail-
ability. Prior to analysis, samples were stored in a desiccator
for 24h to remove residual moisture. Background spectra
were collected and subtracted to minimise atmospheric inter-
ference. The resulting spectra were normalised, and baseline
corrected using Origin software (Origin 2025 (64-bit) SR1
10.2.0.196 (Academic)).

To observe the fungal mycelium arrangement in the produced
sheets and the extracellular polysaccharide galactosaminoga-
lactan availability on A. oryzae mycelium surface in both mono
and co-cultures, a scanning electron microscope (SEM) was
used. Imaging was conducted using an ultra-high-resolution
field-emission SEM (S-4800, Hitachi, Tokyo, Japan) operated
at an accelerating voltage of 1.0kV. To analyse the mycelium of
the harvested fungal biomass samples were snap frozen (with
liquid nitrogen) and freeze dried. All the samples were mounted
on stubs using carbon tape and coated with a 3nm layer of Pt/
Pd before analysis.

2.4 | Fungal Biomass Tanning and Material
Preparation

The harvested fungal biomass tanning and material prepara-
tion were done according to our previous studies (Wijayarathna
et al. 2022, 2025). Chestnut tannin was used for biomass tan-
ning, as it consistently provided favourable material proper-
ties and processing performance from our previous studies
(Wijayarathna et al. 2022, 2025). The produced materials were
analysed to evaluate the feasibility of co-cultured biomass for
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alternative leather production. A biomass suspension with
a concentration of 30g dry/L was subjected to grinding and
homogenisation using a kitchen grinder, performed in five
cycles of 1 min each. The pH of the suspension was then ad-
justed to 3.5 using hydrochloric acid (HCI). Chestnut powder
was added to the suspension at a final concentration of 15g/L.
This suspension was mixed for 8days at room temperature
with magnetic stirring (200 rpm). After 8 days, the suspension
was filtered and washed twice to remove the unfixed tannins,
and the tanned biomass was stored at 4°C until use.

The reaction between fungal biomass and tannin was analysed
using Fourier Transform Infrared Spectroscopy (FTIR; Nicolet
iS10, Thermo Fisher Scientific, USA) using the same method de-
scribed in “fungal biomass and metabolite analysis” section 2. A
wet-laid sheet after drying was used as the tanned biomass sample.

Fungal material production with tanned biomass using the wet-
laying method was also done according to our previously published
works (Wijayarathna et al. 2022, 2025) with minor modification.
Sheets with a diameter of 100mm were produced using a vacuum
funnel setup (Sterlitech, USA) along with a nylon filter membrane
with a pore size of 30um (Spectra Mesh woven filters, Nylon,
Thermo Fisher Scientific, USA). The wet-laid sheet was carefully
collected as a sheet and dried on a plexiglass sheet at room tem-
perature with the support of a plastic ring to secure the edge.

2.5 | Mechanical Properties of the Produced
Materials

To analyse the mechanical properties of the produced fungal
materials, a tensile test was done using a tensile tester (HK10,
Tinius Olsen, USA). The thickness of the samples was measured
at five places using a laboratory gauge (Mitutoyo, Japan), and
the average was used as the thickness of the test sample. Type
5A dog-bone-shaped test specimens were cut using a laboratory-
press knife (Elastocon, Sweden). The test specimens were con-
ditioned for 24 h under standard atmospheric conditions, that is,
23°C+2°C and 50+ 5 relative humidity. The test was done at a
test speed of 1 mm/min using a 100N load cell and 25 mm gauge
length. The data were obtained using Horizon software (Tinius
Olsen, USA).

2.6 | Statistical Data Analysis

Data were analysed using Minitab 22 (Minitab 22.2.2). Statistical
significance among groups was assessed using one-way analy-
sis of variance (ANOVA), followed by Tukey's post hoc test for
multiple comparisons (o= 0.05). Unless otherwise specified, all
analyses were conducted in duplicates at minimum.

3 | Results and Discussion

Fungal mycelium-based materials play a key role in the devel-
opment of sustainable and ethical leather alternatives (Jones
et al. 2021). The performance of mycelium-based materials is
strongly influenced by the proteins, growth morphology and
cell wall biopolymers of the strains producing them (Haneef

et al. 2017; Bustillos et al. 2020; Amobonye et al. 2023). In the
present study, we investigated the potential of hybrid biomass
produced via fungal-fungal co-culture for alternative leather
material production, taking advantage of the higher biomass
yields, favourable dispersed mycelium morphology and diverse
biopolymers of these two strains. First, the co-cultures of agar
plates and liquid submerged cultivations were analysed using
visual, gravimetric, chromatographic, microscopic and genomic
methods. Finally, scaled-up cultivation was performed to ob-
tain sufficient fungal biomass to produce alternative leather
materials. The biomass was tanned using vegetable tannin, and
material production was done via wet laying. The optimised co-
culture configuration was selected based on the biomass yield,
metabolites production and mechanical properties of the pro-
duced alternative leather materials.

3.1 | Fungal Co-Culture Initial Stage

The first co-culture experiments were done on malt extract agar
(MEA) Petri dishes, and the symbiotic relationship between the
two strains was analysed visually (Figure 2A-D). R. delemar
usually grows as a “fluffy” white biomass in MEA with black vis-
ible sporangia (Figure 2A). When inoculated together in MEA,
both fungi grew without showing any inhibitory effects on each
other (Figure 2B). When the growth was visually compared, R.
delemar grew better than A. oryzae with relatively more spore
production, and the spores of A. oryzae showed a brown colour
(Figure 2B). This spore colour was a different observation for A.
oryzae compared to the green spores usually observed when the
fungus is cultivated in potato dextrose agar (PDA) (Figure 2C)
medium. To investigate this spore colour change phenomenon,
A. oryzae spores collected from PDA plates were inoculated onto
MEA plates, and vice versa. It was observed that regardless of
the medium in which the spores were collected, when cultivated
in MEA, the spore colour was brown, whereas those grown on
PDA exhibited a green colour (Figure 2C,D, respectively). This
colour change in A. oryzae spores has been investigated as a
mutation in the wA gene (Fernandez et al. 2012), which is re-
sponsible for the spore colour. In contrast, we observed that the
spore colour changed due to the composition of the medium, and
when the brown spores from MEA were cultured on PDA, the
spores became green. Suleiman (2023) also described a similar
colour change when A. oryzae was cultivated on different media.
Thus, in our scenario, the colour change due to media change
could be gene suppression instead of a mutation. Moreover, Ye
et al. (2014) reported that there is no relationship between the
abnormal colours of A. oryzae spores and the characteristics and
performance of the fungus.

The second co-culture experiment was done in liquid sub-
merged cultivation using semi-synthetic media (Figure 2E-G).
The purpose of this culture was to observe the morphological
changes in the mycelium obtained from submerged cultiva-
tion, as Aspergillus oryzae generally forms pellets, and this
pelletised growth is not preferred for leather-like material
production. The observation was that, even though A. ory-
zae formed pellets in monoculture (Figure 2F), no pelletised
mycelium was observed in the co-culture (Figure 2G). Pellet
formation of Aspergillus sp. and specifically Aspergillus ory-
zae occurs due to cell wall polysaccharide a-1,3-glucan and
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FIGURE2 |

(A) Rhizopus delemar in malt extract media. (B) Aspergillus oryzae (AO) and Rhizopus delemar (RD) in malt extract media. (C) Spores

collected from A. oryzae in malt extract media plate cultivated in potato and glucose media plate. (D) Aspergillus oryzae in malt extract media. (E)

Dispersed morphology of R. delemar in semi-synthetic media. (F) A. oryzae pelletised morphology in semi-synthetic media. (G) The non-pelletised

and dispersed mycelium morphology of co-culture in semi-synthetic media. (H) Yields of Aspergillus oryzae (AO), Rhizopus delemar (RD) and co-

culture (CO) grown in submerged cultivation of 15%, 10% and 5% bread suspension media.

extracellular polysaccharide (EPS) galactosaminogalactan
(Miyazawa et al. 2019, 2020). As mycelium growth morphol-
ogy was favourable for material production, it was decided
to continue with the co-culture in complex food waste-
derived media to further explore the symbiotic growth and
morphology.

The third co-culture experiment was conducted on 5%, 10% and
15% bread suspensions in water (as a food waste derived media)
to observe the behaviour of the fungi in complex media and
to select the best bread suspension concentration for the next
scale-up cultivation. The initial observation was that A. oryzae
thrived in bread suspension media more than R. delemar, with
a higher yield of 0.26 +£0.02 compared to 0.12+ 0.1 g/g substrate
(Figure 2H). In contrast, when the yield of the co-culture was
compared with that of both monocultures, it was similar to
that of the R. delemar monoculture. This lower biomass yield
observed in the co-culture may be related to competitive inter-
actions between the two fungal species. Based on observations
from Petri dish cultivations, R. delemar appeared to colonise the
growth medium more rapidly than A. oryzae when both strains
were cultivated together. In their work, Mitchell et al. (1988)

have compared the radial growth speed of Aspergillus oryzae
and Rhizopus oligosporous and reported the Rhizopus strain had
more than threefold mycelium growth speed (1.01 mm/h) than
A. oryzae (0.29 mm/h). Moreover, R. delemar grown on potato
dextrose agar (PDA) plates at pH5 showed a two-fold radial
mycelial growth rate of 0.60mm/h compared to the previously
reported A. oryzae growth speed (Liang et al. 2024). These ob-
servations suggest that R. delemar may have possessed a com-
petitive growth advantage under the cultivation conditions
used in this study, potentially limiting nutrient availability for
A. oryzae. A 5% bread suspension was chosen for the bioreactor
cultivations as it yielded higher amounts of biomass in all cases
(Figure 2H). Additionally, lower solid content in the media facil-
itates hydrodynamics and the mass transfer inside the bioreac-
tor (Kadic and Heindel 2014; Gandhi et al. 1999).

3.2 | Scaling-Up of Co-Culture in Bubble Column
Bioreactors

The bioreactors were inoculated at different ratios and times
(Table 1) to facilitate the growth of A. oryzae. In terms of
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FIGURE 3 | The glucose, other pentose sugars (sugar mix) and ethanol profiles in different co-culture and monoculture bioreactor cultivations

obtained from ultra-high performance liquid chromatography (UHPLC), and the bar at 48 h shows the final biomass yield (g dry biomass/g dry bread

powder) The information regarding cultivation conditions on (A-F) can be found in Table 1.

biomass yield, A. oryzae monoculture which grew into a pel-
letised biomass, had a higher yield of 0.31g/g than R. delemar
monoculture, which had a yield of 0.21g/g (Figure 3E,F) and
grew as dispersed mycelium morphology. The hybrid fungal bio-
mass in co-cultures grew as dispersed mycelium in align with
the pre-experiments in Erlenmeyer flasks. In the co-cultures,
when A. oryzae inoculation was higher than R. delemar or A.
oryzae was given a 12h head start before R. delemar, the yields
reached 0.31g/g (Figure 3A-C), which was the same as the A.
oryzae monoculture yield. When both strains were inoculated
simultaneously at a 1:1 ratio, the biomass yield was significantly
lower (p=0.003) at 0.24g/g (Figure 3D), which was more simi-
lar to the yield of the R. delemar monoculture. This further con-
firms the previous observation of A. oryzae growth hindrance
when both strains inoculated 1:1 at the same time with different
bread suspension media cultivations.

The profiles of glucose, other pentose sugars (sugar mix) as nu-
trients and ethanol as main primary metabolite were obtained
from the high-performance liquid chromatography (HPLC).
When monocultures are compared (Figure 3E,F), there is a dis-
tinct difference in glucose profiles. A. oryzae hydrolyses starch
into glucose but at the same time consumes all the glucose and
eventually reaching to higher biomass yields. R. delemar on the
other hand, hydrolyses starch but not does not consume as fast
as A. oryzae thus over the time level of glucose in the media sta-
bilises until 40h. In contrast to the biomass yields, R. delemar
produces more ethanol than A. oryzae in monocultures.

When co-cultures are considered, a clear efficient glucose con-
sumption is visible when R. delemar inoculation was delayed by
12h, regardless of the higher (9:1) or the same (1:1) inoculation
ratio of A. oryzae. In contrast, when both strains are inoculated
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at the same time, glucose accumulation is taking place until
24-28h. The average final ethanol concentration was 9g/L.
When both strains were inoculated together at a ratio of 9:1, the
final ethanol concentration was 12g/L. Nonetheless, the high-
est amount of ethanol (13.5g/L) was obtained from both strains
inoculated simultaneously at 1:1 ratio, even though the biomass
yield under this condition was the lowest in the co-culture ex-
periments. The final concentration of ethanol has a direct rela-
tionship with the R. delemar cultivation time and inoculation
volume thus it shows the tendency of higher ethanol produc-
tion in R. delemar which was also observed in monocultures.
Overall, both strains inoculated simultaneously at 9:1 ratio were
chosen as the most optimal co-culture with both optimal fungal
biomass and ethanol as a by-product. However, in a typical setup
ethanol should be lowest to obtain optimal amount of biomass
thus further optimisation of cultivation could be an advantage
in this regard.

3.3 | Fungal Biomass Analysis

The protein content (Table 2) did not vary significantly among
the biomass harvested from co-culture compared to cultivation
alone (p=0.267). However, the protein content of the R. dele-
mar monoculture biomass was significantly lower than that of
all other cultures (p=0.002). According to the Tukey pairwise
comparison (Figure S1), when A. oryzae was inoculated 12h
earlier than R. delemar, the protein content of the final hybrid
biomass was more similar to that of the A. oryzae monoculture.
Additionally, when both strains were inoculated simultaneously
at an inoculum ratio of 9:1, the protein content was similar to

that of the A. oryzae monoculture. In contrast, when both strains
were present at a 1:1 ratio and inoculated simultaneously, the
protein content was significantly lower than that of the mono-
culture (Figure SI). A higher protein content in fungal biomass
is vital for fungal leather production, as tannins interact with
proteins to form stable networks (Wijayarathna et al. 2022). The
crude protein content obtained by all co-cultures and monocul-
tures was within the same range as previously reported values
for both A. oryzae and R. delemar protein contents when the
cultivations were done on bread or food waste derived media
which usually consider as higher carbon but nitrogen limiting
substrates (Parchami et al. 2021b; Svensson et al. 2021).

Although the growth of both strains in co-culture was assessed
using different indirect techniques, visual observation was
required to show the mycelium of the two filamentous fungi
present in the final harvested biomass. Optical microscopy
was initially used for this purpose in the past. When observed
under the microscope, A. oryzae mycelium (Figure 4A) appears
as uniform tubular filaments with smaller diameters and dis-
tinct septa (Hayakawa et al. 2011; Higuchi 2021), whereas R.
delemar (Figure 4B) exhibits irregular and larger non-septate
filamentous structures. The non-septate irregular mycelium
is a distinctive feature of Rhizopus sp., which belongs to the
Mucoromycota phylum (previously the Zygomycetes phylum)
(Moss 2006). In the co-culture sample, both strains were clearly
visible (Figure 4C), indicating successful growth of both strains.

PCR amplification using species-specific primers also con-
firmed the presence of both fungal strains in the co-culture.
The (-tubulin gene (BenA) is widely used as a molecular

TABLE 2 | Nitrogen, carbon, hydrogen and protein content of the fungal biomass. Information on each cultivation condition can be found in

Table 1.
Sample name N % C% H % Crude protein %
AO0,1:RD 12,1 6.14+0.03 52.49+0.90 7.21+0.05 38.35+0.17
AO0,9:RD 12,1 6.23+0.09 46.98+0.11 7.10+£0.01 38.97+0.57
AO0,1:RDO0,1 6.09+0.02 48.80+0.75 7.31+0.04 38.05+0.14
AO0,9:RD 0,1 6.16 +£0.08 49.00x0.65 7.28+0.01 38.50+0.49
AO MONO 6.33+0.02 47.10+0.52 7.02+0.08 39.58+0.13
RD MONO 5.84+0.05 49.19+1.56 7.29+0.04 36.52+0.31

FIGURE 4 | (A) Aspergillus oryzae monoculture biomass under microscope. (B) Rhizopus delemar monoculture biomass under microscope. (C)
Co-culture biomass under a microscope. The red arrows in figures (A) and (C) indicate the septa of A. oryzae mycelia.
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marker for the identification and phylogenetic analysis of
Aspergillus species (Hubka and Kolarik 2012). In contrast,
the use of a Rhizopus-specific forward primer in combination
with the universal ITS4 reverse primer provides a reliable
approach for selectively amplifying the Internal Transcribed
Spacer (ITS) region of Rhizopus species (e.g., R. oryzae, R. mi-
crosporus) (Abe et al. 2006). As expected, PCR amplification
produced a fragment of approximately 550 bp corresponding
to the BenA gene in the monoculture of A. oryzae (lane 1),
while a ~300bp ITS fragment of RhizF gene was amplified
from the monoculture of R. delemar (lane 4) (Figure 5). In
comparison, there were no amplified products of BenA gene
in the monoculture of R. delemar (lane 2) or ITS fragment of
RhizF gene in the monoculture of A. oryzae (lane 3). In the co-
culture samples, both BenA and Rhizopus-specific ITS frag-
ments were successfully amplified (lanes 5 and 6), confirming
the simultaneous presence of both fungal strains.

The fungal mycelium in monocultures and co-cultures was
further observed via scanning electron microscopy (SEM) to
understand the relationship between pellet formation and ex-
tracellular polysaccharides (EPS). The surface of the A. oryzae
monoculture mycelium contained “fibrous decorations” as ex-
plained by Miyazawa et al. (2019) (Figure 6A). In contrast R.
delemar monoculture mycelium surface was clean and smooth
(Figure 6B). In the mycelium of co-cultured biomass smoother
surfaces (Figure 6D) with minor amounts of EPS (Figure 6C)
were observed. Moreover, in Figure 6D both cleaner (R. delemar)
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FIGURE 5 | PCR amplification of fungal samples. The BenA and
RhizF amplicons are indicated on the gel, where (+) denotes the pres-
ence of the target band and (—) indicates its absence. Lanes in numbers
1-6 correspond to the following samples: (1) monoculture of A. oryzae,
(2) monoculture of R. delemar, (3) monoculture of A. oryzae, (4) mono-
culture of R. delemar, (5) co-culture of both fungal strains, and (6) co-
culture of both fungal strains. Primers Bt2a and Bt2b were used for am-
plification of BenA gene in lanes 1, 2 and 5, while primers RhizF and
ITS4 were used for that of Rhizopus-specific ITS fragments in lane 3, 4
and 6. A DNA ladder consists of DNA fragments of known size, in base
pairs (bp) was set up on the two sides of the gel.

and EPC containing (A. oryzae) mycelia were observed, which
further supports the observation of both strains growing in the
co-culture. The reduced EPS content in A. oryzae mycelium in
co-culture correlates with non-pelletised growth, in agreement
with the conclusions of Miyazawa et al. (2020) on the influence
of EPS in fungal pellet formation.

Fourier transform infrared spectroscopy (FTIR) was used
to analyse and understand both the functional groups in
monoculture and co-culture fungal biomass (Figure 7A). In
Figure 7A, the intensity of the peak at 2920 cm™, which rep-
resents the C-H stretching, increased in the co-culture com-
pared to the monocultures, indicating increased CH backbone
groups in cell wall polysaccharides or proteins or lipids when
the two strains were co-cultivated (Kosa et al. 2017; Salman
et al. 2010; Kumirska et al. 2010). The higher intensity of
amide I and II peaks at 1640 and 1540cm™!, respectively,
in the co-culture sample indicates higher cell wall proteins
and chitin-chitosan availability in the co-cultured biomass
(Wijayarathna et al. 2023; Swamy et al. 2025). The peak at
1020cm~! showed a slight increment in intensity in the co-
culture spectra and lost the shoulder peak around 950cm™!
visible in RD monoculture indicating the variation in other
polysaccharides such as glucans and mannans in the different
biomass samples (Salman et al. 2010).

3.4 | Fungal Biomass-Tannin Reaction Analysis

Tanning is the process that converts animal hides into leather
(Hagerman 2002) via the hydrogen bonding that takes place be-
tween proteins in animal hides and polyphenolic compounds in
tannins (Hagerman 1989). In our previous study we investigated
tannin asanovel treatment for fungal biomass to produce leather-
like material using R. delemar (Wijayarathna et al. 2022). In
the present study the hybrid biomass obtained from co-culture
underwent tanning treatment to stabilise the proteins and poly-
saccharides to produce alternative leather materials. Analysis
of the Fourier transform infrared (FTIR) spectra indicated in-
teractions between tannins and the fungal biomass. Figure 7B
shows the spectra of tanned and untanned fungal biomass. The
O-H stretching peak in the region between 3200 and 3450cm™!
shows peak broadening in the tanned biomass sample, indicat-
ing hydrogen bonding between the tannins and the fungal bio-
mass (Ferraris et al. 2025). The Amide peaks at 1640, 1540 and
1232cm™! and the C-N peak at approximately 1406 cm~! became
blunt, which could be due to tannin and fungal protein interac-
tions (Wijayarathna et al. 2022; Kosa et al. 2017). Moreover, the
carbohydrate peak at 1020cm™" shifted in the tanned biomass
spectra, indicating the affiliation of tannin polyphenols toward
polysaccharides in carbohydrates (Aldred et al. 2009).

3.5 | Preparation and Characterisation
of the Alternative Leather Materials

Preparation of sheets by wet laying of tanned biomass was done
to assess the advantage of hybrid biomass from co-culture in
fungal alternative leather materials production. First, 100g per
square meter (GSM) sheets were prepared but they were hard
to remove from vacuum funnel setup. Therefore, the GSM was
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FIGURE 6 | Scanning electron microscopy (SEM) images of fungal mycelia (A) Aspergillus oryzae monoculture mycelium surface with a visible
extracellular polysaccharide (EPS). (B)—Smooth and clean mycelium surface of Rhizopus delemar monoculture. (C) Mycelium with small quantities
of EPS from co-culture. (D) Mycelia with both smooth clean surface and small quantities of EPS from co-culture.
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FIGURE 7 | Fourier-transform infrared spectroscopy (FTIR) spectra. (A) comparison among monocultures and co-culture biomass and (B) com-

parison among tanned and untanned biomasses.

increased to 200 and those sheets were comparatively easier to
remove from the vacuum funnel setup. The produced sheets
surface was visually observed by scanning electron microscope
(SEM) and mechanical properties were analysed via a tensile
test. Only one tannin type and single sheets with glycerol post-
treatment were analysed as a proof of concept in using the co-
culture hybrid fungal biomass in alternative leather material
production.

The scanning electron microscope (SEM) images of the pro-
duced alternative leather sheets (Figure 8 A-D) provide informa-
tion on the arrangement of mycelia in wet-laid sheets formation.
Figure 7A,C show the loosely packed mycelia when the inoculum
ratio is 1:1. This could indicate that R. delemar overtaking the
growth regardless the differences in inoculation time. Figure 7B,D
show the tightly packed mycelia cemented onto the sheets when A.
oryzae inoculum is 9-fold higher than R. delemar inoculum.
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FIGURES8 | Scanning electron microscopy (SEM) of alternative leather materials prepared with co-culture biomass (A—AO 0,1: RD 12,1, B—AO
0,9:RD 12,1, C—AO 0,1: RD 0,1 and D—AO 0,9: RD 0,1). Images were captured using only the lower detector to enhance depth-of-field and improve

visualisation of the surface morphology.
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FIGURE9 | Mechanical properties of fungal sheets. (A) Tensile strength. (B) Elongation % at break.

The hybrid biomass harvested from the co-cultures was tested
to make sheets for alternative leather material applications.
Monocultures were neither treated with tannins nor processed

to make sheets, as A. oryzae biomass was grown in pellets, and
leather-like materials from R. delemar biomass have been previ-
ously published by us (Wijayarathna et al. 2022, 2025).
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The mechanical properties clearly indicate that initiating
R. delemar growth at Oh is essential for achieving higher
strength and elongation values. The initial sheets were brit-
tle, with higher strengths and lower elongations at break.
The glycerol post-treatment made the sheets ductile; thus, the
tensile strength decreased, and the elongation % at break in-
creased. Overall, the highest tensile strength of 11.7 MPa was
reported for the biomass when both strains were inoculated
simultaneously at a 9:1 ratio. The same sample was the most
ductile when post-treated with glycerol (Figure 9A,B). This
tensile strength is higher than the previously reported tensile
strength values of 9.2-9.6 MPa for chestnut-tanned single-
layer sheets (Wijayarathna et al. 2022, 2025) made only with
R. delemar biomass.

Furthermore, the tensile strength (11.7 MPa) achieved in this
study is among the highest values reported in non-genetically
modified fungal leather materials. Some of the reported val-
ues are 7.8MPa from untreated Schizophyllum commune,
11.1 MPa from glutaraldehyde treated S. commune, 3.18 MPa
from tannin treated Absidia koreana, 9.6 MPa from S. com-
mune, 40.4 MPa from the same strain with hydrophobic gene
deletion, 20 MPa of chitin-glucan based sheets from Agaricus
bisporus, 7.77MPa from monokaryon S. commune and 47.29
from dikaryon S. commune which (Zhao et al. 2026; Appels
et al. 2018; d'Errico et al. 2024, 2025). Additionally, the re-
ported tensile strength is in the same range as synthetic
polyurethane (PU) leather (5-12MPa), commercialised
mycelium-based leather (3-12MPa) and slightly below the
range of bovine leather (10-31MPa) reported in literature
(Zhao et al. 2026; Kim et al. 2026). Regardless the comparable
elongation % at break (~8%) which is in the range (2%-15%)
of fungal-based leather materials (Appels et al. 2018; d'Errico
et al. 2024, 2025) it remains substantially lower than that of
natural leather (Kim et al. 2026), highlighting the need for
further optimisation to enhance material flexibility and me-
chanical performance.

Collectively, these findings demonstrate that controlled co-
cultivation using diverse strains from the fungal kingdom and
post-processing strategies can be used to tailor the structural and
mechanical performance of fungal-derived materials providing
a clear basis for continued optimisation of fungal-based alterna-
tive leather materials. The improved performance observed in
co-cultured samples further supports the underlying hypothe-
sis of fungal-fungal co-culture as a rational design strategy for
next-generation sustainable fungal-based leather materials.

4 | Conclusion

In conclusion, symbiotic growth of A. oryzae and R. delemar in
fungal-fungal co-cultivation was successfully demonstrated.
Cultivation evolved from minimal semi-synthetic media to
complex food waste-derived media and was conducted in bench
scale bubble column bioreactors. The growth of both strains
during submerged fermentation was confirmed via visual and
genetic analyses. The hypothesis of obtaining enhanced func-
tional biopolymers such as chitin, chitosan and proteins was
confirmed via elemental analysis and Fourier transform infra-
red spectroscopy (FTIR). Fungal alternative leather materials

were produced from harvested fungal biomass, and the en-
hancement of their mechanical properties further confirms the
efficacy of co-culturing approach. To further enhance the me-
chanical properties toward those of natural leather, it would be
beneficial to investigate post-processing treatments and natural
crosslinking agents. Overall, this study validates that fungal-
fungal co-culture provides a promising foundation for advanc-
ing fungal-based alternative leather production.
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