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Abstract

The present study investigates the potential of olive mill wastewater (OMW), supplemented
with expired commercial glucose syrup, as a sustainable substrate for the submerged culti-
vation of Tuber spp. wild mushrooms. OMW contains considerable quantities of phenolic
compounds, making it both a challenging pollutant and a promising nutrient source. To
assess fungal performance under increasing phenolic stress, culture media were prepared
with varying OMW concentrations (0-75% v/v on agar; 0-50% v/v in liquid media), while
glucose was adjusted to ~30 g/L using expired glucose syrup. A sequential experimental
approach was followed, beginning with Petri dish screenings on substrate/strain selection
(measuring the mycelial growth rate; Kr, mm/day), progressing to 25-day shake flask
fermentations and subsequently scaling up the most promising strain (Tuber mesentericum)
in a controlled stirred-tank bioreactor. Throughout cultivation, substrate consumption
(glucose, phenolics), pH evolution and decolorization were evaluated, while the result-
ing biomass was analyzed for polysaccharides, 3-glucans, proteins, lipids, fatty acids,
antioxidants, phenolic acids and triterpenoids content. Results showed that increasing
OMMW concentration enhanced tolerance and metabolic activity in selected Tuber species,
with T. mesentericum exhibiting the highest resilience and achieving comparable or higher
biomass yields in OMW-based media than in glucose (control). Phenolic removal exceeded
60% in flasks and 50% in the bioreactor, confirming simultaneous bioremediation capacity.
Bioreactor cultivation demonstrated efficient substrate utilization and biomass produc-
tion, while OMW-grown biomass presented high lipid content, enriched with unsaturated
fatty acids, high 3-glucan levels and increased antioxidant and phenolic profiles. Over-
all, this study demonstrates that OMW (supplemented with expired glucose syrup) can
serve as a cost-effective and environmentally beneficial substrate for Tuber biomass produc-
tion with dietary and antioxidant properties, offering an alternative source to mushroom
carposomes, as well as supporting the circular bioeconomy strategies within olive oil
processing industries.
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1. Introduction

Truffles, belonging to the genus Tuber, are hypogeous Ascomycetes that establish
ectomycorrhizal symbioses with the roots of a wide variety of woody hosts, including
Quercus, Corylus and Pinus species [1,2]. Over 180 Tuber species have been described
worldwide, many of which play key ecological roles in nutrient cycling and forest resilience
while also supporting an economically valuable culinary industry [3,4]. Truffles are a
valuable, unique resource, mostly for their organoleptic properties like aroma and taste and
their market price ranges from 600 to 6000 €/kg [5]. However, the natural yield of truffles
has drastically declined over the last century, mainly due to climate change, deforestation
and soil degradation, which has stimulated efforts toward artificial and semi-controlled
cultivation systems [6—8]. Natural truffle species also demonstrate substantial protein
contributions, although their composition varies according to species and geographical
origin. Generally, carbohydrates and proteins constitute the major macronutrient fractions
of truffles [9], while minerals, dietary fiber, essential amino acids, fatty acids and lipids also
comprise significant portions of their nutritional profile [10,11].

Submerged fermentation of edible and medicinal fungi has emerged as an efficient al-
ternative to traditional fruiting-body cultivation, which is time-consuming, labor-intensive
and highly dependent on environmental variables [12,13]. Compared with solid-state
cultivation, submerged fermentation enables rapid production of mycelial biomass and
bioactive metabolites, while requiring reduced space, offering shorter production cycles
and lowering contamination risks. Given that truffles, unlike saprophytic mushrooms,
are primarily dependent on symbiotic interactions, their cultivation on synthetic media
remains challenging; nevertheless, liquid cultivation systems offer a useful biotechnological
approach for the production of truffle mycelial biomass under controlled conditions. In
this context, Tuber species have increasingly been examined under submerged cultivation,
which allows the controlled production of mycelia and important metabolites such as
polysaccharides, lipids and phenolic derivatives in significantly shorter timeframes [8,14].
Tuber sinensis and Tuber maculatum have been cultivated in liquid fermentations for polysac-
charides extraction and enzyme production. The success of submerged cultivation is
strongly dependent on the inoculum, medium composition, including carbon and nitrogen
sources, aeration, pH and temperature. Most Tuber spp. exhibit optimal mycelial growth at
22-25 °C and pH between 5 and 7, with glucose- or malt-based media and yeast extract or
peptone shown to promote abundant biomass and polysaccharide synthesis [1,4,7,8].

Another important environmental issue that could be addressed through biotechnolog-
ical approaches is the management of the millions of liters of olive mill wastewater (OMW)
generated annually by the Mediterranean olive oil industry. OMW is a phenolic-rich efflu-
ent with high organic load that contains noticeable quantities of phenolic compounds and
(potentially) increased quantities of residual sugars, presenting low pH and considerable
phytotoxicity and posing serious environmental challenges due to its high pollutant load
and resistance to biodegradation [15-17]. However, these same characteristics (high sugar
and organic acid content) render OMW a potentially valuable substrate for microbial bio-
conversion. Multiple macrofungi, including Pleurotus spp., Ganoderma spp., Schizophyllum
and even Tuber spp., have demonstrated strong tolerance to OMW and the capacity to
degrade phenolic compounds, reduce color and convert this waste into fungal biomass en-
riched with valuable metabolites [18-22]. Such findings highlight the dual nature of OMW;
a harmful pollutant on one hand and a promising nutrient-rich substrate on the other. The
valorization potential of OMW as cultivation substrate can be further enhanced by supple-
mentation with additional low-cost carbon sources, specifically in sugar concentrations into
the effluent that do not present excessively high values (i.e., in the case of the OMWs deriv-
ing from three-phase centrifugation systems [23-26]). Expired commercial glucose syrup,
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due to its high sugar concentration and low water activity, remains chemically stable and
suitable for microbial fermentation, while its reuse supports circular-bioeconomy principles
aimed at reducing food-industry waste [27,28]. Similar agro-industrial streams (including
molasses, crude glycerol and other sugar-rich byproducts) have already been successfully
utilized for fungal growth and metabolite production in species such as Morchella spp.,
Pleurotus spp., Lentinula edodes, Ganoderma resinaceum and Tuber aestivum [19,20,29-31].

Scaling up submerged fermentations from laboratory to industrial relevance requires
a structured, gradual approach [32-34]. Shake flask cultures may serve as a small-scale
process that provide enhanced aeration, mixing, and nutrient availability compared to static
ones, enabling reliable assessment of growth kinetics and substrate utilization under rather
moderate controlled conditions. However, process optimization and industrial feasibility
can only be achieved in bioreactors [13,35,36]. Stirred-tank bioreactors allow precise control
over aeration, pH, agitation and temperature, enabling reproducible growth and consistent
metabolite production [8,37]. For Tuber spp., bioreactor cultivation is advantageous, as
it enables real-time monitoring of glucose consumption, phenolic degradation and de-
colorization (key parameters when working with complex substrates such as OMWs).
Consequently, integrating shake flask fermentation with controlled bioreactor studies is
essential for evaluating the adaptation, scalability and biotechnological potential of Tuber
species grown on agro-industrial waste streams [35,38].

The aim and scope of the present study was the investigation of whether OMW and
expired glucose syrup can support the cultivation of several Tuber strains and stimulate
the production of valuable metabolites. Initially, a screening stage was performed on
agar media containing increasing 0-75% v/v OMW (measuring the mycelial growth rate
in Kr, mm/day) concentrations to evaluate the tolerance and growth behavior of T. aes-
tivum, Tuber mesentericum, Tuber uncinatum and Tuber macrosporum strains. Based on these
results, the most resilient and high-performing strains (T. aestivum and T. mesentericum)
were selected for further experimentation. Subsequently, these strains were cultivated in
shake flasks using OMW-based media (addition of OMWs at 0-50%, v/v) with different
dilution levels, allowing detailed assessment of growth kinetics, substrate consumption,
phenolic compounds degradation, decolorization and biomass production under controlled
but small-scale conditions. Finally, the process was scaled up with T. mesentericum into
a stirred-tank 3.6 L bioreactor on glucose-based media with 50% v/v OMWs, enabling
precise monitoring of glucose consumption, phenolic compounds removal and biomass
production and investigating the strain’s capacity to grow and metabolize OMW at a
large-scale level. Another objective of the study was to characterize the biochemical profile
of the produced mycelial biomass, including dry mass, lipids, proteins, polysaccharides,
fatty acids, antioxidants, triterpenoids, phenolic acids and glucans (total, x- and 3-glucans).
Investigation of the adaptation of Tuber mycelia on OMW-based media across the afore-
mentioned cultivation processes could provide novel insights into the truffle production
performance, contributing to the development of a sustainable fungal bioprocess aimed
at the production of an alternative mushroom product capable for human nutrition and
functional food development.

2. Materials and Methods
2.1. Fungal Strains

Four Tuber spp. mushroom strains were used in this study: T. aestivum (AMRL 364),
T. mesentericum (AMRL 365), T. uncinatum (AMRL 367) and T. macrosporum (AMRL 368),
obtained from the Laboratory of Edible Fungi, Institute of Technology of Agricultural
Products, Hellenic Agricultural Organization—Dimitra. These strains are native fungal
species originally collected from Boeotia and Northern Greece. They were stored on
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potato dextrose agar (PDA, Condalab, Madrid, Spain) at T =4 £+ 1 °C and were routinely
sub-cultured to ensure their viability.

2.2. Measurement of Mycelial Linear Growth Rate

A preliminary screening of the four Tuber strains was performed by assessing their
growth rate on Petri dishes containing a glucose medium (control, 0% v/v OMW) and
glucose syrup media enriched with OMW at concentrations of 25, 50 and 75% (v/v) or 2.5,
5.0 and 7.5 g/L total phenolic compounds, respectively. The culture media were prepared
using OMW obtained from a three-phase olive oil processing facility located in the industrial
zone of the Holy City of Messolonghi, Western Greece and was collected during a single
production period, thereby minimizing batch-to-batch variability. The OMW was stored at
T =4+ 0.5 °C prior to use and the OMW solid particles were removed through filtration
and subsequent centrifugation at 15,000 rpm, T = 4 °C for 30 min. Glucose syrup medium
(GYSA) was prepared by supplementing all media with agar and a carbon source (expired
commercial glucose syrup; 68 g sugars per 100 g product, produced by a Greek company
in Larissa, Greece). The glucose syrup was added to achieve a final concentration of 30 g/L
total sugars. Additionally, the GYSA contained a nitrogen source (yeast extract; Biokar,
Beauvais, France) and essential mineral salts (KH,POy, 7 g/L; Na,HPO4-2H;0, 2.5 g/L;
MgSO,4-7H,0, 1.5 g/L; (NH4),S04, 6 g/L; CaCl,-2H,0, 0.15 g/L; FeClz-6H,0, 0.15 g/L;
MnSO4-H,O, 0.06 g/L; ZnSO4-7H,0, 0.02 g/L; all from Merck, Darmstadt, Germany) and
agar at 20 g/L.

The OMW used in the experiments had an initial sugar concentration of 23 g/L (DNS
assay [39]), total phenolic compounds of 10 g/L [40] and a pH value of 4.84 (Hanna HI2002-
02 pH-meter, Hanna Instruments, Nusfaldu, Romania). The culture media were autoclaved
at T =121 + 1 °C (1.1 atm) for at least 20 min. Each Petri dish was inoculated by placing a
9 mm mycelial plug at its center. After inoculation, the plates were incubated in a growth
chamber (DRAWELL, Model DW-LBI-400, Shanghai, China) at T =25 &+ 1 °C. For each
substrate and fungal strain, five replicates were prepared. Colony diameter was measured
along two perpendicular axes once the mycelial margin had extended to 10 mm and the
myecelial growth rate (Kr, mm/day) was then calculated.

2.3. Shake Flask Experiments: Broth Analyses and Biomass Production Determination

Based on the outcomes of the preliminary screening experiments, the fungal strains
and OMW concentrations showing the most favorable growth rates were selected for
subsequent submerged fermentation trials. Two strains, T. aestivum and T. mesentericum,
were further examined in submerged fermentation to assess biomass production, substrate
utilization and their ability to remove phenolic compounds and reduce color. Liquid GYS
medium (prepared as previously described, without agar) was used as the control, along
with GYS media supplemented with 25 and 50% (v/v) OMW. In all cases, the initial glucose
concentration was adjusted to 30 g/L by appropriately diluting the expired glucose syrup
into the medium. A total of 30 mL of medium was dispensed into 100 mL Erlenmeyer
flasks and sterilized at T = 120 £ 0.5 °C for 20 min. After cooling to room temperature,
flasks were inoculated with 9 mm myecelial plugs and incubated at T =25 = 1 °C under
agitation (120 £ 5 rpm) for 25 days. pH was measured using a Hanna HI2002-02 meter
(Hanna Instruments, Nusfalau, Romania). The initial pH of all media after sterilization
(T=121 £1 °C, 20 min) was 6.5 & 0.1. Substrate utilization was assessed through glucose
consumption (Glc., g/L) and was quantified using the 3,5-dinitro-2-hydroxybenzoic acid
(DNS) method [39]. Phenolic content was measured using the Folin—Ciocalteu (FC) assay,
following the procedure of Slinkard and Singleton [40]. Total phenolic compounds (TPC,
g/L) were expressed as gallic acid equivalents per liter of medium. Decolorization was
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determined by measuring the absorbance of OMW-based broth samples at 395 nm [41].
Mycelia biomass was collected by vacuum filtration using No. 2 Whatman filter papers
(Kent, UK) and subsequently rinsed twice with distilled water. Dry biomass (X, g/L) was
determined gravimetrically after drying the harvested and washed myceliaat T = 60 5 °C
in an Elvem drying oven (Spata, Attica, Greece) until constant weight was reached. Final
dry weight measurements were carried out using a Kern AGB balance (Balingen, Germany).

2.4. Bioreactor Experiments

Based on the favorable performance observed in the shake flask experiments (biomass
production and substate consumption), T. mesentericum was selected for scale-up and its
cultivation was subsequently carried out in a bioreactor system using previously described
GYS medium, either as a glucose syrup medium (0%, v/v OMW) or as an OMW-based
medium (addition of OMWs at a ratio of 50%, v/v). The fermentation was performed
in a 3.6 L bench top bioreactor (Labfors 4, infors HT, Bottmingen, Switzerland) with a
working volume of 2.16 L (60%, v/v) at an incubation temperature of T =25 + 1 °C. The
agitation speed was 160 £ 5 rpm and the flow rate of the air supply was 2.16 L/min. The
media were autoclaved and aseptically inoculated with fungal hyphae. During cultivation,
sampling was conducted every 5 h to assess substrate components consumption and pH
changes with complete glucose consumption occurring at approximately 70 h and 60 h of
cultivation, respectively. In these cases, glucose concentration was quantified by HPLC
analysis using a Waters Alliance 2695 HPLC apparatus (Waters Corporation, Milford,
MA, USA) equipped with RI (2414 Refractive Index) detector and a 30.0 cm x 7.8 mm
Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA). The mobile phase used was
H,SO4 at 0.005 M with a flow rate of 0.5 mL/min; the column temperature was 60 £ 0.5 °C
and the injection volume 20 puL. Compounds were detected, identified and quantified
according to standard curves. Before HPLC analysis, OMW-based samples were mixed 1:1
(v/v) with 5% (w/v) trichloroacetic acid (TCA) overnight to precipitate proteins prior to
analysis. Phenolic content and decolorization were determined as previously described
(Section 2.3). Afterwards, the biomass was subjected to several analyses after they were
frozen (T = —20 £ 1 °C), dried by a Heto LyoLab 3000 freeze-dryer (Heto-Holten Als,
Lillerod, Denmark) and milled.

2.5. Analyses of Biomass from Bioreactor Cultures

Intracellular polysaccharides (IPS, g/L) were quantified after acid hydrolysis following
the methodology of Diamantopoulou et al. [42]. Dried mycelia (100 mg) were hydrolyzed
with 2.5 M HCI (Merck, Darmstadt, Germany) at T = 100 & 1 °C for 20 min, neutralized with
2.5 M NaOH (Merck, Darmstadt, Germany) and filtered. IPS were quantified using the DNS
method [39]. Saccharide composition was determined by HPLC using extracts prepared as
described by Diamantopoulou et al. [43]. Thus, filtered aliquots of the samples neutralized
with NaOH were HPLC analyzed, as described previously. The o«-glucan content of
mycelia was quantified using a Yeast Beta-Glucan Assay Kit (Megazyme, Wicklow, Ireland)
following the manufacturer’s protocol. 3-Glucan content was calculated as the difference
between total glucans and «-glucans. Each sample was analyzed in triplicate.

Total cellular lipids (L, w/w) were extracted from dried mycelial biomass using a
chloroform/methanol solution (2:1, v/v; Merck, Darmstadt, Germany) and quantified
gravimetrically, following Folch et al. [44]. Fatty acid composition was analyzed by gas
chromatography (GC) using a Varian CP-3800 system equipped with a flame ionization
detector (Agilent Technologies, Santa Clara, CA, USA) and an Agilent J&W DB-23 capillary
column (30.0 m x 0.32 mm, 0.25 um film thickness; model 123-2332). Helium served as
the carrier gas at a flow rate of 2.0 mL/min. The oven program began at T =150 + 1 °C
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with an 18 min hold, followed by an increase to 185 £ 1 °C at 5 °C/min and a 2 min
hold. The temperature was then raised to 210 £ 1 °C at 5 °C/min, held for 2 min and
finally increased to 240 + 1 °C at 10 °C/min. Injector and detector temperatures were
set at T=260+1°C and 270 £ 1 °C, respectively. Fatty acid methyl esters (FAMEs)
were identified by comparing retention times with an external standard mixture (Supelco
37 Component FAME Mix, CRM47885, Merck KGaA, Darmstadt, Germany). The relative
content of each fatty acid (%, w/w) is expressed as a percentage of the total fatty acid peak
area detected in the chromatograms.

The total nitrogen content of the mycelial biomass was quantified using the total
Kjeldahl nitrogen method. Protein content was then estimated by applying the standard
nitrogen-to-protein conversion factor of 4.38.

Samples of mycelium were further analyzed regarding their chemical composition,
total phenolic compounds and antioxidant activity. Methanolic extracts were prepared as
follows: at a 1:5 (mg/mL) ratio using 80% methanol and sonicated (SKYMEN, JP-060S,
Shenzhen, China) for 60 min at T = 25 4 0.5 °C, followed by agitation and centrifugation
(3500 rpm, 15 min, T = 25 £ 0.5 °C; Micro 22R, Hettich, Germany). Total phenolic com-
pounds (TPCs) were determined using the Folin—Ciocalteu assay. Antioxidant activity was
evaluated based on the sample’s ability to reduce Fe>* to Fe?* ions, according to the method
described by Benzie et al. [45]. The results were expressed as mmol Trolox equivalents per
100 g of dry matter. Triterpenoid content was determined following the method of Fan
and He [46], with minor modifications, and was expressed as milligrams of ursolic acid
equivalents per gram of dry weight (mg UA /g d.w.). The identification and quantification
of phenolic compounds in extracts were carried out using the Shimadzu Nexera HPLC
instrument equipped with a pump (LC-40D), a diode-array detector (SPD-M40) detector
and a Zorbax Eclipse XDB-C18 column (5 um, 4.6 x 250 mm; Agilent Technologies, USA).
The mobile phase consisted of 0.2% (v/v) orthophosphoric acid in DDW (solvent A), MeOH
(solvent B) and ANC (solvent C). The gradient elution program was employed as follows:
2% B, 2% C initially, 25% B, 25% C 0-40 min, 30% B, 30% C 40—45 min, 50% B, 50% C
45-60 min, 2% B, 2% C 60-72 min, 2% B, 2% C 72-90 min (equilibration). The chromato-
graphic analysis was conducted at a flow rate of 1 mL/min with an injection volume of
10 pL. Compound identification was based on a combination of retention time and spectral
matching (200-600 nm). The quantification of each compound was performed by using
external calibration curves constructed with analytical standards comparing sample peaks
with those of analytical standards at 280 nm.

2.6. Data Analysis

All experiments were independently repeated twice (biological replicates). Within
each biological replicate, multiple independent technical measurements were performed,
including five Petri dishes, three shaken flasks and two bioreactor cultures per experimental
condition. Results are reported as mean values, and standard deviations (<5%) were
calculated across biological replicates, after averaging technical replicates. For experiments
comparing two conditions (e.g., two substrates under identical operating conditions),
Student’s t-test was used to compare means. For experiments involving multiple substrates
and strains, one-way analysis of variance (ANOVA) was applied for each strain separately,
followed by post hoc comparisons as appropriate. Statistical analyses were performed
using JMP 7.0.1 (SAS Institute, Cary, NC, USA) with a significance level of « = 0.05.
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3. Results and Discussion
3.1. Initial Screening with Mycelial Growth Response (Kr) to OMW-Enriched Medium

Initial screening of mycelial growth across increasing OMW concentrations revealed
clear species-dependent differences in tolerance and metabolic adaptability. The Tuber
strains exhibited distinct responses to increasing OMW concentrations, revealing clear
interspecific differences in tolerance. Fungal growth (mycelial growth rate Kr, mm/day;
Table 1) was monitored to evaluate the impact of OMW supplementation. T. mesenter-
icum showed the strongest positive response to OMW, with Kr values increasing from
8.7 £ 0.1 mm/day in the control to 12.3 £ 0.3 mm/day at 25% OMW, followed by a slightly
reduced but still enhanced growth rate at 50% (11.8 £ 0.26 mm/day) and sustained growth
even at 75% OMW (10.2 £ 0.2 mm/day). This pattern indicates a high tolerance of the
fungus to the phenolic load of OMW and suggests a potential detoxification and biotrans-
formation capacity of the implicated strain. In contrast, T. aestivum displayed restricted
growth tolerance to OMW concentrations, with growth stimulated only at 25%, v/v OMW
added into the medium (8.6 & 0.4 mm/day compared to 7.4 & 0.1 mm/day in the control),
followed by reduced growth (7.8 = 0.1 g/L) at 50%, v/v and complete inhibition at 75%,
v/v OMW. T. uncinatum and T. macrosporum were even more sensitive; both species showed
reduced growth at 25%, v/v OMW and no detectable growth at 50 and 75%, v/v OMW,
demonstrating low phenolic tolerance. The observed species-dependent growth rates are
consistent with the findings of Diamantis et al. [30], who reported major differences among
basidiomycetes exposed to OMW. In that study, species such as Agrocybe cylindracea and
Lentinula edodes exhibited reduced growth at elevated OMW concentrations (up to 50%,
v/v), whereas others (including Pleurotus sapidus, Ganoderma adspersum, T. aestivum and T.
mesentericum) displayed moderate to high tolerance. Gwon et al. [4] measured the mycelium
growth in malt extract agar and potato dextrose agar media at four pH conditions: the
highest mycelial growth occurred at pH 6.0 in both PDA and MEA media, but they were
still lower than the results of this study (under 6 mm/day). The strong tolerance and
continuous growth presented by T. mesentericum and the moderate resilience of T. aestivum
suggest that these Tuber strains possess unexplored metabolic capacities enabling survival
under high phenolic and organic load conditions. Thus, they could serve as promising
candidates for the development of advanced bioremediation strategies for OMW.

Table 1. Linear growth rate (Kr, mm/day) of macrofungi T. aestivum, T. mesentericum, T. uncinatum
and T. macrosporum on solid nutrient medium supplemented with OMW (0, 25, 50 and 75%, v/v) at
T =25+ 1 °C. Each point is the mean value of at least five technical replicates per biological replicate,
SD (<5%) across two independent biological replicates.

Strains/Media Concentration 0% 25% 50% 75%

T. aestivum 74+01c*™ 86+04a 78+0.1b ng*

T. mesentericum 874+0.1d 123+ 03a 11.8+03b 102+ 02c¢
T. uncinatum 9.6+02a 84+02b ng ng

T. macrosporum 11.0£02a 10.1+03b ng ng

* ng: not grown. ** All data in each row followed by the same letter are not significantly different. Differences
between OMW concentration were evaluated using one-way ANOVA.

3.2. Kinetic Study of Fungal Growth in Shake Flask Cultures with OMW

The scale-up of the bioprocess subsequently involved the batch shake flasks cultivation
of the two selected fungal strains, T. aestivum and T. mesentericum, on OMW-based media
supplemented with expired glucose syrup to a final glucose concentration of 30 g/L, under
varying OMW concentrations (0, 25 and 50%, v/v) for a period of 25 days. The kinetics of
dry biomass production of the fungal strains and glucose consumption for each distinct
OMW concentration examined are illustrated in Figure 1.
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Figure 1. Kinetics of substrate utilization and biomass production during cultivation of T. aestivum
and T. mesentericum in liquid cultures with 0, 25, or 50% (v/v) OMW and initial concentration
of glucose 30 g/L. Each point is the mean value of at least three independent measurements per
biological replicate, SD (<5%) across two independent biological replicates.

According to the results, T. aestivum and T. mesentericum exhibited their highest dry
biomass production on day 25 under these agitation-enhanced aerated conditions, reach-
ing 12.5 and 16.0 g/L, respectively, regardless of the OMW concentration, while residual
glucose levels were below 2 g/L. Although OMW is characterized by high phytotoxicity
due to elevated polyphenolic content [47], numerous studies suggest that several fungi are
capable not only of tolerating but also of growing effectively in OMW-enriched cultures.
For instance, Pleurotus ostreatus achieved 5.7 g/L dry biomass in undiluted OMW and
5.0 g/L biomass in 50% (v/v) diluted OMW [48]. G. resinaceum showed enhanced biomass
accumulation in medium containing 0.8 g/L of phenolic compounds [20], Ganoderma ap-
planatum grew efficiently in 20% OMW [49] and Ganoderma carnosum demonstrated strong
growth in 25% OMW [50]. In comparison, earlier studies reported 8.2 g/L of biomass for
Ganoderma grown on distillery wastewater in shake flask cultures [51]. Similarly, P. ostreatus
produced less than 13 g/L of mycelial in shake flask fermentations when cultivated on
various carbon sources (including fructose, glucose, mannose and trehalose) [52], highlight-
ing the moderate biomass yields typically obtained in submerged cultures of edible fungi.
Our findings are similar or higher than those mentioned in the international literature and
consistent with previous studies reporting enhanced biomass production under agitated
conditions compared to static cultures [42]. Specifically, Flammulina velutipes reached up to
20.0 g/L and G. applanatum produced between 12.0 and 15.0 g/L under agitated conditions.
Sarris et al. [31] investigated the growth of several ascomycetes (Morchella vulgaris, Morchella
elata, T. aestivum) and basidiomycetes (L. edodes, Agaricus bisporus) in media containing
glucose (30 g/L), glycerol (30 g/L), or various industrial waste-based substrates and ob-
served that cultures grown with glycerol as the principal carbon source exhibited reduced
biomass yields (1.5-4.2 g/L), compared with glucose-containing media (4.5-9.6 g/L) and
especially with waste-derived substrates, which supported the highest biomass produc-
tion (10.0-14.0 g/L). Yeasts were also shown to produce noticeable biomass production in
phenolic-rich environments despite the presence of these recalcitrant compounds in the
medium [53,54], while, interestingly, the biosynthesis and production of several metabolites
can be stimulated during growth on (phenol-rich) OMW-based media, in comparison to
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the growth on the “blank” experiments (no presence of OMWs into the medium) [54,55].
Overall, the findings of this study demonstrate the strong growth capacity and substrate
utilization efficiency of Tuber spp., indicating their strong potential for OMW bioconversion
processes. In addition, the submerged cultivation of truffles has the advantage that the
liquid media provides a more sterile, pure culture compared to the carposomes cultivated
outdoors that are exposed to contaminants, providing a mycelium that can be used for
the production of high-value ingredients available for functional foods, nutraceuticals
and flavorings.

3.3. Fungal Efficiency in Phenolics Compounds Removal and Decolorization

T. mesentericum and T. aestivum exhibited a strong ability to degrade phenolic com-
pounds and substantially decolorize OMW under both concentration conditions, even at
the highest (50%, v/v) phenolic concentrations. As shown in Figure 2, the results demon-
strate a consistent pattern of phenolic removal (>63%) by both fungal strains, regardless of
the initial phenolic concentration. More specifically, at the end of the fermentation period T.
mesentericum achieved ~78% and T. aestivum ~64% phenolic compounds removal in both
concentrations of OMW (25 and 50%, v/v). Increasing the concentration of initial phenolics
from 2.5 to 5 g/L had no impact on removal efficiency, indicating that the fungal enzymes
remained active and stable despite the higher OMW concentrations. In contrast, the decol-
orization reached higher efficiencies (>80%) (Figure 2). These observations are consistent
with previous findings: G. applanatum has been shown to effectively degrade phenolic
compounds (up to 94%) while removing 73% of the color in OMW [49]. Pleurotus pulmonar-
ius has also demonstrated remarkable detoxification potential, achieving as much as 95%
phenolic reduction and 85% decolorization, particularly when cultivated under carbon-
rich conditions that stimulated ligninolytic enzyme production [19]. Earlier work further
reports that Pleurotus sajor-caju is capable of degrading both phenolic and non-phenolic
constituents of OMW, achieving removal efficiencies between 64.6 and 88.4% [56,57]. Strong
detoxification activity has also been observed for G. resinaceum, which achieved 94.5% phe-
nolic reduction and 76.5% decolorization in static cultures supplemented with glucose [20].
Consistent patterns have been reported for Pleurotus citrinopileatus, which reached 86.4%
phenolic removal and 79.1% decolorization after 22 days of fermentation in 25% (v/v)
OMW [22]. Significant removal of phenolic compounds from OMW has been reported for
multiple mushroom strains (A. cylindracea, P. sajor-caju, P. sapidus, L. edodes, F. velutipes, G.
adspersum, T. aestivum and T. mesentericum), with reductions approaching 80% at 15 and 35%
v/v OMW [30]), while overall, higher (edible/medicinal) fungi are very efficient microbial
cell factories amenable to be used in the treatment, valorization, and control of intensively
colored and toxic abundant agro-industrial effluents (i.e., olive mill wastewaters—as is the
present study, table olive-processing wastewaters, winery and other alcoholic beverage
production process wastewaters, pulp bleach plant effluents, paper-processing wastewaters,
etc.) due to their rich ligninolytic enzymatic arsenal [58].

The differing rates of phenolic reduction and decolorization indicate that the various
pollutant components of OMW differ significantly in their susceptibility to biodegradation.
However, reduction in decolorization efficiency was observed at higher initial phenolic
concentrations, potentially being attributed to substrate inhibition, elevated phenolic tox-
icity, or partial loss of activity of oxidative enzymes under heightened chemical stress.
Submerged fungal fermentation is increasingly suggested as an environmentally friendly
approach capable of efficiently converting phenolic wastewater into less toxic forms [58].
Although species like T. aestivum and T. mesentericum have only rarely been investigated for
this purpose, they indicate promising potential pending further experimental validation
under submerged fermentation conditions.
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Figure 2. Kinetics of % phenol reduction and % decolorization during cultivation of T. aestivum
and T. mesentericum in liquid cultures with 0, 25, or 50% (v/v) OMW and initial concentration
of glucose 30 g/L at T = 25 & 1 °C per biological replicate, SD (<5%) across two independent
biological replicates.

3.4. Scale-Up Cultivation in Bioreactors Using OMW-Based Medium

The scale-up of the bioprocess was subsequently carried out in a stirred-tank bioreactor
(active volume 2.16 L), where the mushroom strain T. mesentericum was batch-cultivated
using OMW-media (50%, v/v), supplemented with expired glucose syrup (initial glucose
at 30 g/L). A glucose-based medium (0%, v/v OMW) was used as a control experiment (no
phenolic compounds into the medium). The kinetics of glucose consumption under both
conditions tested are presented in Figure 3a,b. The OMW-based media supported biomass
production at levels comparable to the control experiment, producing approximately
11.1 g/L of mycelial biomass (Figure 3b), whereas the glucose syrup-media yielded around
9.1 g/L (Figure 3a) (Table 2). Residual substrate levels decreased progressively throughout
the process, which was terminated when glucose concentration reached nearly 0.5 g/L
(Figure 3a,b), reflecting efficient substrate utilization by T. mesentericum.

These results confirm that glucose-enriched OMW-based substrates can function effec-
tively as an alternative carbon source, as their complex mixture of phenolic compounds
and residual carbohydrates provides sufficient nutrients to support biomass synthesis. The
comparable biomass obtained after cultivation on both OMW-based and glucose-based
media (control) further demonstrates that, despite its chemical complexity, OMW does not
impose a growth-limiting effect on the fungus. Comparisons with other Tuber-related cul-
ture systems highlight the variability in biomass formation across species, substrates, and
cultivation strategies. In Tuber sinense, Tang et al. [8] reported a biomass amount of 24.1 g/L
when cultured in flasks with 125 g/L of initial sucrose, while Liu et al. [7] achieved 23.9 g/L
using an optimized medium containing glucose, yeast extract and peptone. Higher yields
have also been documented in fed-batch systems; Liu et al. [59] reported 41.6 + 2.4 g/L
biomass at 80 g/L sucrose, underscoring the impact of carbon abundance and feeding
strategies on fungal growth. In contrast, Tuber borchii generally exhibits lower biomass
concentrations under submerged conditions: Chen et al. [60] reported a maximum biomass
of 5.4 g/L using sucrose (80 g/L) with yeast extract (20 g/L), while Fu et al. [61] observed
biomass values of 2.1 & 0.1 g/L, which increased to 3.0 £ 0.2 g/L upon medium opti-
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mization. These comparisons indicate that the biomass yield of T. mesentericum grown
on OMW-based medium (despite the complexity and potential inhibitory nature of the
substrate) is well within the range reported for submerged truffle cultures. The ability of T.
mesentericum to achieve biomass levels comparable to glucose controls while utilizing an
agro-industrial by-product highlights its robustness and positions OMW as a promising
low-cost substrate for sustainable truffle mycelial biomass production. As observed in
the present study, the final biomass obtained in the bioreactor was lower compared to the
shake flask cultures, a trend that is also reflected in previous reports. For instance, Kim
etal. [37] reported 11.6 g/L of Agrocybe aegerita biomass in a stirred-tank bioreactor, whereas
shake flask cultures reached 25.0 g/L. These findings collectively suggest that although
bioreactor cultures often result in lower final biomass concentrations, likely due to losses
during the downstream filtration processes, they offer significantly higher productivity rate
and process efficiency due to their accelerated growth dynamics and controlled operating
conditions. In similar types of experimental designs, scale-up in 3.0, 10, and 20 L bioreactors
of other filamentous fungi (Zygomycetes species of Mucor hiemalis, Cunninghamella elegans
and Thamnidium elegans) did not reveal significantly higher biomass productions in the
bioreactors compared to the shake flask experiments [62,63], suggesting flask fermentations
provide a reliable, quick and inexpensive culture configuration very useful for the study of
the fungal physiology and the process and medium optimization.

Continuous pH monitoring indicated a gradual decrease during cultivation from 6.0
to 4.9 for OMW-based media and 2.9 for glucose syrup media (control), reflecting metabolic
activity (Figure 4). The pH of the culture medium can influence cell membrane function,
cellular morphology and structure, nutrient uptake, as well as metabolite biosynthesis.
These changes are consistent with carbohydrate catabolism and organic acid secretion,
both of which are characteristic of truffle mycelial growth under submerged conditions.
The milder acidification observed in the OMW-based medium may be attributed to its
content of organic acids, phenolics and mineral ions, which may act as a natural buffering
system, moderating pH fluctuations during fungal metabolism and thereby providing a
more chemically stable growing environment compared to the glucose syrup medium.
Tuber species are generally associated with alkaline or neutral soils; however, their preferred
pH range varies considerably across species [64]. For instance, the optimal pH for T. borchii
mycelial growth is reported as 6.5, even though its fruiting bodies most commonly develop
in neutral soils [65]. T. japonicum shows optimal growth at pH 5.0-6.0, consistent with its
occurrence in weakly acidic environments [66]. Similarly, T. magnatum exhibits optimal
in vitro growth at pH 6.0, matching the pH typically observed in soils where its ascomata are
found [67]. Recent work on T. koreanum indicates a preferred pH of 6.0 as well, with the best
growth achieved at 25 °C [4]. More broadly, optimal temperature requirements also vary
across the genus: T. melanosporum grows best at 25 °C [68], while T. magnatum prefers slightly
lower temperatures of around 20 °C [69]. These studies collectively highlight that Tuber
species exhibit distinct ecological and physiological preferences, particularly regarding
pH and temperature. The moderate acidification observed in the OMW-based medium
cultures of T. mesentericum is within the tolerance range documented for several Tuber
species, supporting the observation that this species is capable of maintaining metabolic
activity under mildly acidic conditions generated during submerged fermentation.
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Figure 3. Kinetics of substrate utilization and final biomass production during cultivation of T.
mesentericum in bioreactor on solid nutrient medium supplemented with (a) 0% or (b) 50% (v/v)
OMMW and initial concentration of glucose 30 g/L at T = 25 &+ 1 °C. Each point is the mean value of at
least three independent measurements per biological replicate, SD (<5%) across two independent
biological replicates.

The OMW medium also showed a decolorization of 42% and a phenolic compound
reduction of 56% (Figure 5), which was lower than the values obtained in the shake flask
cultures. This difference may be attributed to the shorter residence time in the bioreactor,
resulting in reduced exposure of the fungus to phenolic substrates, as well as to the
higher oxygen transfer and agitation rates, which can shift metabolism. The bioreactor
operating conditions in the bioreactor may limit the production of oxidative enzymes
responsible for phenolic degradation compared to the more static environment of shake
flask cultures. Aggelis et al. [38] reported that P. ostreatus grown in bioreactor batch cultures
using OMW achieved over 75% phenolic removal within 7 days, demonstrating the strong
bioremediation potential of the species under controlled reactor conditions. In a similar
study, Pleurotus flavido-alba cultivated in a laboratory-scale bioreactor on OMW achieved
70% decolorization and 51% reduction under controlled submerged culture conditions at
room temperature (25 °C) after 19 days of fermentation [70].
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Table 2. Chemical composition of T. mesentericum biomass from bioreactor on nutrient medium

supplemented with OMW (50%, v/v) at T = 25 & 1 °C. Each point is the mean value of at least three
independent measurements (mean =+ SD).

OMW-Based Medium Glucose Syrup Medium

SEEEEEE iy,
*3 X

Parameters Content
Biomass (g/L) 111+05a* 91+02b
1PS (% d.w.) 285+09a 271+11a
Composition Lipid (% d.w.) 132+ 09a 95+£1.0b
P Protein (% d.w.) 352+14a 354+20a
Ash (% d.w.) 77 +03a 64+04b
Moisture (% d.w.) 65+04a 6.8+ 05a
Glucose (% d.w.) 7799 £28a 69.88 £2.8b
Mannitol (% d.w.) 22.01+08b 3012+ 10a
IPS profile Total glucans (% d.w.) 4306+ 1.6a 37.89 £ 2.6b
B-glucans (% d.w.) 4017+ 11a 3584+1.6b
a-glucans (% d.w.) 2.89 +03a 2.05+0.3b

* All data in each row followed by the same letter are not significantly different by Student’s t-test (« = 0.05).
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Figure 4. Kinetics of pH during cultivation of T. mesentericum in bioreactor on solid nutrient medium
supplemented with 0 or 50% (v/v) OMW and initial concentration of glucose 30 g/L at T=25+1°C.
Each point is the mean value of at least three independent measurements per biological replicate, SD
(<5%) across two independent biological replicates.

In summary of the above, from a production perspective, the biomass was lower than
in long-term flask cultures, due primarily to the shorter cultivation time and metabolic
adaptations to the dynamic conditions of large-scale cultivation. Nevertheless, the biore-
actor offers significant advantages: precise control of pH, dissolved oxygen, temperature
and agitation allow reproducible and scalable production. Maintaining aerobic condi-
tions and optimizing nutrient delivery ensures consistent metabolic activity, critical for
downstream applications and industrial-scale production. Moreover, bioreactor cultivation
requires markedly less time, highlighting its substantially higher productivity (g/L/day)
and efficiency in rapidly generating fungal biomass.
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Figure 5. Kinetics of % phenol reduction and % decolorization during cultivation of T. mesentericum
in bioreactor on solid nutrient medium supplemented with 50% (v/v) OMW and initial concentration
of glucose 30 g/L at T = 25 &+ 1 °C. Each point is the mean value of at least three independent
measurements per biological replicate, SD (<5%) across two independent biological replicates.

3.5. Mycelial Analyses
3.5.1. IPS Content, Saccharides Composition and Total Glucans

The IPS was quantified for both the mycelial biomasses derived from glucose syrup
and OMW-based media, as IPS constitute an important group of bioactive metabolites with
significant relevance to functional food/feed and pharmaceutical applications. Cultures
grown in OMW exhibited an IPS content of 28.5%, w/w, not significantly higher than the
27.1%, w/w observed in glucose-based media (Table 2). This finding indicates that the
phenolic load of OMW does not hinder carbohydrate metabolism; rather, it may stimulate
metabolic routes linked to polysaccharide accumulation. The IPS levels obtained here are
within the range commonly reported for truffle fermentation systems. For instance, T.
magnatum cultured on soybean-red adlay substrates produced approximately 30.6% crude
polysaccharides [71], whereas T. melanosporum grown under grain-based solid-state condi-
tions yielded ~11.6% polysaccharides [72]. Such variability reflects the strong influence of
substrate composition and cultivation mode on IPS biosynthesis. Glucose has repeatedly
been identified as an efficient carbon source for IPS production in truffles, as demonstrated
by Liu et al. [7] and the comparable yields observed here confirm that OMWs can support
metabolic activity in the same way as conventional carbohydrate-rich media. Previous
studies have shown that IPS production can be substantially enhanced through controlled
nutrient strategies: for example, fed-batch sucrose supplementation increased T. sinense IPS
t0 2.9 £ 0.2 g/L [8], while G. lucidum responded to lactose feeding with a 40.4% increase
in IPS yield [73]. Related work achieved IPS concentration of 4.0 = 0.2 g/L (8.1%, w/w)
in truffle species [59]. Comparable values have been reported in submerged cultures of
other edible and medicinal fungi, including 4.4 g/L for P. pulmonarius [19] and 5.2 g/L
for G. resinaceum cultivated on glucose-enriched OMW [20]. Overall, these comparisons
highlight that T. mesentericum produces polysaccharides at levels equivalent to, or in some
cases exceeding, those of established IPS-producing fungi.

The saccharide composition of the IPS fraction consisted primarily of glucose and man-
nitol (Table 2), with no qualitative differences between glucose-medium and OMW-medium
that is of a saccharide composition similar to that of polysaccharides isolated /quantified in
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other edible/medicinal mushrooms [74]. Other saccharides/polyols identified in various
concentrations in the mycelia, pilei and stipes of edible and medicinal fungi are trehalose,
arabitol, myo-inositol and xylitol [74]. The consistent detection of mannitol in the IPS
fraction across all cultivation conditions indicates that mannitol is a stable and recurrent
component of the intracellular polysaccharide profile. As a major fungal polyol, manni-
tol functions both as a carbon-storage intermediate and as a redox-balancing molecule,
supporting cellular homeostasis during polysaccharide biosynthesis [75]. The similarity
observed between cultivation conditions suggests that the presence of OMW does not lead
to major alterations in the overall polysaccharide profile under the conditions tested. These
findings support the use of OMW as an alternative nutrient substrate based on comparable
experimental outcomes rather than metabolic mechanisms. These results are in line with
the observations of Diamantopoulou et al. [43], who reported that IPS composition varies
with strain and imposed agitation, yet glucose remains the dominant sugar in most fungi
due to the prevalence of glucan-type polysaccharides. Their study also demonstrated
that mannitol and other polyols, such as xylitol, tend to accumulate mainly under static
conditions and in specific species, functioning as metabolic intermediates linked to carbon
storage and stress response. The detection of mannitol in our cultures, irrespective of
medium, further supports the idea that polyol synthesis is a conserved metabolic feature
rather than a medium-induced effect.

Beyond their quantitative significance, IPS represent one of the most important bioac-
tive outputs of fungal metabolism due to their structural, nutritional and therapeutic roles.
In particular, 3-glucans are recognized for their antimicrobial, anticancer, hypoglycemic
and immunomodulatory activities. They exert these functions through interactions with
diverse innate and adaptive immune receptors [76]. Notably, in the present study, nearly
35-40% of the IPS fraction consisted of 3-glucans (Table 2), a proportion that positions
T. mesentericum among the more promising truffle species for bioactive glucan produc-
tion. This observation is consistent with reports from T. maculatum and T. borchii, where
stress-related metabolic responses in submerged culture enhanced antioxidant-associated
polysaccharide synthesis [77]. The high 3-glucan proportion, coupled with their structural
features, highlights the potential of T. mesentericum IPS as a bioactive metabolite with
immunomodulatory and therapeutic applications.

Together, these findings reveal that T. mesentericum not only maintains robust pri-
mary carbohydrate metabolism in OMW-based medium but also generates polysaccha-
rides with high 3-glucan content, underscoring its potential as a valuable producer of
nutraceutical-grade fungal biomolecules. The ability of OMW to sustain or even stimulate
IPS biosynthesis highlights an important synergy between fungal metabolism and waste-
derived substrates, strengthening the case for integrating truffle mycelial cultivation into
sustainable bioprocess frameworks.

3.5.2. Lipid and Fatty Acids

Lipid extraction and fatty acid profiling revealed distinct metabolic shifts between the
two cultivation media. Total lipid content was substantially higher in OMW-grown mycelia
(13.2%, w/w) compared with the glucose syrup medium (control) (9.5%, w/w) (Table 2),
indicating that exposure to the phenolic load of OMW stimulates lipid biosynthesis in
accordance with reports that have characterized the OMWs as “lipogenic” compounds;
viz., media that increase the lipid in dry cell weight values during growth of various
microorganisms in these substrates, compared to the “control” experiments (no OMWs
added) [55]. Such an increase is consistent with reports showing that submerged fungal
cultures often accumulate lipids when subjected to chemical or oxidative stress, as car-
bon flux is redirected toward membrane remodeling and storage lipid formation [31,36].
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Such stress-induced lipid enrichment has also been reported in fungal cultures grown in
phenolic-rich wastewaters [19,30], supporting the view that OMW triggers a coordinated
metabolic response that includes increased lipid deposition [78]. Studies on specific species
confirm this variability: Tuber texense contains approximately 2.8% (w/w) lipid [79], while
T. melanosporum has been reported to reach around 8% (w/w) [80]. Even broader variability
has been documented by Sancholle [81], who observed lipid contents ranging from 3.6 to
25.2% depending on growth stage. Among Asian truffles, T. latisporum, T. subglobosum, and
T. pseudohimalayense contain 2.2-2.5 w/w total lipids [82]. More generally, reported lipid
content in truffle fruiting bodies spans 1.8-7.4% (w/w) [83], with differences attributed
to species, maturity, substrate availability and geographic origin. Taken together, these
data highlight the inherently broad lipid variability in the genus Tuber, shaped by both
environmental and developmental factors.

Beyond total lipid content, the quality of the lipid fraction also differed between treat-
ments. Glucose-grown mycelia presented a proportion of saturated fatty acids (SFAs) equal
to 21.6%, w/w, while cultures grown in OMW accumulated unsaturated fatty acids (UFAs)
at 80.1%, w/w, with linoleic acid (C18:2) remaining the predominant fatty acid across all
conditions at 62.0%, w/w (OMW-based media) and 58.7%, w/w (control), respectively
(Table 3). The SFAs identified included lauric, myristic, pentadecanoic, palmitic, stearic,
arachidic, behenic and tricosanoic acids, with palmitic acid consistently among the most
abundant (15.6-16.0% w/w). Monounsaturated fatty acids (MUFAs) consisted mainly of
oleic and nervonic acids, while polyunsaturated fatty acids (PUFAs) included linoleic acid,
eicosadienoic acid and cis-4,7,10,13,16,19-docosahexaenoic acid. The relative enrichment
of PUFAs in OMW-grown biomass aligns with well-documented adaptive responses in
Basidiomycetes, where oxidative or phenolic stress enhances fatty acid desaturation to
maintain membrane fluidity and mitigate toxicity [77]. This remodeling of the lipid profile
indicates that T. mesentericum may reflect an integrated metabolic response to the composi-
tional complexity of OMW. Comparable patterns are well established in truffle carposomes.
Linoleic, palmitic and oleic acids (dominant in the present study) are among the major fatty
acids found in fruiting bodies of various Tuber species [84]. According to Yan et al. [82],
Chinese truffle species such as T. latisporum, T. subglobosum and T. pseudohimalayense contain
substantial proportions of MUFAs (96-265 mg/100 g) and PUFAs (249-368 mg/100 g),
with comparatively lower levels of SFAs (70-121 mg/100 g). Across desert and European
truffles (including T. melanosporum), UFAs typically constitute more than 60% of total fatty
acids [85,86], conferring cardioprotective and anti-inflammatory properties [87]. Species-
specific differences are also evident: T. aestivum is rich in palmitic and elaidic acids [88],
while T. magnatum tends to accumulate a higher proportion of SFAs [89]. In a classic anal-
ysis, T. texense contained 45.9% oleic, 38.0% linoleic, and 11.4% palmitic acid [79]. Apart
from the fact that unsaturated and essential fatty acids enhance the nutritional value of
biomass, the lipid fractions of mushrooms play an important role in the improvement of
their organoleptic properties. The oxidation of unsaturated fatty acids like palmitoleic, oleic,
linoleic and linolenic creates various compounds that are responsible for the distinct taste
and aroma of mushrooms, including truffles, the most important being 1-octen-3-ol [72].
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Table 3. Fatty acid composition of lipids synthesized at T. mesentericum biomass from bioreactor
on nutrient medium supplemented with OMW (50%, v/v) and the control (glycose medium) at
T =25 £ 1 °C. Each point is the mean value of at least three independent measurements (mean =+ SD).

Fatty Acids (%, w/w) OMW-Based Medium Glucose Syrup Medium

Lauric acid (C12:0) 06+00la* 04+004b
Myristic acid (C14:0) 04+ 0.05b 05+0.01a
Pentadecanoic acid (C15:0) 1.5+0.10a 1.7+ 0.09 a
Palmitic acid (C16:0) 156+ 1.05a 16.0 £2.12a
Stearic acid (C18:0) 1.1£0.09b 21£021a
Oleic acid (C18:1, cis-9) 158+ 145a 157+ 135a
Linoleic acid (C18:2 cis-9,12) 62.0 +1.09 a 58.7 £ 0.99 b
cis-11-Eicosenoic acid (C20:1) 1.2+0.10b 194+0.13a
cis-11,14-Eicosadienoic acid (C20:2) 0.6 +0.04 a 024+0.01b
Arachidonic acid (C20:4, cis-5,8,11,14) 0.3+0.05b 0.7+ 0.04a
cis-5,8,11,14,17-Eicosapentaenoic acid

(C20:5) 02+001b 1.0+ 0.05a
Lignoceric acid (C24:0) 04 +0.02a 04 +0.03a
Nervonic acid (C24:1, cis-15) 02+001b 09+001a
Saturated 199 £1.00a 21.6 2099 a
Monounsaturated 1724+ 078 a 184 +0.89a
Polyunsaturated 63.1£041a 60.6 = 0.74b

* All data in each row followed by the same letter are not significantly different by Student’s t-test (x = 0.05).

Overall, the lipid profile of T. mesentericum mycelium not only simulates but often
exceeds the unsaturation levels typically found in natural truffles. This correspondence
further supports the conclusion that phenolic-rich OMW stimulates lipid accumulation,
a response frequently associated with fungal adaptive mechanisms under chemical or
oxidative stress and triggers a targeted lipid remodeling response (enhancing both total
lipid accumulation and the proportion of unsaturated fatty acids). This further underscores
its suitability for the biotechnological exploitation of phenolic agro-industrial waste streams
and its capacity to generate nutritionally and functionally rich fungal biomass.

3.5.3. Protein

Truffles are recognized for their considerable protein content, although their high
market value limits their use as a daily dietary protein source [90]. In the present study,
protein analysis revealed that biomass cultivated in OMW exhibited protein levels com-
parable to those produced in glucose syrup medium (approximately 35%, w/w) (Table 2),
indicating that cultivation on OMW does not adversely affect protein synthesis compared
to a conventional carbohydrate-rich substrate. The maintenance of similar protein concen-
trations across treatments indicates that T. mesentericum preserves its nitrogen assimilation
and amino acid biosynthetic pathways even under the phenolic stress imposed by OMW.
This stability highlights the species’ robust metabolic adaptability to chemically complex
environments. Comparable protein concentrations have been reported in other truffle
fermentation systems. T. magnatum mycelial cultures grown on soybean-red adlay sub-
strate contained 22.9% (w/w) [71], while natural truffle species of the genera Terfezia and
Tirmania commonly display protein ranges of 32-35% (w/w) and 8-29% (w/w), respec-
tively [91,92]. Similar levels have also been reported for several Chinese truffle species,
including T. latisporum, T. subglobosum, and T. pseudohimalayense, which contained 11-15%
w/w protein [82]. Earlier analyses likewise demonstrated notable protein contributions in
T. texense (16.1%, w/w) [79] and T. melanosporum (27.6%, w/w) [80].

Concluding, these findings indicate that T. mesentericum maintains a protein content
consistent with that of other truffle species and that the presence of phenolic compounds in
OMW does not compromise nitrogen metabolism. The ability to sustain high protein levels
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despite the inhibitory potential of OMW underscores the species’ strong physiological
resilience and reinforces its suitability for biotechnological applications involving phenolic
agro-industrial effluents, while simultaneously highlighting the potential of the produced
myecelial biomass as a protein-containing fungal product.

3.5.4. Phenolic Content, Antioxidant Activity and Phenolic Acids

Biomass was also evaluated for its total phenolic content, antioxidant capacity (FRAP)
and total triterpenoids (Tr) (Table 4). The present study demonstrates that cultivation of
fungal mycelia in OMW, a substrate naturally enriched in phenolic compounds, markedly
enhances the production and accumulation of bioactive metabolites compared to growth
in a standard glucose syrup medium. This observation aligns with previous findings in
truffles and other fungi, showing that phenolic-rich substrates can function both as nutrient
sources and as metabolic elicitors, stimulating secondary metabolite biosynthesis.

Table 4. Content of different bioactive groups and phenolic acids of T. mesentericum biomass from
bioreactor on nutrient medium supplemented with OMW (50%, v/v) at T =25 £ 1 °C. Each point is
the mean value of at least three independent measurements (mean + SD).

Bioactive Group OMW-Based Medium Glucose Syrup Medium
Phenolic Compound (mg GAE/g) 19+02a* 1.0+01b
Antioxidant FRAP (mg trx/g) 198+t12a 42+03b
Triterpenoid (mg UA/g) 185+ 14a 80£12b
Phenolic acids (ppm)

Gallic acid 133 £05a 14+01b
Hydroxytyrosol 1.6+£01a 01+£00b
Tyrosol 0.6+00Db 89+02a
Catechin 316+10a 0.1+£0.0b
Caffeic acid 0.2£0.0 n.d. **
Syringic acid n.d. 0.04 £ 0.0
p-coumaric acid 0.6 £0.0 n.d.
Ferulic acid 0.1+0.0 n.d.
Oleuropein 1.7+£0.2 n.d.

* All data in each row followed by the same letter are not significantly different by Student’s ¢-test (x = 0.05).
**n.d: not detected.

The TC of mycelia grown in OMW reached 1.9 + 0.2 mg GAE/g d.w., almost double
that of biomass grown in glucose syrup medium (1.0 = 0.1 mg GAE/g d.w.) (Table 4).
This increase highlights the effect of the cultivation substrate on phenolic synthesis. Sim-
ilar concentration ranges have been reported for natural truffle species, which exhibit
varying phenolic concentrations depending on species and environmental conditions. Vil-
lares et al. [93] reported TC of 1.9 mg/g d.w. in T. aestivum, followed by T. indicum and
T. melanosporum (1.5 and 1.2 mg/g d.w., respectively). Even higher values have been
found in the desert truffle T. nivea, which contains nearly tenfold higher TC compared
to Tuber species [94]. Shah et al. [77] reported TC ranging from 1.1 to 2.9 mg GAE/g
d.w. in bioreactor-based truffle fermentations using sucrose-supplemented MS medium
at different cultivation stages, whereas Hsu et al. [71] recorded slightly higher values
(2.1-2.4 mg GAE/g d.w.) for T. magnatum mycelia produced under solid-state fermentation
on soybean—red adlay substrates. Additional evidence from fruiting bodies reinforces the
variability of phenolic accumulation among truffle species: according to Beara et al. [89],
aqueous and methanolic extracts of T. aestivum and T. magnatum exhibit moderate antioxi-
dant activity corresponding to TC of 12-18 and 13-19 mg GAE/g d.w., respectively. The
OMW-grown biomass produced in the present study therefore approaches the upper limit
of phenolic accumulation reported for truffle mycelia. Comparable antioxidant activity
profiles have also been widely documented in edible and medicinal mushrooms, where TC
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contribute substantially to the reducing capacity of fruiting bodies, mycelia and culture
filtrates [95,96].

Antioxidant activity followed a similar pattern. The FRAP values were 19.8 + 1.2 mg
trx/g in OMW-grown cultures, substantially higher than 4.2 £+ 0.3 mg trx/g in glucose
syrup medium (Table 4). The enhanced FRAP likely reflects an intensified oxidative stress
response induced by the phenolic environment, an adaptive behavior widely documented
in edible and medicinal fungi [22,97]. Comparable antioxidant capacities have been re-
ported: ethanol extracts of T. magnatum mycelium exhibited FRAP values of approximately
1.5 mg trx/g [71], while the desert truffle T. nivea displayed substantially higher reducing
power, reaching 45.3-46.6 mg trx/g in its fruiting bodies [94]. In contrast, Shah et al. [77]
reported much lower FRAP activities (0.025-0.10 mg trx/g) in submerged fungal cultures,
underscoring that the OMW-grown T. mesentericum biomass in the present study demon-
strates markedly enhanced antioxidant potential compared with previously characterized
fungal systems.

Triterpenoid production was also enhanced in OMW-grown biomass, which reached
18.5 £ 1.4 mg UA /g, compared with 8.0 + 1.2 mg UA/g in the glucose syrup medium
(Table 4). This observation indicates that cultivation on OMW is associated with increased
triterpenoid accumulation; however, the underlying mechanisms cannot be elucidated
without transcriptomic, proteomic, or enzymatic analyses. Comparable levels have been
reported in T. magnatum fermentation products [71] (12.7-20.6 mg/g), further reinforc-
ing that truffle mycelia naturally produce substantial amounts of triterpenoids under
favorable conditions.

Analysis of individual phenolic acids revealed a distinct and enriched profile in
OMW-grown biomass, including high concentrations of gallic acid (13.3 £ 0.5 ppm), cat-
echin (31.6 £ 1.0 ppm), hydroxytyrosol (1.6 £ 0.1 ppm) and oleuropein (1.7 £ 0.2 ppm),
along with detectable levels of tyrosol, caffeic acid and p-coumaric acid (Table 4). These
compounds likely reflect both direct uptake and partial biotransformation by fungal en-
zymes. Similar biotransformation patterns have been observed in other OMW-fungus
systems [36,38]. Phenolic fingerprints reported for natural truffles [89,93] revealed that truf-
fle species possess highly distinct and species-specific phenolic profiles. Villares et al. [93]
demonstrated that T. aestivum exhibits the highest total phenolic acid content among
the species examined, with hydroxycinnamic acids occurring exclusively in this taxon.
Moreover, gallic and protocatechuic acids were detected only in T. aestivum and T. in-
dicum, while T. aestivum contained markedly elevated levels of homogentisic acid and
3,4-dihydroxybenzaldehyde. Further differentiation between species was highlighted
by Beara et al. [89], who reported that T. aestivum is enriched in p-hydroxybenzoic acid,
baicalein and kaempferol, whereas T. magnatum predominantly accumulates epicatechin
and catechin. These documented interspecific differences parallel the substrate-driven
variations observed in the present study, emphasizing the dynamic nature of phenolic
biosynthesis in truffles.

Overall, the OMW-grown T. mesentericum biomass displayed markedly enhanced
levels of phenolics, antioxidant activity and triterpenoids, together with a distinct profile
of bioactive phenolic acids. The enriched biochemical profile observed (characterized
by elevated phenolics, strong reducing capacity and increased triterpenoid accumulation)
highlights the species’ notable detoxification ability and metabolic adaptability. In summary,
this study demonstrates that OMW is a promising substrate for producing fungal biomass
enriched in specific bioactive compounds through submerged fermentation.
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4. Conclusions

T. mesentericum exhibits remarkable physiological resilience and metabolic versatil-
ity when cultivated on OMW, a phenolic-rich and chemically complex agro-industrial
byproduct. Across all cultivation processes (Petri dish screening, shake flask and bioreactor
cultures), the fungus maintained vigorous growth, efficient substrate utilization and strong
detoxification capacity, achieving substantial reductions in phenolic load and decolorization
while sustaining biomass production comparable to glucose syrup media. Beyond support-
ing growth, OMW markedly enhanced the accumulation of selected bioactive compounds,
including polysaccharides, 3-glucans, proteins, unsaturated fatty acids, phenolics, antioxi-
dants and triterpenoids. These findings are valuable for potential industrial production of
truffle mycelium.
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