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ABSTRACT: Although acceptable in some products and specialities, bitter flavors are a major issue in
food-product development, e.g., in proteins of emergent sources. Many mushroom species have been
known historically for their bitterness, which is perceived later than the other flavors, and whose perception
lingers in the mouth. To date, the substances responsible for this taste could not be identified, possibly due
to the extremely variable molecular structures of bitter compounds in nature. The growing sector of
mycelium-derived foods is constantly including novel species into their development pipelines, and the
need for ways to control off-flavors, particularly the bitter aftertastes, is becoming evident. Identifying the
chemical groups responsible for these perceptions is the first step towards finding solutions. Reviewing the
perception of bitterness, masking methodologies, and in particular, the occurrence of bitterness in
mushrooms, we find that fungal bitterness is chemically diverse, mainly attributable to peptides, phenolics,
terpenoids, and alkaloids, with direct receptor-level evidence so far restricted to a few metabolites such as
oligoporins and infractopicrin, while most reported compounds remain inferred. Fungal bitterness is likely
multicausal, so masking strategies will need to be developed on a species- or group-specific basis rather
than universally.
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1. Introduction

Historical accounts from antiquity and the Middle Ages mention the bitterness of some edible and
medicinal mushrooms and emphasize the delayed onset of this flavor perception and its lingering character.
The physician and Franciscan mystical writer De Laredo (1452—-1540) [1] indicated that the bitter flavor is
a consequence of the mushroom age. Also, Matinez de Leache (1615-1673) [2], a Navarro pharmacist who
discussed the works of Yuhanna ibn Masawayh (ca. 777-857 AD), showed that Masawaiyh had also agreed
with this evolution of bitterness, not only in age, but also in the mouth, since bitter notes would be the last
ones to be noticed after eating the “agarikon”. In turn, the text cited by Martinez de Leache indicates that
Masawaiyh’s source is Galen itself. Still, Garcia Rollan [3] shows that he based this opinion on Dioscorides
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(ca. 4090 AD), who also proposed a correlation between the age of the agarikon and its bitterness [4].
Some of the most interesting records on this matter come from Pliny the Elder’s Naturalis Historia (ca. 77—
79 AD), confirming that the bitterness of the “female” Agarikon (probably Fomitopsis officinalis) is such
that it is not perceived immediately and persists as a long-lasting aftertaste [5]. These observations
underscore the relevance of this feature and may be of paramount importance for designing masking
strategies for these flavors. Far from being a historical curiosity, this issue gains relevance in the modern
food industry due to the active development of novel food preparations based on mushrooms and mycelia,
as Happel [6] indicates: “Bitterness can also be a problem for the application of fungi in food products”.

Food production must address the nutritional needs of a growing global population while also
protecting the environment. In this context, plant-based proteins have become increasingly important.
Although the environmental impact of producing plant proteins is lower than that of animal proteins, there
are still challenges to consider, such as yield fluctuations and land-use regulations. Furthermore, plant-
derived proteins may not supply all essential amino acids or provide them in the correct proportions required
for a complete protein source.

Fungal-derived proteins have been gaining global popularity. Mycoprotein is a widely accepted food
product, as exemplified by the mycoprotein derived from microfungus Fusarium venenatum (Ascomycota)
mycelia, which was launched in the UK market in 1985 under the trade name Quorn, and since then it has
spread and is currently soldin 17 countries worldwide, including the United States. Mycoprotein also has a
benign environmental footprint, as demonstrated by lifecycle analysis [7].

From a nutritional perspective, mushrooms typically consist of 50% to 65% carbohydrates, 19% to 35%
protein (including biologically and medicinally active lectins), and 2% to 6% fat, with unsaturated fatty
acids more prevalent than saturated ones. They are rich in fat-soluble vitamins and contain all essential
amino acids. Due to their ergosterol content, mushrooms are a significant source of vitamin D [8,9].
Additionally, mushrooms provide dietary fiber, along with a variety of bioactive compounds, such as
glucans, triterpenoids, and antioxidants, which have garnered significant interest due to their biological
effects and potential medicinal properties [8].

Plant- and mushroom-based foods provide a diverse array of nutrients and bioactive compounds that
support overall health and help prevent chronic diseases, including heart disease, diabetes, and cancer.
However, the recommendation to consume more of these foods is often overlooked. One reason for this is
that many beneficial phytonutrients and mycochemicals have a bitter, acrid, or astringent taste, which can
make these foods less appealing [10]. Humans generally tend to avoid foods that taste excessively bitter.
This aversion serves as a natural defense mechanism against potential toxins, but it can also hinder the
adoption of dietary choices that promote health [10].

The field of functional foods offers a unique opportunity for the food industry, but it also presents
significant challenges in appealing to a broad audience. While demand for these products is increasing,
several barriers must be overcome to achieve widespread acceptance. The most notable of these barriers is
taste, which remains a major limitation. Unless this issue is addressed, functional foods are likely to remain
popular only among the small group of consumers who already prefer these options.

In the quest for sustainable and nutritionally complete alternatives to animal-derived proteins,
mycoproteins, sourced from mushrooms and mycelium, are emerging as promising options. These proteins
have a favorable environmental footprint, a good amino acid profile, and are rich in vitamins and bioactive
compounds, positioning them at the forefront of future food innovations. However, their successful
incorporation into mainstream diets relies not only on their nutritional and ecological benefits but also on
their sensory appeal. Bitterness, often associated with fungal peptides and metabolites, poses a significant
barrier to the broader acceptance of these products among consumers. This study addresses the occurrence
in fungi of the various molecules reported to produce bitter flavors in other systems and discusses the extant
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mycological literature dealing with bitterness. It also analyzes the mechanisms behind flavor perception
and some strategies for masking undesirable tastes.

2. The Perception of the Bitter Taste

The sense of taste in humans and animals plays a crucial role in determining which foods are safe to
eat and which should be avoided. Sweet and umami flavors suggest that food is high in calories, while salty
flavors indicate the presence of essential electrolytes. In contrast, sour and bitter tastes act as warning signs,
helping prevent the consumption of potentially harmful substances, since many toxic plants have these
distinct flavors [11]. However, bitterness should not be interpreted as a direct indicator of toxicity. This is
particularly relevant in fungi, where bitter taste may occur in both edible and inedible species, and where
some toxic mushrooms may not necessarily taste bitter [12]. Therefore, in fungal-derived foods, bitterness
should be considered not only as a biological warning cue but also as a sensory attribute that can strongly
influence consumer acceptance and product development.

Among the five basic tastes, bitterness is the most chemically diverse. Bitter taste is detected by type
2 taste receptors (TAS2Rs), a family of G protein-coupled receptors expressed in bitter-responsive taste
receptor cells [13,14]. In humans, this family comprises 25 functional genes and 11 pseudogenes, allowing
the detection of a wide range of structurally unrelated bitter compounds [14,15]. By contrast, sweet and
umami tastes are mediated by heterodimers of TAS1R receptors: TASIR2 + TAS1R3 for sweet taste and
TASIR1 + TAS1R3 for umami [16]. This receptor-level complexity helps explain why bitter taste cannot
be attributed to a single chemical group.

Perception of bitterness also varies substantially among individuals. Approximately 25% of the
population is unable to detect certain bitter compounds due to a mutation in a gene member of the T2R
family of bitter taste receptor genes [17]. Sensitivity to bitter taste is influenced by multiple gene sets and
can be inherited [18-20]. This phenomenon is already known from mushrooms such as Caloboletus
radicans, whose bitterness is not perceived by a portion of the population, accounting for the possible
genetic variability in bitter taste perception [21].

Age, dietary habits, repeated exposure, and cultural background may further modulate the perception
and acceptance of bitter foods [22]. This variability is especially important for fungal foods, because
bitterness may be rejected in some matrices but tolerated, or even appreciated, when balanced with umami,
sweetness, saltiness, aroma, or culinary familiarity.

A wide variety of molecules causes bitter taste in foods. Bitterness is influenced by several
physicochemical factors, including hydrophobicity, molecular rigidity, molecular size, stereochemistry,
and the spatial arrangement of polar and hydrophobic groups [23-25]. Even subtle stercochemical
differences can markedly alter taste perception, as illustrated by a-D-mannose, which tastes sweet, and [3-
D-mannose, which tastes bitter despite their close structural similarity [26] (Figure 1). Bitter taste has also
been associated with specific chemical features, such as nitro groups (—NO2), sulfur-containing linkages (—
S—S— or C=S), and certain inorganic salts, including magnesium sulfate and calcium oxide [27]. This
structural diversity is relevant for fungal matrices because mushrooms and mycelia contain chemically
heterogeneous metabolites, and processing may further modify their sensory properties through enzymatic
reactions, hydrolysis, oxidation, or thermal degradation.
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Figure 1. Illustration of a «c-D-Mannose (sweet taste) and -D-Mannose (bitter taste) molecule. The difference can be seen at
carbon 1, where the OH functional group differs in assumption.

The broad structural diversity of bitter compounds has led to the development of predictive tools based
on molecular descriptors and bitter compound databases. BitterPredict uses machine learning algorithms
trained on known bitter and non-bitter molecules to classify compounds according to their likelihood of
tasting bitter [28]. Similarly, e-Bitter applies extended-connectivity fingerprints and consensus models,
including KNN, SVM, Random Forest, Gradient Boosting, and Deep Neural Networks, to predict bitterness
[29]. BitterX follows a two-step approach, first classifying molecules as bitterants and then predicting their
potential recognition by human TAS2Rs [30]. Although these tools are useful for screening chemical
libraries, their predictive value for fungal-derived foods remains limited unless combined with chemical
identification, sensory validation, and receptor-based assays.

Schmitz [12] observed that most natural bitter compounds in the database BitterDB are metabolites of
flowering plants, and only a few are of bacterial or animal origin. The authors noted that this bias towards
flowering plants—an evolutionarily “young” group (200 my)—compared to the longer history of vertebrate
TAS2R evolution (500 my), creates a gap. This gap highlights the need to investigate bitter compounds
from older organisms, such as fungi, which remain understudied. Bitterness has been reported as a sensory
attribute of fungal mycelia [31] and sporocarps [32] according to sensory evaluations, but these kinds of
studies remain scarce.

For fungal-based foods, understanding bitter perception has practical implications. Since different
bitter compounds may activate different TAS2Rs and vary in polarity, solubility, molecular size, and
stability, no single debittering or masking strategy is likely to be universally effective. Instead, strategies
should be selected according to the suspected chemical drivers of bitterness. For example, approaches such
as strain selection, control of substrate and fermentation conditions, thermal processing, washing or
blanching, enzymatic modification, formulation with salt, sweetness or umami, and aroma-based masking
may differ in effectiveness depending on whether bitterness is mainly associated with soluble metabolites,
hydrophobic peptides, phenolics, terpenoids, or processing-derived compounds. However, many of these
strategies remain extrapolated from non-fungal food systems and require validation in mushrooms,
mycelium, and fungal-protein matrices.

3. Types of Molecules That Produce Bitter Flavors: What Should We Look for in Fungi?

Chun et al. [32] conducted a study with a highly trained sensory panel that identified, defined, and
documented 27 flavor attributes in 27 commercial sporocarp samples representing 21 edible mushroom
species. One notable finding from the study is that among the 27 defined attributes, bitterness recorded the
highest average values, ranging from 2 to 5.4 on a 0—15-point scale. This was followed by the attributes of
“mushroomy” (0.1-3.9), “brown” (0.3-3.4), “woody” (0.1-3.4), and “astringent” (0.8-2.1). The significant
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difference in the perceived intensity of bitterness compared to other flavors, including the “typical”
mushroom flavor, indicates that bitterness is a notorious characteristic of these mushrooms (Figure 2).

Agaricus bisporus (Button) l 35
3
25

A Agaricus bisporus ! 5 B .

Auricularia auricula-judae

Agaricus bisporus (Brown)
Auricularia comea
Agaricus bisporus (White)

Boletus edulis 3

Cantharellus cibarius 2
Craterellus fallax .
1

Grifola frondosa

Craterelus fallax 15

Flammulina velutipes 1

05
Hericium erinaceus i
Hypomyces lactifluorum i 0 0

. Lentinula edodes . . Hypsizygus tessulatus (Alba)
. Marasmius oreades . Hypsizygus tessulatus (Brown)
Morchella esculenta Lontihuk
entinula edodes
. Pleurotus spp.
Trichiloma magnivelare Phollota nemeko
. Volvariella volvacea . Pleurotus spp.
5 €S E 2L E S5 2> 22 B E § 2 E £ = > 0 FE = > 2P E E 2 >
‘BESRREERERERE SRS EEREEERERRE
2 5 5 ] 3 ° a
@ £ 2 8 S 2 @ gg 0> s g s § 5 2 e § ¢ © ="
9 < s 9 < -]
3 a i) < 3 3 °
3 3

Figure 2. Heatmap of taste intensity of dried (A) and fresh (B) mushrooms showing the relevance of the bitterness perception
over other flavors. Visualization based on the data sourced from Chun [32].

The fungal mycelium is noted to exhibit bitter, sour, salty, and umami notes according to a sensory
evaluation of fungal burger patties [31], but bitterness was not found to be a relevant attribute in the sensory
evaluation of Rhizopus oligosporus biomass produced under solid and submerged state fermentation [33].

A bitter taste in food can be evoked by diverse compounds. Many of them are well known from plants,
including cyanogenic glycosides, glucosinolates, glycoalkaloids, phenolics, polyacetylenes, triterpenes,
saponins, and sesquiterpene lactones. Based on the chemical composition of Fungi, bitterness could be
mainly attributed to peptides, phenolics, triterpenes, and alkaloids.

Phenolic compounds are responsible for the bitterness and astringency of many foods and beverages.
There are different classes of dietary phenolic compounds, ranging from simple phenolic molecules to high-
molecular-weight polymers. Low-molecular-weight phenolic compounds tend to be bitter, and high-
molecular-weight polymers are more likely to be astringent [10]. Polyphenolic compounds are associated
with bitter tastes in tea and cacao (such as catechins and epicatechins), wine (including proanthocyanidins),
and coffee (like caffeic acid).

The bitter taste of fungal mycelia and fruit bodies can be inferred from studies characterizing the taste
of phenolic compounds [34,35], despite a scarcity of direct analyses. Soares [34] analyzed the activation of
human bitter taste receptors (TAS2Rs) by six different phenolic compounds widely present in plant-derived
foods and beverages. They found that the various compounds activate different combinations of the about
25 TAS2 receptors. Some of them activate receptors even at very low concentrations, demonstrating the
significant contribution of polyphenols to the bitter taste.

Alkaloids also contribute to the bitterness. A fungal example is the indoalkaloid infractopicrin,
responsible for the bitter taste of Cortinarius infractus [12].

Peptides are another type of molecule that can produce bitter flavors. Generally, proteins do not have
a bitter taste, but their hydrolysis can result in the formation of bitter peptides [36]. The bitterness level is
influenced by several factors, with hydrophobicity being a primary contributor to its perception [37], though
it is not the only factor. There is typically an inverse relationship between peptide size and bitterness;
smaller peptides tend to be perceived as more bitter [38,39]. This relationship may be attributed to the fact
that smaller peptides can more easily interact with taste receptors, as taste perception requires contact with
the molecule. However, Cho [39] also found that bitterness intensity decreases again for peptides that are
smaller than 1000 Daltons (Da). Bitterness intensity is also dependent on the location of hydrophobic amino
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acids on the peptide chain, as well as chain length, N- or C-terminal amino acid residue, and isomeric
configuration [40].

The terpenoid family is a highly diverse chemical group that contains many bitter substances, with
well-known examples including limonene, menthol, narignenin [41], and oligoporins [12], but also sweet
compounds [42], and bitterness-masking molecules [43]. In fungi, the triterpene glucosides oligoporins
have been demonstrated to belong to the family of most potent bitter agonists [12].

4. Bitter Compounds: What We Already Found in Fungi

Mushrooms exhibit a wide and varied range of flavors, offering significant potential for developing
culinary products and enhancing food items, thereby offering consumers unique taste experiences [32].
Recent reviews on mushroom-enriched foods also emphasize that sensory characterization of mushrooms
should go beyond umami and include terms such as earthy, musty, fermented, nutty, salty, sweet, and
texture-related descriptors, while noting that many studies still rely mainly on hedonic acceptability rather
than compound-specific sensory analysis [44].

Although some fungi exhibit distinct bitter flavors [32,45], they are seldom discussed in the scientific
literature concerning food bitterness. Comprehensive reviews on this subject, such as those by Drewnowski
and Gomez-Carneros [10] and Qiao et al. [41], primarily focus on bitter compounds found in vegetables,
overlooking the presence of bitterness in fungi. As a result, most of the natural bitter compounds reported
in the BitterDB database are metabolites from plants [12]. Bitterness can be found across various genera of
mushrooms, including both edible and inedible species. Species such as Leucopaxillus gentianeus,
Leucopaxillus alboalutaceus, Sarcodon imbricatus, and Hydnellum scabrosus have been described as
having varying degrees of bitterness [46]. Sherratt et al. [47] proposed that bitterness may function as a
deterrent against vertebrate and invertebrate fungivores, thereby protecting fungal reproductive structures,
an idea supported by Camazine [48], Courtney et al. [49], and Hanski [50].

Bitterness of mushrooms and mycelia could be inferred or predicted from their chemical composition.
The presence of bitter molecules can offer insights into their potential bitterness. Table 1 presents the bitter
compounds reported in fungi, along with the fungal species in which they have been documented, and the
type of study or evidence that substantiates their bitterness.

Bitter compounds recorded in mushrooms include hydrophobic peptides, polyphenols, terpenes,
terpenoids, and lactones, among others. Among these groups, the strongest direct evidence currently comes
from specific fungal secondary metabolites that have been isolated and tested for bitter taste or receptor
activation. Schmitz [12] isolated five triterpene glucosides, oligoporins A, B, and D-F, from the bitter
bracket Amaropostia stiptica, and included the bitter indole alkaloid infractopicrin from Cortinarius
infractus in receptor assays. All six fungal compounds activated at least one human TAS2R receptor,
providing direct evidence that mushroom-derived bitter compounds can be recognized by human bitter taste
receptors. Oligoporin D was particularly potent, activating TAS2R46 at submicromolar concentration,
whereas infractopicrin showed a more restricted activation profile, mainly involving TAS2R14 [12]. This
is one of the clearest examples linking isolated fungal metabolites with human bitter taste perception.

The oligoporin group also illustrates the importance of taxonomic and chemotaxonomic precision when
discussing fungal bitter compounds. Oligoporins A and B had previously been reported from Oligoporus
tephroleucus, although Schmitz [12] noted that the bitter species in that complex is more appropriately
interpreted as Postia lactea rather than the non-bitter Postia tephroleuca. In Amaropostia stiptica,
oligoporins D—F were identified as new triterpene glucosides, while oligoporin C was not detected and may
represent a potential chemotaxonomic marker for the bitter Postia/Oligoporus lineage [12]. These findings
are relevant to the present review because they show that bitterness may vary not only among genera but
also among closely related or taxonomically confused species, making accurate species identification
essential when compiling lists of bitter fungal compounds.



Food Res. Suppl. 2026, 1(2), 10010. doi:10.70322/rs.2026.10010 70f25

Regarding triterpenoids, research on fungal representatives of this group has primarily focused on
triterpenoids found in Ganoderma spp. due to their bioactivities [51]. However, many other genera are
known to produce bitter terpenoids such as grifolin or grifolic acid (e.g., Albatrellus spp., Table 1). The
perception of bitterness associated with these compounds remains to be researched. However, some studies
indicate that this response involves the type 2 receptor TAS2R46 in the case of sesquiterpene lactones [52]
and some diterpenoids, which also stimulate TAS2R50 receptors [53]. Given the considerable chemical
heterogeneity of this family, it is expected that no single pathway accounts for the perception of their
bitterness. In fungal systems, Schmitz et al. [12] provide particularly relevant evidence because structurally
related triterpene glucosides showed overlapping but distinct receptor activation profiles, indicating that
small structural changes may strongly affect receptor activation and perceived bitterness.

Other bitter compounds reported in fungi are oligoisoprenoids such as gymnopilin, which has been
isolated from the mushroom Gymnopilus spectabilis [23]. Alkaloids are also relevant, although less broadly
documented as fungal bitterants. Infractopicrin from Cortinarius infractus is currently one of the clearest
examples of a fungal alkaloid directly tested against human bitter receptors [12].

Mushrooms and mushroom-based foods are known for their high content of polyphenols, which are
important bioactive compounds found in fungi. These polyphenols come from both the mushroom itself
(whether it be the sporocar or mycelium) and from the breakdown of the substrate [54], a process facilitated
by enzymes secreted by the fungus. Although their bitterness has not been specifically evaluated in fungi,
it can be inferred from other studies [34,35].

Table 1. Bitter compounds reported in fungi, fungal species where they have been documented, and the type of study or evidence
substantiating their bitterness. Free amino acids and peptides are listed together; both are included as inferred contributors,
although hydrophobic peptides are generally more potently and persistently bitter than free amino acids.

Molecule Fungal Species References Type of Molecule Evidence of Bitterness
Absinthin Ganoderma lucidum [55] Sesquiterpene lactone  Direct sensory evidence
Caloboletus calopus, C.
O-Acetylcalopin coniferarum, C. conifericola, C. [(21.56] Acetylated lactone Reported as bitter in the
O-Acetylcyclocalopin  peckii, C. radicans, C. rubripes, ’ d-lactone derivative source
Butyriboletus peckii
Infractopicrin Cortinarius infractus [31,56] Alkaloid Direct sensory evidence
Allocyathin B2 Sarcodon scabrosus [57,58] Cyathin diterpenes Direct sensory evidence

Cenococcum geophilum, Galerina
fasciculata, G. helvoliceps, G.
marginata, Amanita bisporigera, A.
brunneitoxicaria, A. cheelii, A.
exitialis, A. ocreata, A. phalloides,
A. suballiacea, A. subjunquillea, A.
subpallidorosea, A. tenuifolia, A.
verna, A. virgineoides, A. virosa, A.
hygroscopica, A. fuliginea, A.
pallidorosea, A. cokeri, A.
fuligineoides, A. rimosa, A.
brunnescens, Conocybe filaris,
Galerina marginata, Lepiota

Cyclic peptide Inferred from known

Amanitins . . .
(Amatoxins) bitter chemistry

[59-61]

brunneoincarnata, L. subincarnata,
L. venenata, L. elaiophylla, L.
spiculata, L. farinolens, L. bondieri

Aspergillus fumigatus,
Amygdalin Saccharomyces cerevisiae, [62,63] Cyanogenic glycoside
Pleurotus ostreatus

Inferred from known
bitter chemistry
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Agaricus blazei, Agrocybe
cylindracea, Auricularia
fuscosuccinea, A. mesenteria, A.

Inferred from known

L-Argini 64-66 Ami id . .
reinine polytricha, Coprinus comatus, [ ] fmo act bitter chemistry
Pleurotus cystidiosus, P. eryngii,
Tremella fuciformis
Amanita ovoidea, A. rubescens, Inferred from known
Benzaldehyde Boletus edulis, B. phinophilus, L. [67] Aromatic aldehyde . .
. bitter chemistry
quercinum
Agaricus bisporus, A. smithii
’ ; . Inferred from k
Benzyl alcohol Bjerkandera adusta, Dichomitus [68,69] Aromatic alcohol n erre O.m fown
. bitter chemistry
squalens, Ischnoderma benzoinum
Agaricus silvicola, A. silvaticus,
Boletus edulis, Cantharellus
cibarius, C. clavatus, Fistulina
hepatica, Flammulina velutipes,
Lactarius sangifluus, Lentinus sajor

Caffeic acid caju, L. squarrulosus, Ma.c.rolepiota [70-73] Phenolic acid Ir}ferred frqm known
procera, Morchella anguiticeps, M. bitter chemistry
conica, Phellinus linteus, Pleurotus
djamor, P. floriida, Russula
brevepis, Sparassis crispa,

Termitomyces heimii, T. tylerance,
T. microcarpus, T. shimperi
Caloboletus calopus, C. o
. ’ Reported as bitt th
Calopin conifericola, C. radicans, C. [21] Cathechol eported as bittet n the
: . .. source
rubripes, Butyriboletus peckii
. . . . . Inferred from known
Chalciporone Chalciporus piperatus [56] Azepine alkaloid . .
bitter chemistry
. Inferred from k
Chrysin Pleurotus ostreatus [74] Flavanone n erre ro.m fowtt
bitter chemistry
C . Inferred from k
0-Coumaric acid Inonotus obliquus [73] Phenolic acid rrerred om kowl
bitter chemistry
Agaricus arvensis, A. silvicola,
L Fistulina hepatica, H, h L Inferred from k
p-Coumaric acid sstuting nepa lCL-Z YETOpROTHS [70,71,75] Phenolic acid n erre ro.m fown
agathosmus, Lepista nuda, bitter chemistry
Tricholoma atrosquamosum
Agaricus sp., Armillariella
tabenscens, Aspergillus, Fomitopsis
officinalis, Ganoderma lucidum,
Macrolepiota mastoidea,

Coumarin Penic'illium, Pestalotiopsis sp., (72.76] Benzopyrone Ir.lferred fran known
Phellinus sp., Streptomyces bitter chemistry
spheroides, Streptomyces niveus,

Talaromyces flavus, Trametes
versicolor, Trichosporon asahii,
Xylaria sp.
Cryptoporic acids A-B- C'ryptoporus volvatus, Albatrellus (7] Sesquiterpenoids Igferred fran known
C-D-E-F-G dispansus bitter chemistry
. . . Inferred from k
Cucurbitacins Band D Leucopaxillus gentianeus [78] Triterpenoid ferred from known

bitter chemistry
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Cyanidin Inferred from known
chloride/Cyanidin-3-  Auricularia auricula-judae [79] Anthocyanidin . . W
. bitter chemistry
glucoside
Caloboletus calopus, C. o
. ’ Report tt th
Cyclocalopin A, B, D conifericola, C. radicans, C. [21] Cathechol eported as bitter in the
. . .. source
rubripes, Butyriboletus peckii
Cyclocalopin C1/C2  Caloboletus radicans [21] Cathechol Inferred from known
bitter chemistry
Caloboletus calopus, C.
. ’ Inft from k
Cyclocalopin D conifericola, C. radicans, C. [21] Cathechol " erred rom howh
. . .. bitter chemistry
rubripes, Butyriboletus peckii
Caloboletus calopus, C.
Cyclocalopin E conifericola, C. radicans, C. [21] Catechol Ir.1ferred fro.m known
. ) . bitter chemistry
rubripes, Butyriboletus peckii
. . . Infi from k
Fasciculol Hypholoma fasciculare [80] Triterpenoid nferred from known

bitter chemistry

Ferulic acid

Cantharellus cibarius, C. clavatus,
Lactarius deliciosus, L. sangifluus,
Lentinus squarrulosus, Macrolepiota
procera, Morchella conica,
Pleurotus djamor, P. florida, P.
sajor-caju, Sparassis crispa,
Termitomyces heimii, T.
microcarpus, T. shimperi

[72,73] Phenolic acid

Inferred from known
bitter chemistry

Gallic acid

Agaricus bisporus, Agaricus blazel,
Auricularia polytricha, Cantharellus
cibarius, Cantherallus clavatus,
Flammulina velutipes, Ganoderma
lucidum, Geastrum arinarius,
Helvella crispa, Hydnum repandum,
Inonotus obliquus, Lactarius
deliciosus, Lactarius sangifluus,
Lentinula edodes, Lentinus sajor
caju, Lentinus squarrulosus, [72]
Macrolepiota procera, Morchella
anguiticeps, Morchella conica,
Phellinus linteus, Pleurotus djamor,

Phenolic acid

Pleurotus eryngii, Pleurotus
ostreatus, Pleurotus sajor-caju,
Russula brevepis, Sparassis crispa,
Termitomyces heimii, T.
microcarpus, T. mummiformis, T.
shimperi, T. tylerance

Inferred from known
bitter chemistry

Direct sensory evidence

Ganoderic acids A-B Ganoderma lucidum [56] Triterpenoid 63]
Grifolin Albatrellus dispansus [77] Triterpenoid Ir.lferred from known
bitter chemistry
Gymnopilin Gymnopil tabili. [81] Sesquiterpenoids Inferred from known
T mepTR et auerp bitter chemistry
Hesperetin Pleurotus florida [73] Flavanone Inferred from known

bitter chemistry
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Agrocybe cylindracea, Agaricus
Histidine blazei, Coprinus comatus, Pleurotus [64] Amino acid
cystidiosus, P. eryngii

Inferred from known
bitter chemistry

Inferred from known

Infractopicrin Cortinarius infractus [12] Indolalkaloid bitter chemistry

Agaricus blazei, Auricularia
fuscosuccinea, A. mesenteria, A.
polytricha, Agrocybe cylindracea,

L-Isoleucine Boletus edulis, Cantharellus [61-66,82- Inferred from known

Amino acids . .
o . 84] bitter chemistry
cibarius, Coprinus comatus,

Pleurotus cystidiosus, P. eryngii, P.
ostreatus, Tremella fuciformis

Agaricus blazei, Auricularia

fuciformis, A. fuscosuccinea, A.

mesenteria, A. polytricha, Agrocybe

cylindracea, Boletus edulis, [64— . . Inferred from known
Amino acid . .

Calocybe gambosa, Cantharellus 66,82,84] bitter chemistry

cibarius, C. comatus, Tremella

fuciformis, Pleurotus cystidiosus, P.

eryngii

L-Valine

Lascivol T f’icholoma lascivum, T. aestuans, T. [56.85] Oligopeptide Igferred fran known
virgatum bitter chemistry

Agaricus blazei, Agrocybe
cylindracea, Boletus edulis,

L-Leucine Calocybe gambosa, Coprinus [64,84] Amino acid Inferred from known

bitter chemist
comatus, Pleurotus cystidiosus, P. y
eryngii, P. ostreatus
Leucopaxillones A and . . Inferred from known
Hcopax Leucopaxillus gentianeus [78] Triterpenoid . . W
B bitter chemistry

Ganoderma lingzhi, G. tsugae, G.

S . sessile, G. colossum, G. curtisii, G.
Lucidenic acids A, B, Inferred from known

subresinosum, G. hainanense. [86] Triterpenoid

dC. bitter chemist
an Homalium zeylanicum, tHet clemisty
Amauroderma rugosum.
Agaricus blazei, Agrocybe
cylindracea, Boletus edulis,
. ! ) . . Infi from k
L-Lysine ?a oc.ybe gaml?osa, Cantharellus (64.84] Amino acid n erred 0@ nown
cibarius, Coprinus comatus, bitter chemistry
Pleurotus cystidiosus, P. eryngii, P.
ostreatus
Agaricus blazei, Agrocybe
cylindracea, Boletus edulis,
. ! ) . . Infi from k
Methionine ?a oc.ybe gaml?osa, Cantharellus 64.84] Amino acid n erred 0@ nown
cibarius, Coprinus comatus, bitter chemistry
Pleurotus cystidiosus, P. eryngii, P.
ostreatus
Inferred from known
M i li lophil Alkaloi . .
uscarine Clitocybe phyllophila [59] aloid bitter chemistry
. | ila, H’ . . Inf from k
Naematolin Clzt?cybe phyllophila, Hypholoma [59.80] Sesquiterpenoid n erred oTn nown
fasciculare bitter chemistry
Naringenin P.leurotus florida, Tropicoporus 73] Flavanone Ir.lferred from known
linteus bitter chemistry
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3-octanol, 3-octanone

Pleurotus citrinopileatus, P. djamor,

Octane oxidation

Inferred from known

87,88 . .
and 1-octen-3-ol P. flabellatus, Tuber maculatum [87.88] products bitter chemistry
Oligoporins Amaropostia stiptica [31] Triterpenoid glucoside  Direct sensory evidence
Pantothenic acid 4 2 boudieri. Pl s s [89.90] beta-amino acid and Inferred from known
o manita boudieri, Pleurotus spp. , . . .
(Vitamin BS) PP derivative bitter chemistry
Phe-Phe-Phe, . ., .
Auricularia fuscosuccinea, A.
Phenylalanyl- . . . . Inferred from known
mesenteria, A. polytricha, Tremella  [66] oligopeptid . .
Phenylalanyl- Juciformis bitter chemistry
Phenylalanine
Agaricus blazei, Agrocybe
cylindracea, Boletus edulis,
L-Phenylalanine C.aloc.ybe gaml?osa, Cantharellus [64] Amino acid Ir.1ferred from known
cibarius, Coprinus comatus, bitter chemistry
Pleurotus cystidiosus, P. eryngii, P.
ostreatus
. Inferred from k
Phenylacetaldehyde Phallus impudicus [91] Aromatic aldehyde n erre O.m own
bitter chemistry
. . . Inferred from k
Pisosterol Pisolithus tinctorius [59] Triterpenoid n erre ro.m fown
bitter chemistry
Agaricus blazei, Amanita hamibapa,
A. princeps, Auricularia auricula,
Cantharellus cibarius, Craterellus
aureus, Fistulina hepatica,
Flammulina velutipes, Ganoderma
lucidum, Inonotus obliquus,
Lactarius volemus, Lentinus
L. L.
. squarrosulas, L. polychrous, [70,72,92,9 . Inferred from known
Quercetin edodes, Russula alboareolata, R. Flavonoid . .
. . bitter chemistry
cyanoxantha, R. delica, R. densfolia,
R. emetica R. galochroides, R.
luteotacta, R. nigricans, R. violeipes,
Sparassis crispa, Suillus luteus, S.
granulatus, Termitomyces
fuliginosus, T. clypeatus,
Trechispora crassum, Volvariella
volvacea
Sarcodonin A-H Sarcodon scabrosus [56,58] Cyathane diterpenoid  Direct sensory evidence
. . . Inferred from k
Scabronines Gand H  Sarcodon scabrosus [57] Diterpenoid n erre O.m own
bitter chemistry
_— N imidinyl-substituted Inferred from k
Thiamine (Vitamin B1) Pleurotus ostreatus [94] P y.I'll’Ill tnyF-substitute n erre ro.m rown
thiazole bitter chemistry
Boletus edulis, .Caltlacybe gambosa, . . Inferred from known
L-Tryptophan Cantharellus cibarius, Pleurotus [84] Amino acid . .
bitter chemistry
ostreatus
Agaricus blazei, Agrocybe
cylindracea, Auricularia
. . . Inferred from k
L-Tyrosine fuscosuccinea, A. mesenterica, A. [64,65] Amino acid nierred from KNOWN

polytricha, Pleurotus cystidiosus, P.
eryngii, Tremella fuciformis

bitter chemistry
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Auricularia polytricha, Cantherallus
clavatus, Helvella crispa, Hydnum
repandum, Lactarius sangifluus,
Lentinus sajor caju, L. squarrulosus,
Lycoperdon molle, Macrolepiota

. [71,73]
procera, Morchella conica,
Pleurotus djamor, P. florida, P.
sajorcaju, Termitomyces heimii, T.
microcarpus, T. shimperi,
Tricholoma acerbum

Inferred from known

Phenolic acid . .
bitter chemistry

Vanillic acid

Figure 3 summarizes the main bitter compounds in BitterDB, which have been reported to be present
in the most important edible/medicinal mushroom species. The figure shows that the potential bitter
chemical space in these fungi is chemically diverse, with amino acids, phenolic compounds, C8-related
molecules, aromatic compounds, terpenes, and triterpenoids represented across several species. Amino
acids, particularly hydrophobic or basic residues such as leucine, isoleucine, valine, phenylalanine,
methionine, histidine, lysine, and arginine, appear as a prominent group, suggesting a possible contribution
to bitterness depending on concentration and matrix effects. Phenolic acids and triterpenoids, including
ganoderic acids in Ganoderma lucidum, may also be relevant contributors. However, the presence of a
BitterDB-listed compound in a mushroom species should be interpreted as candidate evidence rather than
proof of sensory impact, requiring validation by quantitative analysis, sensory-guided fractionation, and
receptor-based assays. The most represented species in Figure 3 belongs to the genus Pleurotus, which may
be explained by the greater number of studies conducted on this genus.

Flammulina velutipes

Lentinula edodes . . © .
Pleurotus ostreatus ) ’ .

auuday-

5 ooV Apsinthin

Terpens & terpenoids Ganoderic acid A-B

Figure 3. Candidate bitter compounds reported in major edible and medicinal mushroom species, grouped by chemical class.
The graph was generated from BitterDB entries and literature reports of compounds occurrence in fungi. Asterisks (*) denote
compounds not reported for the corresponding fungal species in BitterDB or the surveyed literature.
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5. Studies of Bitterness and Bitter Molecules in Fungal Systems and Applications

Table 1 lists both free amino acids and peptides, two classes that differ markedly in bitter potency.
Native proteins are generally not bitter, but their enzymatic or acid hydrolysis releases bitter peptides, and
hydrophobic oligopeptides are typically perceived as more intense and more persistent than the
corresponding free amino acids [36—40]. This does not render free amino acids irrelevant: several
hydrophobic and basic residues—notably tryptophan, tyrosine, phenylalanine, leucine, isoleucine, valine,
arginine, and histidine—are themselves bitter, which is why they appear in Table 1. There, both amino
acids and most peptides are flagged as inferred contributors, included based on their documented
occurrence in fungal biomass and their known bitter character in other matrices, rather than as compounds
whose sensory impact has been directly confirmed in fungi.

Chang [95] studied the proximate composition, soluble sugar, free amino acid, and 5'-nucleotides
contents in mycelia of three medicinal mushrooms (4garicus blazei, Antrodia camphorata, and Cordyceps
militaris) to predict their flavors. They found bitter free amino acids (Arginine, Histidine, Isoleucine,
Leucine, Methionine, Phenylalanine, and Valine), but hypothesized that the presence of sweet arabitol,
trealosa, and glucose could mask bitter perception.

Chen et al. [96] compared the presence of free hydrophobic amino acids in various proportions using
hydrolysates of Craterellus tubaeformis in tasting panels. The amino acids Ser, His, Arg, Val, Met, Phe,
Ile, and Leu were associated with bitterness in the products, among which Arg, His, and Met had a stronger
bitter perception. However, a high concentration of bitter amino acids does not necessarily result in a bitter
taste. This is because the overall flavor is primarily determined by the balance of various non-volatile
compounds rather than by a single component. Recent work with Flammulina velutipes mycelium
cultivated on potato pulp further supports this interpretation. Happel [6] showed that enzymatic hydrolysis
of F. velutipes mycelial biomass increased the degree of hydrolysis and markedly increased free glutamate,
generating umami and flavor-enhancing properties. However, because protein hydrolysis can also release
taste-active peptides and amino acids, the sensory outcome of fungal hydrolysates likely depends on the
enzyme used, the degree of hydrolysis, the substrate, and the balance among umami, kokumi, and bitter
peptides [6].

One example of the bitter effect generated by certain hydrophobic amino acids in food products is soy
sauce, which evokes diverse taste sensations, including saltiness and umami, as well as acidic and bitter
properties [97-99]. This distinctive bitter taste is associated with the presence of specific di- and tripeptides
such as His-Pro-Ile, Lys-Pro, Leu-Pro, Ser-Val-Pro, and His-Phe [100]. In addition, a greater bitterness
intensity has been linked to peptides containing hydrophobic amino acids at the C-terminal end [100-102].
Although much of this evidence comes from non-fungal matrices, it is relevant for fungal-derived foods
because mycelium fermentation and enzymatic hydrolysis can release peptides and free amino acids.
Therefore, hydrophobic peptides should be considered plausible contributors to bitterness in mycoprotein,
fungal hydrolysates, and mycelium-based ingredients, but their role still requires direct confirmation in
fungal matrices.

Recent studies on formulated foods show that mycelium can increase, decrease, or mask bitterness,
depending on the matrix and inclusion level. Zhang [103] evaluated oyster mushroom mycelium in a fried
plant-based beef analog and reported that moderate mycelium addition increased meat-like and fat-like
aroma while reducing undesirable beany flavor. Electronic tongue and sensory data indicated that mycelium
levels below 8% may inhibit bitterness and astringency, whereas higher inclusion levels were more closely
associated with increased bitterness, aftertaste-bitterness, and astringency.

Fermentation studies also show that fungal mycelium can reshape sensory profiles by modifying both
volatile and non-volatile compounds. Wang [104] fermented highland barley with Cordyceps militaris,
Stropharia rugoso-annulata, Morchella esculenta, Schizophyllum commune, and Tremella sanguinea.
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Fermentation reduced grassy notes associated with hexanal, decanal, and 2-pentylfuran, while generating
floral, sweet, mushroom-like, oily, and fruity notes. However, the effect was species-dependent:
Schizophyllum commune produced a heavier sour taste, whereas Tremella sanguinea increased methyl 4-
methoxybenzoate and reduced acceptability. Morchella esculenta showed the highest acceptance in this
matrix [104].

6. The Bitter Taste in the Industry: Strategies to Mask Undesired Bitter Tastes

Chun [32] and Saldafia & Rios-Mera [44] have shown that mushrooms possess a diverse range of flavor
profiles, which can be described as musty, earthy, fermented, bitter, salty, sour, sweet, aromatic, astringent,
leathery, fishy or seafood-like, nutty, burnt, potato-like, and yeasty, among others. These flavors can vary
significantly depending on the processing of the mushrooms, especially when comparing their fresh and
dried states. Fresh mushrooms typically exhibit umami, sweet, earthy, yeasty, and fermented flavors,
whereas dried mushrooms often display bitter, burnt, musty, astringent, and even some notes reminiscent
of fresh mushrooms. The study shows how important bitterness is in edible mushroom species and also
how relevant it is for consumers compared to other attributes.

Most people, particularly children, dislike bitter flavors, which can significantly hinder acceptance of
mushrooms and mushroom-based foods. Consequently, one of the main challenges facing the mushroom
food industry is managing or masking these bitter tastes. This issue is especially pertinent in the rapidly
growing mycoprotein industry, particularly in products derived from solid-state fermentation. This sector
must address not only the inherent bitterness of fungi but also the bitter compounds produced in the
substrate as a result of the fungus’s breakdown processes, such as polyphenols from lignin degradation and
peptides formed during protein breakdown. A key limitation in this context lies in reducing the intensity of
bitterness without compromising the functional and nutritional integrity of the final product, as many of the
compounds responsible for bitterness—such as polyphenols, triterpenes, and peptides—also contribute
significantly to its bioactivity.

Classical strategies to reduce bitterness in food and medicines have been classified by Ley [105] under
the following categories:

Removal of bad-tasting components;

Physical barriers (e.g., [micro, nano] encapsulation, coatings, emulsions, suspensions);
Scavengers, complexing agents;

Strong flavors or tastants (e.g., salt, sweeteners, acid, intense fruit flavors);

Congruent flavors (e.g., chocolate, grapefruit, coffee);

Masking flavors (e.g., against the rancid or fishy flavor of polyunsaturated fats);

Bitter taste reducing compounds on a molecular level.

Nk W —

Some of these methodologies are suitable for applying to mushrooms (Table 2). In the case of physical
barriers, the application is restricted to medical preparations since they cannot be used in whole foods.
However, mycoprotein or nutraceuticals derived from mushrooms or fungal fermentation could benefit
from this technology, and the same can be said for complexing agents. Intense flavors are the oldest known
recipe to cover bitterness.

6.1. Methods for Reducing Bitterness Caused by Peptides

One effective strategy for managing hydrophobic peptides is to use complexation with activated carbon
or cyclodextrin. Cyclodextrin (CD) is a cyclic oligosaccharide composed of glucopyranose units that are
linked by a-(1, 4) bonds. This molecule forms a truncated cone shape, featuring a hydrophobic internal
cavity and a hydrophilic external surface. This design is particularly suitable for forming complexes, as the
hydrophobic cavity can strongly interact with hydrophobic bitter peptides and sequester them, preventing
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them from interacting with bitter taste receptors in the mouth, as shown by Linde [106]. Another approach
to reducing bitterness caused by peptides involves enzyme treatment. Most bitter peptides contain amino
acid residues at either the N- or C-terminal positions, which contribute to their bitterness [40,101].
Additionally, the intensity of bitterness appears to be directly related to the chain length of the peptides
[98]. Therefore, applying exopeptidases is an effective method for reducing bitterness [40] by decreasing
the amount of hydrophobic amino acids and shortening the chain length of these bitter peptides. However,
the effectiveness may depend on the specific amino acids involved in peptide bond formation. Therefore,
the selection of enzyme treatment should be based on the types of peptides responsible for the bitter taste.
It may be necessary to test different debittering exopeptidases to identify the most effective option [40].
Studies in fungi have demonstrated that hydrolysis can effectively enhance the taste of mycelia and
mycelium-based foods. Chen [36] studied the effects of continuous enzymatic hydrolysis on Lentinula
edodes mycelia using e-tongue and sensory evaluation. They found that hydrolysis increased the amount
of bitter peptides, but not the bitter flavor, which could have been masked by the small umami molecules
such as the amino acids Glu, Asp, Gln, and nucleotide 5'-AMP, which also increased with the hydrolysis.
Also, Happel [6] demonstrates through a sensory evaluation of a pre-trained panel that hydrolysis by
peptidases enhances the umami taste of Flammulina velutipes mycelia, which is correlated with free glutamate
contents, but the results depend heavily on the type and amount of enzyme used and the duration of the
treatment, and can even lead to an increased bitterness. Fermentation with bacteria, but also with molds such
as Aspergillus spp., is a methodology that might be useful for suppressing bitterness, probably due to the
release of compounds such as AMP, whose sweetness can act as a masker against bitter notes [107].

Another method for reducing the bitter flavor, particularly in hydrolysates, is to pass the product
through a hydrophobic column [40]. This process enables the separation of hydrophobic peptides. It is
essential to strike a balance between enhancing the flavor and the potential risk of losing bioactive peptides
during this process.

6.2. Methods for Reducing Bitterness Caused by Other Molecules

Whereas peptides constitute a more or less homogeneous group, the remaining bitter principles are
difficult to group. The strategies for mitigating their bitterness must focus on their solubilities or, when they
cannot (or should not) be removed, on their interaction with other tastants. Techniques for eliminating or
reducing polyphenols or triterpene bitter compounds from plant-processed foods include adsorption to
polymers, adsorption through resins, passage through enzyme matrix, passage through microbial mass, use
of cyclodextrin polymers, fermentation, precipitation with proteins, adsorption to polyvinyl, use of solvents
(hexane), use of microorganisms, and membrane ultrafiltration [10]. Kola [108] used resin adsorption
techniques to reduce bitterness caused by limonin, a furanoid triterpenoid. As in the case of peptides, the
challenge is to reduce bitter taste without compromising the functional properties of the products.

Boiling, blanching, or washing is helpful in removing water-soluble polyphenols and other water-
soluble bitter compounds, as is the case with the blanching of Gymnopilus spp. in the Uruguayan market
[88]. Mushrooms from the genus Tylopilus are traditionally used in Southeast Asian cuisines, particularly
in soups and other preparations. For example, the inhabitants of Besut and Kelantan, two districts in
Malaysia, consume Tylopilus felleus and Tylopilus griseipurpureus, respectively. These species are
classified as inedible due to their intense bitterness [109,110]. Local culinary practices involve boiling the
sporocarps for 10 min to reduce bitterness before further cooking. Similar debittering treatments are applied
to species such as Gymnopilus spectabilis [31], Lactarius necator [109], and Lentinus edodes [111]. In the
case of mycelium-based foods resulting from solid-state fermentation, blanching, in combination with
congruent flavors, has also been successful in mycelium matrices proposed as meat substitutes [112]. While
these methods for reducing bitter taste may be effective and applicable in the food industry, their use in
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functional foods requires careful evaluation. This is necessary to assess the potential reduction in
antioxidant capacity that may result from the removal of water-soluble polyphenols during processing.

Encapsulation constitutes an option in cases where bioactive bitter molecules need to be retained or
added. This technique has been successfully employed for debittering extracts of the medicinal mushroom
Ganoderma spp. while maintaining the biologically active compounds [113—-115]. Mirmazloum [113]
found that double-layer calcium-alginate hydrogel beads exhibited the best performance with Ganoderma
lingzhi and the probiotic Lactobacillus acidophilus. Chen [114] utilized 2-hydroxypropyl-B-cyclodextrin
(2-HP-B-CD) to form inclusion complexes with bitter triterpenoids of G. lucidum extracts through an
ultrasonic-assisted technique. The efficacy of the debittering process was quantitatively evaluated using an
electronic tongue system, which demonstrated an 80.74% reduction. Chuensun [115] employed freeze-
drying using a composite wall material system consisting of maltodextrin, gum Arabic, modified rice starch,
and Ganoderma lucidum extracts. Encapsulation significantly mitigated the bitterness and off-flavors
according to sensory descriptive analysis by a trained panel and a gas chromatography electronic nose (GC-
E-Nose).

A review discussing the encapsulation of bioactive compounds in food can be found in Zabot [116].
Unfortunately, research specifically focused on fungi in this area remains limited.

The remaining strategies can be grouped under the concept of “flavor interactions”, or “maskers” in a
broad sense. These strategies are the most successful and widely used, but their scientific bases rest on
highly complex phenomena that make formal study challenging. Furthermore, because masking is more
relevant to the pharmaceutical and food industries than to scientists, many studies do not appear in peer-
reviewed journals; instead, they often take the form of patent applications. As a result, it is not always
possible to quantify or validate the reported findings [106].

Keast & Brestlin [117] studied the dynamics of two-component interaction systems and revealed that
the dominance, enhancement, inhibition, or other outcomes of dual mixtures depend on the relative in a not
always linear relationship. In the case of bitter taste perception, these authors found that it was suppressed
by salt, while salty taste was not affected by bitterness. Combinations of bitter and sweet responded variably
at low intensity, while moderate and high concentrations of both resulted in mutual suppression. At low
concentration, bitter and sour compounds were perceived more intensely, while at moderate concentration,
sourness was enhanced by bitter compounds and bitterness was suppressed by sour substances, and at high
concentration, sour taste was suppressed by bitter flavors and bitter perception was variably modulated by
sour-tasting compounds.

In this framework, one of the most commonly used masking strategies in the food industry involves
the use of intense, congruent flavors, such as chocolate or grapefruit. Additionally, it is common to
incorporate sweeteners like sucrose, glucose, aspartame, and erythritol, as well as sodium salts. Often, a
combination of these substances is used, including umami glutamic acid and other compounds [105].
Glutamic acid has been shown to mask the bitter taste of mycelia [6], indicating it is a good candidate in
masking strategies.

Flavorings are a suitable masking alternative, as a significant aspect of taste perception is influenced
by the food’s aroma. Aromas that evoke sweetness, like vanilla, apple, and strawberry, can help reduce the
perception of bitterness [118]. Mukai [118] found that strawberry aroma, which evoked an image of both
sweetness and sourness, was particularly successful in inhibiting bitterness, suggesting that both sweetness
and sourness evocation in the aroma is necessary for effective bitterness suppression.

Some strategies have been applied to improve flavor in foods with similar bitterness profiles as
mushrooms or mycelium. Bhandari [119] reported that cooking and boiling lower the furanoid terpene
bitterness in wild yams. Garcia [120] showed diminished bitterness due to phenolic compounds in olive oil
after heating treatments. A selection of these and other reduction and masking methods, together with their
applicability to fungal bitterness, is compiled in Table 2.
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A final consideration concerns regulation, which conditions the translational value of all of these
strategies. B-Cyclodextrin is authorised in the EU as food additive E 459 [121] (ADI 5 mg/kg body weight
per day) and is GRAS in the United States, in both cases only for defined food categories. Whereas its
derivative 2-HP-B-CD [114] is established mainly as a pharmaceutical excipient, its food use must be
assessed case by case. Common encapsulation wall materials such as maltodextrin, gum arabic and
modified starches [115] are broadly accepted in both regions, and masking flavourings are governed by
distinct EU [122] and US [123] frameworks, so neither authorisation nor natural/synthetic status transfers
automatically across markets. Because the least-restricted maskers—salt and sugars—conflict with the
health positioning of functional fungal foods, early alignment between the chosen debittering approach and
the target market’s additive-approval regime is advisable.

As mentioned above, fungi have been known since early times for their bitter aftertaste. That particular
form of lingering perception has been a challenge for flavor scientists, especially in the food industry [124], and
will, in our view, be one of the issues to be solved in the mycelium-based food industry in the coming years.

Table 2. Selection of methods of reduction that can be applied against fungal bitterness.

Method Agent Bitterness Nature Product Drawback Advantages
Product

Tons and soluble

Whole mushrooms, modifications by . .
. molecules (e.g., . . No extra ingredients
Blanching Hot water . . solid mycelium temperature,
amino acids, . . added.
matrices removal of desired
phenols) .
flavors or nutrients
Enzymes, .. Expensive, enzymes Minor nutritional
.. o . . Liquid or powdered P . 4 . . .
Hydrolisis acid/alkaline Peptides . or chemical modifications might
preparations . . L
treatments treatment required  improve digestibility
. Addition of stron, . . .
Diverse (e.g., salt, . & High diversity of
. . . competing or .
Masking sugar, sweeteners, Diverse Diverse . available allowed
; compatible flavors,
spices) . . maskers
extra ingredients
High cost, only
. justified for reduced .
Encapsulating . ] Effective even
. . Nutraceuticals, intake products, and .
Scavenging polymers (e.g., Diverse against extreme
dextri Iginates) extracts texture bitt.
extrins, alginates . . itterness
g modifications of the
products
. ... No chemicals added,
Time-consuming, it . .
. . . . 1t improves
Fermentation Bacteria Diverse Whole mushrooms frequently requires .
. . nutritional
previous blanching .
properties.

7. Discussion

The perception of bitter taste is a complex phenomenon as shown by the large number and diversity of
TAS2Rs bitter receptors. This perception is influenced by several factors, including the molecular structure
of the substance, the biological aspects of the perceiver (such as genetics, sex, and age), and cultural and
psychological traits. While bitter flavors are often associated with toxic substances, they can also be linked to
healthy and medicinal properties. This creates a significant challenge for the food industry. To appeal to a
mass market, companies must find ways to mask bitter tastes. However, when targeting a specialized or
selective audience that values health and wellness, it is vital to preserve these flavors in an appropriate balance.

Determining the exact cause of the bitter taste in mushrooms is challenging due to the variety of fungal
metabolites and their different combinations. This complexity arises not only from the metabolites produced
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by the fungi themselves but also from molecules generated during degradation processes. These include
peptides resulting from protein breakdown and phenolic compounds derived from lignin degradation,
among others. One specific topic that deserves to be discussed is the nature of the bitterness itself in terms
of biological meaning. It seems evident from all the literature revised that bitterness is not linked to toxicity
as reported for many plant species [11,12]. Alternative explanations need to take into account the enormous
metabolic diversity within the fungal kingdom. Given the fact that so many different chemical functions
are perceived as bitter, the occurrence of bitterness in fungi might be understood as a random consequence
of this diversity. This is also interesting for applied purposes: if fungal bitterness is multicausal, mitigation
strategies must be developed for single species or groups and will not be useful for fungi in general. Some
of the removal techniques mentioned in sections 6—8 can effectively reduce the bitter flavors in mushrooms.
However, these methods might not always be the best choice as they can lead to the loss of important
metabolites that contribute to the food’s unique functional properties. In such cases, using masking agents
is the most effective strategy for fungal food products.

It is crucial to ensure that the addition of masking agents does not compromise the nutritional or
functional quality of the food, nor negatively impact consumers’ perceptions of its health benefits. For
instance, adding salt or sugar might reduce the appeal of the food for consumers seeking healthier options.
Alternatively, using flavorings with no side effects, such as natural flavors, can be a viable alternative,
given the significant influence of food’s aroma on taste perception.

The functional food market has been growing rapidly, with particular attention focused on fungal-based
proteins and fungal-based functional foods in recent years. This interest has prompted numerous studies
over the past two decades that examine the perception of bitter taste, the molecules responsible for it, and
strategies to mitigate bitterness in the food industry. However, this topic remains complex and not fully
understood. The intricate nature of bitter taste perception and the various interactions between molecules—
both within the food matrix and with receptors in the oral cavity—make it difficult to accurately predict
bitterness and to assess the effectiveness of masking techniques. Consequently, developing an effective
masking strategy often requires trial and error. Nonetheless, the increasing demand for functional foods is
expected to drive further research in this area. This will contribute to the development of improved
predictive flavor systems and enhance our understanding of the interactions between molecules and
receptors, which are essential for designing effective masking systems.

The proliferation of new mycelium-based foods also opens new possibilities that will need to be
addressed in the future. Fruiting-bodies represent complex reproductive structures that display a much
higher degree of differentiation than mycelium and cannot be modified without compromising the
production itself. However, the metabolic complexity of mycelium can be tuned by modifying the
nutritional sources, the culture conditions, and the fermentation time [54]. Further studies focusing on the
timing and production conditions of bitter metabolites can contribute to design fermentations with enhanced
flavor profiles. Another point that will need to be addressed in the future is the influence of the downstream
processes (e.g., drying, toasting, cooking) of mycelium basd foods. Since fermentation releases sugars and
amino acids due to the action of hydrolytic enzymes [125], and these compounds are the main substrates
for Maillard reactions [126] responsible for the aroma and flavor of many foods, a complex scenario of
interplay between fermentation and downstream

8. Conclusions

Understanding and modifying bitterness in mushrooms is a complex topic that involves different
approaches from the food sciences but also from fungal biology and perception physiology. The growing
field of mycelium-based foods is opening a virtually unexplored space that will extend the discussion from
a culinary one to an industrial challenge in liquid and solid-state fermentation.

Research lines need to focus on a series of questions, such as:
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— Causality: Is a certain chemical family responsible for this phenomenon in fungi, or is their bitterness
multicausal?

— Metabolism: Is mycelium bitterness tunable through fermentation conditions? If so, will this tuning
compromise nutritional power?

— Mitigation and masking: can we develop widely applicable methodologies? Do we need to work on a
case by case basis?

—  Downstream: How will fermentation products react to downstream processes in terms of bitter compounds?

Despite continued efforts by scientists in academia and the food industry, bitterness remains a poorly
understood phenomenon. Experiences led by the legume processing industry and legume protein fields are
promising, but, unlike fungi, legumes constitute a much more limited group in terms of taxonomic and
chemical diversity.

The realization of the nutritional power of fungi and their potential to partially replace animal protein
opened development possibilities whose impact we see in the number of financed industrial projects and
research lines, but also in start-ups in the fungi based field. The future of this tendency and its contribution
to human nutrition and the economy depend heavily on our capacity to solve problems related to food safety,
scaling up, and consumer acceptance. Since the quest for sustainable and affordable alternative proteins
moves fast in the direction of microbial or fermentation based sources, the relevance of this challenge is
not limited to a gourmet consumer sector, but to the sustainability of the future food industry.
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